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_. . 1 

SUMMARY 

PREVIOUS RESULTS 

D u r i n g  t h e  p a s t  t h r e e  y e a r s  we c o n d u c t e d  a n  i n v e s t i g a t i o n  o f  

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

m a t e r i a l s .  F i r s t ,  we c o n c e n t r a t e d  o n  t h e  p r o p a g a t i o n  o f  v a r i o u s  

s u r f a c e  w a v e s  o n  f l u i d - s a t u r a t e d  p o r o u s  mater ia l s ,  b o t h  s y n t h e t i c  

a n d  n a t u r a l  r o c k s .  We d e v e l o p e d  two n o v e l  t e c h n i q u e s  f o r  s u r f a c e  

w a v e  s t u d i e s .  In o r d e r  t o  e x t e n d  our s u r f a c e  w a v e  s t u d i e s  t o  o t h e r  

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

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

f l u i d - f i l l e d  p o r o u s  ma te r i a l s .  We c a r r i e d  o u t  n u m e r i c a l  

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

t h e  r e f l e c t i o n  a n d  t r a n s m i s s i o n  c o e f f i c i e n t s  for b o t h  f a s t  a n d  s low 

n a v e s ,  a s  w e l l  a s  f o r  s h e a r  w a v e s .  We h a v e  s h o w n  t h a t  a l t h o u g h  t h e  

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

n a v e s  through t h e  p o r o u s  ma te r i a l s ,  a more major r o l e  i s  p l a y e d  by 

v o l u m e t r i c  a t t e n u a t i o n .  To i n c r e a s e  t h e  d e t e c t a b i l i t y  of s l o w  

w a v e s  we i n t r o d u c e d  a n o t h e r  new method based  o n  t h e  g e n e r a t i o n  a n d  

d e t e c t i o n  of  l e a k y  Lamb w a v e s .  We h a v  wn, b o t h  e x p e r i m e n t a l l y  

a n d  t h e o r e t i c a l l y ,  t h a t  t h e  lowes d e  is d u e  t o  t h e  s low 

w a v e  c o m p o n e n t  i n  t h e  p us m a t e r i a l  i s  Lamb w a v e  t e c h n i q u e  

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

t e c h n i q u e .  We d e v e l o p e d  a new t e c h n i q u e  b a s e d ' o n  t h e  t r a n s m i s s i o n  

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

i n  o r d e r  t o  o b s e r v e  s l o w  w a v e s  i n  n a t u r a l  r o c k s .  To t h e  b e s t  of - 
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o u r  k n o w l e d g e ,  o u r  p r e l i m i n a r y  r e s u l t s  r e p r e s e n t  t h e  f i r s t  

i r r e f u t a b l e  e v i d e n c e  o f  s low w a v e s  i n  f l u i d - s a t u r a t e d  n a t u r a l  

r o c k s ,  s u c h  a s  d i f f e r e n t  t y p e s  o f  s a n d s t o n e s .  A b o u t  12 p a p e r s  h a v e  

b e e n  p u b l i s h e d  o n  t h e  s u b j e c t  o f  t h i s  work s u p p o r t e d  by D O E .  Our 

m a i n  a c h i e v e m e n t s  f o r  t h e  l a s t  t h r e e  y e a r s ,  w h i c h  a l s o  s e r v e  a s  t h e  

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

d 

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

C o n t e n t s .  

t h e  T a b l e  o f  
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PROPOSED RESEARCH 

O b j e c t i v e s  o f  P r o p o s e d  R e s e a r c h  

D u r i n g  t h e  n e x t  t h r e e  y e a r s  o f  t h i s  p r o p o s e d  w o r k  we p l a n  t o  

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

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

r o c k s .  T h i s  research  e f f o r t  s h o u l d  f i n d  a p p l i c a t i o n s  i n  t h e  g e o -  

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

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

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

Summary o f  P roposed  R e s e a r c h  

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

f l u i d - s a t u r a t e d  p o r o u s  m a t e r i a l s  may be  d i v i d e d  i n t o  t h r e e  m a j o r  

s u b t a s k s :  

1 .  E x p e r i m e n t a l  s t u d y  of s u r f a c e  wave  p r o p a g a t i o n  o n  f l u i d -  

s a t u r a t e d  p o r o u s  m a t e r i a l s .  A new, s o - c a l l e d  d i r e c t  

e x c i t a t i o n  t e c h n i q u e  w i l l  b e  u s e d  o n  b o t h  a i r -  a n d  water-  

s a t u r a t e d  s amples ,  

2 .  F u r t h e r  d e v e l o p m e n t  of t h e  Lamb a v e  t e c h n i q u e  r e c e n t l y  

i n t r o d u c e d  t o  s t u d y  g u i d e d  wa p r o p a g a t i o n  i n  t h i n  

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

w i l l  b e  e x t e n d e d  t o  a c c o u n t  v i s c o u s  l o s s e s  a n d  

s c a t t e r i n g  i n h o m o g e n e i t i e s .  

3. T h e o r e t i c a l  a n d  e x p e r i m e n t a l  s t u d y  of s l o w  wave  

p r o p a g a t i o n  in f l u i d - s a t u r a t e d  n a t u r a l  r o c k s ,  A new 

t e c h n i q u e  b a s e d  o n  t h e  t r a n s m i s s i o n  o f  a i r b o r n e  

u l t r a s o u n d  t h r o u g h  a i r - s a t u r a t e d  p o r o u s  p l a t e s  w i l l  b e  
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used t o  determine otherwise  i n a c c e s s i b l e  mater ia l  

p r o p e r t i e s  such a s  t o r t u o s i t y ,  permeabi l i ty ,  i n t e r n a l  

f r i c t i o n  caused by i m p u r i t i e s ,  e t c .  
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G e n e r a l l y ,  two t y p e s  of  i n t e r f a c e  modes c a n  p r o p a g a t e  a l o n g  

t h e  s u r f a c e  of a s o l i d  sample  immersed i n  f l u i d :  t h e r e  is a t r u e  

mode c a l l e d  S t o n e l e y  w a v e  a n d  a p s e u d o - m o d e  c a l l e d  l e a k y  R a y l e i a h  

w a v e .  T h e  t r u e  mode h a s  a p h a s e  v e l o c i t y  l o w e r  t h a n  a l l  t h e  b u l k  

v e l o c i t i e s  i n  t h e  two media a n d  p r o d u c e s  e v a n e s c e n t  f i e l d s  o n l y  in 

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

S i n c e  t h e  e n e r g y  o f  t h i s  mode is s t r i c t l y  c o n f i n e d  t o  t h e  i n t e r f a c e  

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

p r o b l e m .  On t h e  o t h e r  h a n d ,  t h e  l e a k y  R a y l e i g h  mode h a s  a p h a s e  

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

i t  l e a k s  i t s  e n e r g y  i n t o  t h e  l i q u i d  a s  i t  p r o p a g a t e s  a l o n g  t h e  

i n t e r f a c e .  T h i s  mode c a n  b e  e a s i l y  g e n e r a t e d  a n d  d e t e c t e d  b y  t h e  

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

R a y l e i g h  a n g l e ,  a t  l e a s t  w h e n e v e r  t h i s  a n g l e  i s  n o t  h i g h e r  t h a n  

a p p r o x i m a t e l y  60'. I t  s h o u l d  b e  m e n t i o n e d  t h a t  t h i s  mode becomes 

n o n p r o p a g a t o r y  w h e n e v e r  t h e  s h e a r  v e l o c i t y  i n  t h e  s o l i d  is l o w e r  

t h a n  t h e  s o u a d  v e l o c i t y  i n  t h e  f l u i d ,  w h i c h  is t r u e  for many 

n a t u r a l  r o c k s .  

F e n g  a n d  J o h n s o n  showed  t h a t  a maximum of t h r e e  ' d i f f e r e n t  

t y p e s  o f  s u r f a c e  modes c a n  e x i s t  on a f l u i d t f l u i d - s a t u r a t e d  p o r o u s  

s o l i d  i n t e r f a c e  d e p e n d i n g  on t h e  s h e a r  v e l o c i t y  o f  t h e  frame a n d  

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

WSTdBUTION OF THtS DOCUMENT IS UNLlMlED 



1 1 3 :  H o w e v e r ,  i n  many n a t u r a l  r o c k s  w i t h  shea r  v e l o c i t i e s  lower 

t h a n  t h e  s o u n d  v e l o c i t y  i n  water  a n d  o p e n  p o r e s  a t  t h e  s u r f a c e ,  
.- 

t h e r e  is b u t  o n e  p r i n c i p a l  s u r f a c e  mode ,  n a m e l y  t h e  S t o n e l e y  mode ,  

w h i c h  b e c o m e s  l e a k y  i n t o  t h e  s l o w  wave  when i t s  v e l o c i t y  is h i g h e r ,  

i . e .  i n  m o s t  cases  of i n t e r e s t  t o  us. 
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- 1 . 1 '  C o r r u g a t e d  S u r f a c e  T e c h n i q u e  

One way t o  g e n e r a t e  b o t h  R a y l e i g h -  

m o d e s  o n  a l i q u i d - s o l i d  i n t e r f a c e  i s  t o  

c o r r u g a t e d  so t h a t  t h e s e  modes become 

a n d  S t o n e l e y - t y p e  s u r f a c e  

make t h e  s u r f a c e  s l i g h t l y  

l e a k y  i n t o  b o t h  media a t  

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

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

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

f ace ,  w h i c h  c a n  b e  u s e d  t o  c a l c u l a t e  t h e  s u r f a c e  w a v e  v e l o c i t i e s  

1 2 , 3 1 .  T h e  a d v a n t a g e  o f  t h i s  t e c h n i q u e  o v e r  t h e  c o n v e n t i o n a l  

R a y l e i g h  a n g l e  m e t h o d  is t h a t  i t  c a n  b e  u s e d  t o  g e n e r a t e  s u r f a c e  

modes o f  v e r y  low p h a s e  v e l o c i t i e s  w h i c h  do n o t  l e a k  (or o n l y  a t  

a v e r y  h i g h  a n g l e )  a s  t h e y  p r o p a g a t e  a l o n g  a smooth  l i q u i d - s o l i d  

i n t e r f a c e .  We h a v e  a d a p t e d  t h i s  t e c h n i q u e  t o  s t u d y  s u r f a c e  w a v e  

p r o p a g a t i o n  o n  f l u i d - s a t u r a t e d  p o r o u s  m a t e r i a l s  1 4 1 .  

F i g u r e  1 s h o w s  t h e  d e c o n v o l v e d  s p e c t r u m  o f  t h e  b a c k s c a t t e r e d  

s i g n a l  from t h e  c o r r u g a t e d  s u r f a c e  o f  a w a t e r - s a t u r a t e d  p o r o u s  

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

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

( 1 4 1 0  m / s )  is  l o w e r  t h a n  t h e  s o u n d  v e l o c i t y  i n  wa te r ,  t h e  l e a k y  

R a y l e i g h  mode i s  n o n p r o p a g a t o r y .  T h e  h i g h e s t  ( t h i r d )  minimum a t  

2.3 MHz c o r r e s p o n d s  t o  t h e  c o m p r e s s i o n a l  w a v e  i n  water  p r o p a g a t i n g  

a t  1 4 6 0  m/s. The m i d d l e  ( s e c o n d )  miminum a t  1.8  MHz c o r r e s p o n d s  

t o  a S t o n e l e y - t y p e  i n t e r f a c e  mode o f  1 1 4 0  m / s  v e l o c i t y ,  w h i c h  i s  

s l i g h t l y  l e a k y  i n t o  t h e  s low c o m p r e s s i o n a l  mode. F i n a l l y ,  t h e  

l owes t  ( 1 s t )  minimum a t  1 . 3  MHz c o r r e s p o n d s  t o  a w a v e  p r o p a g a t i n g .  

a t  8 2 5  m / s  v e l o c i t y .  A l t h o u g h  t h i s  v a l u e  is v e r y  c l o s e  t o  t h e  

v e l o c i t y  o f  t h e  new t r u e  s u r f a c e  mode p r e d i c t e d  b y  F e n g  a n d  J o h n s o n  
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f o r i t h e  c a s e  o f  c l o s e d  p o r e s  a t  t h e  s u r f a c e  E l l ,  we found t h a t  t h e  

p o r e s  were a c t u a l l y  q u i t e  open due t o  t h e  machining t e c h n i q u e ,  

t h e r e f o r e  t h i s  m i n i m u m  is probably  caused b y  t h e  s low compress iona l  

wave i t s e l f .  

S i m i l a r  expe r imen t s  were c a r r i e d  o u t  on n a t u r a l  rocks  a s  

w e l l .  F i g u r e  2 shows t h e  r e f l e c t i o n  spec t rum from t h e  c o r r u g a t e d  

s u r f a c e  of a Bedford l i m e s t o n e  specimen.  The re  a r e  on ly  two 

d i s t i n c t  minima obse rved  i n  t h i s  c a s e .  S i m i l a r  t o  t h e  p r e v i o u s  

c a s e ,  t h e  h i g h e r  minimum a t  2.3 MHz c o r r e s p o n d s  t o  t h e  compres- 

s i o n a l  wave i n  w a t e r  p r o p a g a t i n g  a t  1460  m / s  v e l o c i t y .  T h e  l o w e s t  

one a t  1 . 5  MHz c o r r e s p o n d s  t o  t h e  S t o n e l e y  wave p r o p a g a t i n g  a t  9 4 0  

m/s. S i n c e  t h e r e  is no s i g n  o f  p e r c e i v a b l e  s low wave p r o p a g a t i o n  

i n  t h i s  s ample ,  t h e  lowes t  m i n i m u m  is m i s s i n g  and t h e  S t o n e l e y  wave 

can be r e g a r d e d  a s  a t r u e  i n t e r f a c e  mode, as i n  t h e  c a s e  o f  a 

homogeneous s o l i d  immersed i n  wa te r .  F i g u r e  3 shows a s i m i l a r  

r e f l e c t i o n  spec t rum from t h e  c o r r u g a t e d  s u r f a c e  o f  a M t .  Helen t u f f  

specimen.  S i n c e  t h e  s h e a r  v e l o c i t y  o f  t h i s  p a r t i c u l a r  rock is 

h i g h e r  t h a n  t h e  sound v e l o c i t y  i n  w a t e r ,  t h e  h i g h e r  maximum a t  2 . 8  

MHz c o r r e s p o n d s  t o  a l eaky  Rayle igh  mode p r o p a g a t i n g  a t  1780  m / s  

v e l o c i t y .  T h e  lower m i n i m u m  a t  1 . 9 5  MHz c o r r e s p o n d s  t o  t h e  

S t o n e l e y  wave p r o p a g a t i n g  a t  1 2 5 0  m / s  v e l o c i t y .  Here a g a i n ,  t h e r e  

is no c l e a r  i n d i c a t i o n  o f  slow wave p r o p a g a t i o n  i n  t h e  rock 

spe,cimen, a l t h o u g h  some r i p p l e  is a p p a r e n t  on t h e  lower  p a r t  o f  t h e  

spec t rum,  p robab ly  caused b y  i n c o h e r e n t  s c a t t e r i n g  and i n e v i t a b l e  

u n c e r t a i n t i e s  i n  t h e  g a t i n g  p r o c e s s .  
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Fig. 2. Deconvolved spectrum of the backscattered signal from a 
water-saturated porous rock (Bedford Limestone) periodic 
interface, period = 635 pm, depth = 320 pm. 
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F i g .  3. Deconvolved spectrum of the backscattered signal  from a 
water-saturated porous rock (Mt . Helen tuff) periodic 
interface, period = 635 urn, depth = 320 urn. 
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1 . 2  D i rec t  E x c i t a t i o n  T e c h n i q u e  

R e c e n t l y ,  we h a v e  d e v e l o p e d  a new e x p e r i m e n t a l  t e c h n i q u e  f o r  

s u r f a c e  a n d  i n t e r f a c e  wave  g e n e r a t i o n  b y  d i r e c t  e x c i t a t i o n  u s i n g  

c o n v e n t i o n a l  c o n t a c t  t r a n s d u c e r s  [ 5 1 .  T h i s  m e t h o d  c a n  b e  r e a d i l y  

u s e d  t o  g e n e r a t e  a n d  d e t e c t  S t o n e l e y  w a v e s  o n  a l i q u i d - s o l i d  

i n t e r f a c e ,  t o o .  T h e  s chemat i c  diagram o f  t h e  s u g g e s t e d  i n t e r f a c e  

wave  g e n e r a t i o n  t e c h n i q u e  is s h o w n  i n  F i g .  4. A c o n t a c t  t r a n s d u c e r  

is p l a c e d  d i r e c t l y  o v e r  t h e  i n t e r f a c e  r e g i o n  so t h a t  i t  c a n  

g e n e r a t e  b u l k  m o d e s  i n  t h e  u p p e r  a n d  l o w e r  h a l f - s p a c e s ,  a s  we l l  a s  

i n t e r f a c e  w a v e s  a l o n g  t h e  b o u n d a r y .  I n  t h i s  p a r t i c u l a r  case ,  we 

use  a s h e a r  t r a n s d u c e r  o f  v e r t i c a l  p o l a r i z a t i o n ,  t h e r e f o r e  t h e r e  

is a t r a n s v e r s e  b u l k  wave  i n  t h e  lower s o l i d  med ium,  b u t  t he re  is 

n o  b u l k  mode i n  t h e  u p p e r ,  e i t h e r  a i r  or l i q u i d ,  medium capable  o f  

t r a n s m i t t i n g  c o m p r e s s i o n a l  w a v e s  o n l y .  

F i g u r e  5 s h o w s  t h e  s h e a r - t y p e  b u l k  a n d  R a y l e i g h - t y p e  s u r f a c e  

wave  e c h o e s  d e t e c t e d  f r o m  t h e  c o r n e r  o f  a 1 "  l o n g  a l u m i n u m  s a m p l e  

i n  a i r .  I t  is i m p o r t a n t  t o  n o t i c e  t h a t  t h e  b u l k  s i g n a l  is much 

s h a r p e r ,  i . e .  i t  h a s  much more  h i g h - f r e q u e n c y  c o m p o n e n t s  t h a n  t h e  

s u r f a c e  mode. T h i s  d i f f e r e n c e  r a i s e s  t h e  q u e s t i o n  o f  e n e r g y  

p a r t i t i o n ,  1.e.  how t h e  t o t a l  r a d i a t e d  e n e r g y  is d i v i d e d  b e t w e e n  

t h e  t w o  p r i n c i p a l  modes  o f  wave  p r o p a g a t i o n .  T h a t  p a r t  o f  t h e  

t r a n s d u c e r  which is d i r e c t l y  o v e r  t h e  i n t e r f a c e  r e g i o n  w i t h i n  

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

w h i l e  t h e  o t h e r  p a r t  w h i c h  is f a r t h e r  away  f r o m  t h e  i n t e r f a c e  

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

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

modes  p r o p o r t i o n a l l y  t o  t h e  w a v e l e n g t h - t o - r a d i u s  r a t i o .  S i n c e  t h e  
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Fig. 4. Schematic diagram of interface wave generation 
by direct excitation. 
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Bulk(Shear) Wave Interface( Rayleigh) Wave 

Fig. 

Time (0.5 ps/div) 

5. Bulk and interface wave reflections from the comer 
of a 1" long aluminum specimen. 
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r o  o r t i  n a l  t o  f r e q u e n c y ,  t h e  l o w -  

f r e q u e n c y  c o m p o n e n t s  c o n t r i b u t e  t o  t h e  i n t e r f a c e  mode o n l y  w h i l e  

t h e  h i g h - f r e q u e n c y  c o m p o n e n t s  go t o  t h e  b u l k  mode. T h i s  c o n c l u s i o n  

is c o n f i r m e d  b y  F i g .  6 s h o w i n g  t h e  c o m p l e m e n t a l  f r e q u e n c y  s p e c t r a  

o f  t h e  two p r i n c i p a l  p u l s e s  o f  Fig. 5 .  S i n c e ,  as  we a r e  g o i n g  t o  

s ee  l a t e r ,  t h e  h i g h - f r e q u e n c y  c o m p o n e n t s  a r e  much more a t t e n u a t e d  

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

mode b e c o m e s  t h e  d o m i n a t i n g . o n e  i n  most cases .  

O u r  m a i n  i n t e r e s t  l i e s  i n  t h e  g e n e r a t i o n  o f  t h e  S t o n e l e y - t y p e  

i n t e r f a c e  mode a t  a l i q u i d - s o l i d  b o u n d a r y .  F i g u r s  7 s h o w s  t h e  

p h a s e  v e l o c i t y  o f  t h i s  mode a s  a f u n c t i o n  o f  t h e  l o n g i t u d i n a l  

v e l o c i t y  i n  t h e  s o l i d  f o r  a g i v e n  P o i s s o n ' s  r a t i o  o f  0.3. Two 

c u r v e s  f o r  n z 1 a n d  3 d e n s i t y  r a t i o s  b e t w e e n  t h e  s o l i d  a n d  t h e  

l i q u i d  a r e  s h o w n  ( t h e s e  d e n s i t y  r a t i o s  c a n  b e  r ega rded  a s  

a p p r o x i m a t e  minimum a n d  maximum v a l u e s  f o r  n a t u r a l  r o c k s ) .  Also  

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

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

b e  w a t e r .  T h e  S t o n e l e y  w a v e  v e l o c i t y  is a lways  lower  t h a n  b o t h  t h e  

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

f l u i d .  As a n  e x a m p l e ,  t h e  R a y l e i g h  a n d  S t o n e l e y  v e l o c i t i e s  a r e  

s h o w n  by s o l i d  a n d  o p e n  s q u a r e s ,  r e s p e c t i v e l y ,  f o r  P l e x i g l a s .  I n  

t h i s  p a r t i c u l a r  case ,  t h e  s u r f a c e  w a v e  v e l o c i t y  d r o p s  f rom 1270 

m / s  t o  1 0 4 2  m / s  a s  t h e  P l e x i g l a s  is immersed i n  water.  T h e s e  

v a l u e s  a r e  t y p i c a l  f o r  n a t u r a l  r o c k s  as wel l ,  w h i l e  most solids o f  

h i g h e r  d e n s i t y  a n d  l o n g i t u d i n a l  v e l o c i t y  h a v e  S t o n e l e y  w a v e  

v e l o c i t i e s  j u s t  be low t h e  s o u n d  v e l o c i t y  i n  w a t e r .  
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Fig. 6 .  Frequency spectra of the Rayleigh and shear 
pulses shown i n  Fig.  5 .  
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e Rayleigh Nave Velocity in  Plexiglas: 1270 ah 
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Fig. 7. Stoneley wave velocity as a function of the 
longitudinal velocity in the solid for two 
different density ratios. 
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F i g u r e  8 shows  t h e  c o n t i n u o u s  t r a n s f o r m a t i o n  of t h e  R a y l e i g h -  

t y p e  s u r f a c e  mode i n t o  a S t o n e l e y - t y p e  i n t e r f a c e  mode o n  t h e  

s u r f a c e  of  a 4 2  mm l o n g  P l e x i g l a s  s a m p l e  a s  i t  is g r a d u a l l y  

immersed i n  water .  T h e  s h e a r  p u l s e  is v e r y  weak b e c a u s e  o f  t h e  

s u b s t a n t i a l  a t t e n u a t i o n  i n  P l e x i g l a s  a t  h i g h  f r e q u e n c i e s ,  a n d  i t  

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

more a t t e n u a t e d  t h a n  t h e  R a y l e i g h  mode,  a n d  i t  comes a p p r o x i m a t e l y  

14 us l a t e r .  T h e  S t o n e l e y  v e l o c i t y  o b t a i n e d  f rom t h i s  e x p e r i m e n t  

is 1 0 4 6  m / s  w h i c h  a g r e e s  v e r y  w e l l  w i t h  t h e  c a l c u l a t e d  v a l u e  o f  

1042  m / s .  

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

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

q u i t e  o b v i o u s .  The  c r u c i a l  q u e s t i o n  is w h e t h e r  or n o t  i t  c a n  b e  

u s e d  o n  n a t u r a l  r o c k s .  As a n  e x a m p l e ,  Fig. 9 shows  t h e  R a y l e i g h  

a n d  S t o n e l e y  w a v e  p u l s e s  d e t e c t e d  a l o n g  t h e  s u r f a c e  o f  a 2 9  mm l o n g  

M t .  H e l e n  t u f f  s p e c i m e n .  B e c a u s e  o f  t h e  v e r y  h i g h  a t t e n u a t i o n ,  

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

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

R a y l e i g h  a n d  S t o n e l e y  v e l o c i t i e s  were f o u n d  t o  b e  1 5 4 0  m / s  a n d  1300  

m / s ,  r e p s e c t i v e l y .  The  S t o n e l e y  w a v e  v e l o c i t y  c a n  b e  d e t e r m i n e d  

from t h e  c o r r u g a t e d  s u r f a c e  m e a s u r e m e n t s  a s  1250  m / s ,  f a i r l y  g o o d  

a g r e e m e n t  w i t h  t h e  d i r e c t  e x c i t a t i o n  t e c h n i q u e .  
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F i g .  8. Continuous transformation of the Rayleigh mode into 

Stoneley mode on the surface of a 42 mm long Plexiglas 
sample as it is gradually imersed in water. 
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. 2  REFLECTION A N D  TRANSMISSION OF E L A S T I C  WAVES AT B O U N D A R I E S  

BETWEEN FLUID A N D  FLUID-SATURATED POROUS S O L I D S  

2 . 1  I n t r o d u c t i o n  

B i o t  [ 6 1  f i r s t  e s t a b l i s h e d  a s i m p l e  a n d  e f f e c t i v e  t w o - p h a s e  

t h e o r y  for t h e  a c o u s t i c s  of p o r o u s  media i n  t h e  m i d - 1 9 5 0 ' s .  One 

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

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

a s  a shea r  mode, i n  a f l u i d - s a t u r a t e d  p o r o u s  s o l i d .  H o w e v e r ,  

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

a t  MHz f r e q u e n c y  was n o t  a c h i e v e d  u n t i l  1980 by P l o n a  C71. P l o n a ' s  

t e c h n i q u e  is b a s e d  o n  t h e  mode c o n v e r s i o n  o f  a n  i n c i d e n t  compres- 

s i o n a l  w a v e  ( i n  t h e  f l u i d )  i n t o  f a s t ,  s low,  a n d  s h e a r  w a v e  i n  t h e  

f l u i d - s a t u r a t e d  p o r o u s  media ,  I n  o r d e r  t o  e s t i m a t e  t h e  r e l a t i v e  

a m p l i t u d e s  o f  t h e  v a r i o u s  w a v e s '  g e n e r a t e d  a t  t h e  i n t e r f a c e ,  o n e  

n e e d s  t o  a d d r e s s  ' t h e  p r o b l e m  o f  t h e  e l a s t i c  w a v e  r e f l e c t i o n  a n d  

t r a n s m i s s i o n  a t  t h e  b o u n d a r y  b e t w e e n  t h e  two m a t e r i a l s .  V e r y  few 

q u a n t i t a t i v e  r e s u l t s  o n  t h i s  s u b j e c t  h a v e  b e e n  p u b l i s h e d .  Most o f  

t h e s e  were o b t a i n e d  o n l y  for c e r t a i n  s p e c i a l  c a s e s .  Ceerstma a n d  

S m i t  C9l s o l v e d  t h e  p r o b l e m  o f  r e f l e c t i o n  a n d  t r a n s m i s s i o n  a t  t h e  

i n t e r f a c e  o f  two p o r o u s  media i n  t h e  c a s e  o f  n o r m a l  i n c i d e n c e .  

De res i ewicz  a n d  Rice C91 d e r i v e d  t h e  s o l u t i o n  For t h e  r e f l e c t i o n  

of  e l a s t i c  w a v e s  f rom a Bree  s u r f a c e  o f  a f l u i d - s a t u r a t e d  p o r o u s  

s o l i d .  S t o l l ,  e t .  a 1  [ l o ]  s t u d i e d  t h e  r e f l e c t i o n  a n d  r e f r a c t i o n  

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

h a l f - s p a c e  c o m p o s e d  o f  p o r o u s  s e d i m e n t .  H o w e v e r ,  S t o l l  d i d  n o t  

c o n s i d e r  t h e  e f f e c t  of  t h e  p o r e  b o u n d a r y  c o n d i t i o n  a n d  d i d  n o t  
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i d e n t i f y  t h e  r e f r a c t e d  f a s t  and slow compress iona l  waves and t h e  

s h e a r  wave. 

I n  t h e  main frame of  o u r  work 1 1 1 1 ,  we deve lop  a numer i ca l  

s o l u t i o n  approach  t o  d e a l  w i t h  t h e  problem o f  r e f l e c t i o n  and 

t r a n s m i s s i o n  o f  e l a s t i c  waves a t  a f l u i d / p o r o u s  s o l i d  i n t e r f a c e  f o r  

t h e  c a s e  o f  g e n e r a l  boundary c o n d i t i o n s  and o b l i q u e  i n c i d e n c e .  

P a r t i c u l a r  a t t e n t i o n  is g i v e n  t o  t h e  e f f e c t  o f  t h e  pore  s u r f a c e  

boundary c o n d i t i o n  of  t h e  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i o i e n t s .  

The energy  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  a s  a f u n c t i o n  

of  i n c i d e n t  a n g l e  a r e  o b t a i n e d .  The key p o i n t  h e r e  is t o  d e r i v e  

t h e  e x p r e s s i o n s  of t h e  energy  e q u a t i o n  and P o y n t i n g  energy  f l u x  

v e c t o r  f o r  v a r i o u s  e l a s t i c  modes i n  a f l u i d - s a t u r a t e d  porous s o l i d .  

Fu r the rmore ,  t h e  t r a n s m i s s i o n  of  e l a s t i c  wave t h r o u g h  a f l u i d -  

s a t u r a t e d  po rous  s o l i d  p l a t s  immersed i n  f l u i d  is c a l c u l a t e d .  

Mesurement of  sound t r a n s m i s s i o n  th rough  porous  p l a t e  was c a r r i e d  

o u t  b y  u s i n g  e x p e r i m e n t a l  t e c h n i q u e s  s u g g e s t e d  by Plona  C71. Good 

. c o r r e l a t i o n  between measured and c a l c u l a t e d  v a l u e s  of t h e  a n g u l a r  

behav io r  o f  t h e  t r a n s m i s s i o n  c o e f f i c i e n t s  for f a s t ,  s h e a r ,  a n d  slow 

waves was o b t a i n e d  a f t e r  a d j u s t i n g  t h e  t h e o r y  f o r  e x p e r i m e n t a l l y  

o b t a i n e d  a t t e n u a t i o n  u s i n g  a r t i f i c i a l  r o c k s .  
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I 

2 .2 T h e o r y  

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

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

f l u i d - s a t u r a t e d  p o r o u s  s o l i d ,  s e p a r a t e d  b y  a n  i n t e r f a c e .  The 

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

f l u i d - s a t u r a t e d  p o r o u s  s o l i d ,  so  p o t e n t i a l  f u n c t i o n s  . f o r  f a s t  a n d  

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

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

t h e  i n t e r f a c e  a r e  a d o p t e d  f r o m  F e n g  a n d  J o h n s o n  [ I ] .  
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. 2 . 3  N u m e r i c a l  R e s u l t s  

Two g e n e r a l  cases  o f  mode c o n v e r s i o n  h a v e  b e e n  i n v e s t i g a t e d :  

( 1 )  t h e  i n i t i a l  w a v e  is i n c i d e n t  f rom t h e  f l u i d  t o  t h e  i n t e r f a c e  

a n d  g e n e r a t e s  t h r e e  t r a n s m i t t e d  b u l k  w a v e s  i n  t h e  f l u i d - s a t u r a t e d  

p o r o u s  s o l i d ,  a n d  (2) t h e  i n i t i a l  w a v e  is i n c i d e n t  f r o m  t h e  f l u i d -  

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

r e f l e c t e d  b u l k  w a v e s  i n  t h e  same medium. F u r t h e r m o r e ,  t h e  t r a n s -  

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

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

immersed i n  f l u i d  is c a l c u l a t e d .  

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

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

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

b o u n d a r y  c o n d i t i o n s  a r e  s h o w n  i n  Figs. 1 0 - 1 2 .  The  p o r o u s  m a t e r i a l  

i s  a w a t e r - s a t u r a t e d  f u s e d  g l a s s  b e a d  s o l i d  whose p h y s i c a l  p a r a -  

meters a r e  l i s t e d  i n  F i g .  1 0 .  T h e  c o r r e s p o n d i n g  p h a s e  v e l o c i t i e s  

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

V, = 2 6 5 7  m/S, V -  = 9 3 5  m / s ,  a n d  Vsh = 1 2 8 1  m/s; the p h a s e  v e l o c i t y  

o f  water is V f  = 1500 m / s .  B e c a u s e  V, > V f  t h e r e  i s  a c r i t i c a l  

a n g l e  o f  a b o u t  34.4'. G e n e r a l l y ,  t h e  r e f l e c t i o n  a n d  t r a n s m i s s i o n  
\ 

c o e f f i c i e n t s  c h a n g e  v e r y  s h a r p l y  i n  t h e  v i c i n i t y  o f  t h e  c r i t i c a l  

a n g l e .  A t  t h i s  c r i t i c a l  a n g l e ,  t h e  e n e r g y  r e f l e c t i o n  c o e f f i c i e n t s  

a r e  maximum a n d  t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  minimum. B e y o n d  t h i s  

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

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

z - d i r e c t  i o n  . I t  i s .  s e e n  f rom t h e s e  F i g u r e s  t h a t  t h e  e n e r g y  
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4- 

INCIDENT ANGUT (Deg.) 

Fig. 11. Energy transmission coefficients of a compressional 
wave incident from water on an interface between 
water and water-saturated porous fused glass bead 
solid. Open pore boundary conditions were assumed. 
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INCIDWT ANGLE (De& 

Fig. 12. Energy transmission coefficients of a compressional 
wave incident from water on an interface between 
water and water-saturated porous fused glass bead 
solid. 
were assumed. 

Sealed pore (T = -1 boundary conditions 
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I 

- t r a n s m i s s i o n  c o e f f i c i e n t  of t h e  s low compress iona l  wave for t h e  

s e a l e d  p o r e  c a s e  is much l e s s  t h a n  t h a t  for t h e  open pore  c a s e ,  b u t  

t h e  energy  t r a n s m i s s i o n  c o e f f i c i e n t s  of  t h e  f a s t  c o m p r e s s i o n a l  wave 

and t h e  s h e a r  wave i n  t h e  s e a l e d  p o r e  c a s e  a r e  g r e a t e r  t h a n  t h o s e  

f o r  t h e  open p o r e  c a s e  due t o  t h e  c o n s e r v a t i o n  of t o t a l  sne rgy .  

When t h e  i n c i d e n t  wave (which may be f a s t  or slow 

compress iona l  or s h e a r )  o r i g i n a t e s  i n  a f l u i d - s a t u r a t e d  porous  

s o l i d  t o  t h e  f l u i d ,  t h r e e  r e f l e c t e d  b u l k  waves i n  t h e  po rous  s o l i d  

and one t r a n s m i t t e d  compress iona l  wave i n  t h e  f l u i d  w i l l  b e  

g e n e r a t e d .  For  t h e s e  c a s e s ,  we have a l s o  c a l c u l a t e d  t h e  a n g u l a r  

dependence of  e n e r a y  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s .  

more d e t a i l g ,  we r e f e r e n c e  o u r  pape r  1 1 1 1 .  

For 

Using t h e  above-mentioned numer i ca l  s o l u t i o n s  f o r  ene rgy  

r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s  o f  e l a s t  waves from a 

f l u i d / p o r o u s  solid i n t e r f a c e ,  we have a180 c a l c u l a t e d  t h e  

t r a n s m i s s i o n  o f  sound th rough  a f l u i d / f l u i d - s a t u r a t e d  porous  

S o l i d / f l u i d  sys t em ( F i g .  1 3 ) .  
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Fig. 13. Mode conversion and refraction at liquid-porous/ 
solid-liqu$d interface (reflected waves are not 
shown). 
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' 2 .4 Exper imen ta l  R e s u l t s  

I n  o r d e r  t o  compare o u r  t h e o r e t i c a l  p r e d i c t i o n s  t o  experimen- 

t a l  d a t a ,  we c a r r i e d  o u t  measurement o f  r e f l e c t i o n  and t r a n s m i s s i o n  

c o e f f i c i e n t s .  F i g u r e s  14 and 15 show t h e  t h e o r e t i c a l  p r e d i c t i o n  

and e x p e r i a i e n t a l  r e s u l t s  o f  energy  r e f l e c t i o n  c o e f f i c i e n t s  f o r  open 

pore  and s e a l e d  p o r e  boundary c o n d i t i o n s .  The porous m a t e r i a l  

s e l e c t e d  f o r  e x p e r i m e n t a l  i n v e s t i g a t i o n  is t h e  a r t i f i c i a l l y  fused  

g l a s s  bead (PG15). For s e a l e d  p o r e  samples ,  a t h i n  c o a t  of p a i n t  

on t h e  i n t e r f a c e  e l i m i n a t e s  f l u i d  f low between t h e  s a t u r a t e d  porous  

medium and t h e  s u r r o u n d i n g  f l u i d ;  f o r  open po re  samples ,  n o t  having  

a c o a t  o f  p a i n t  a l l o w s  free f l u i d  motion. These e x p e r i m e n t s  were 

performed in a wa te r  t ank  a t  0 . 5  MHz f r equency  u s i n g  a t w o - t r a n s -  

d u c e r  immersion t e c h n i q u e .  I t  has  been shown t h a t  t h e  e x p e r i m e n t a l  

r e s u l t s  a r e  i n  good agreement  w i t h  t h e  t h e o r e t i c a l  c u r v e s .  

F i g u r e s  16-18 show t h e  t h e o r e t i c a l  p r e d i c t i o n s  and experimen- 

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

porous  s o l i d  p l a t e  u s i n g  t h e  t e c h n i q u e  d e s c r i b e d  b y  Plona 171.  An 

u l t r a s o n i c  immersion t e c h n i q u e  was u s e d  t o  g e n e r a t e  b u l k  modes i n  

t h e  w a t e r - s a t u r a t e d  porous  s o l i d  p l a t e .  Due t o  mode c o n v e r s i o n  a t  

t h e  i n t e r f a c e s  and because  o f  t h e i r  d i f f e r e n t  v e l o c i t i e s ,  t h e  f a s t ,  

s low,  and s h e a r  waves a r e  s e p a r a t e d  i n  t ime.  The t r a n s m i t t e d  

a m p l i t u d e s  of t h e  c o r r e s p o n d i n g  waves a t  v a r i o u s  a n g l e s  were 

measured and no rma l i zed  w i t h  t h e  i n c i d e n t  a m p l i t u d e .  I n  o r d e r  t o  

compare t h e o r e t i c a l  p r e d i c t i o n s  t o  e x p e r i m e n t a l  d a t a ,  t h e  theo -  

r e t i c a l  c u r v e s  were c o r r e c t e d  For a t t e n u a t i o n .  The a t t e n u a t i o n  

c o e f f i c i e n t s  (assuming c e n t e r  f r equency  f o r  each  c a s e )  a r e  f o r  f a s t  

wave, a = 0.35 dB/mm MHz, f o r  s h e a r  wave, a = 1.34dB/mm MHz, and 
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Fig. 14. Energy reflection coefficient for open pore 
(T = 0 )  boundary condition. 
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Q experiment 
8 I - theory 

Fig .  15. Energy reflection coefficient for sealed pore 
(T = -1 boundary condition. 
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Fig. 16. Comparison of theoretical (solid line) and experimental 
(dotted line) transmission coefficient vs. angle of 
incidence for fast wave through a water-saturated porous 
fused glass bead plate immersed in water, 
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Fig. 17. Comparison of theoretical (solid line) and experimental 
(dotted line) transmission coefficient vs. angle of 
incidence for mode converted shear wave through a water- 
saturated porous fused glass bead plate immersed in 
water. 



35 

-THEORY 
EXP. 

I I I 1 I I 1 I 
0 20 40 60 a0 

INCIDENT ANGLE (0eg.I 

Fig. 18. Comparison of theoretical (solid line) and experimental 
(dotted line) transmission coefficient vs. angle of 
incidence for mode converted slow wave through a water- 
saturated porous fused glass  bead plate immersed in 
water. 
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' f o r  slow wave, a = 1.8  d B / m m  MHz. We found good q u a l i t a t i v e  

agreement between the pred ic ted  and measured t ransmiss ion  

c o e f f i c i e n t s .  
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' , 3  INTERACTION OF U L T R A S O N I C  - W A V E S  WITH T H I N  FLUID-SATURATED 

POROUS PLATES: T H E O R Y  A N D  EXPERIMENTS WITH LAMB W A V E  T E C H N I Q U E  

3 . 1  I n t r o d u c t i o n  

E x p e r i m e n t a l  v e r i f i c a t i o n  o f  B i o t ' s  t h e o r y  C63 a t  u l t r a s o n i c  

f r e q u e n c i e s  was a c h i e v e d  i n  1 9 8 0  when P l o n a  C73 o b s e r v e d  a l l  t h r e e  

b u l k  w a v e s  b y  u s i n g  mode c o n v e r s i o n  t e c h n i q u e s  on  f l u i d - s a t u r a t e d  

p o r o u s  s l a b s  i m m e r s e d  i n  water .  The  m e a s u r e m e n t  o f  t h e  s low 

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

p e r m e a b i l i t y  i n  s i t u .  A l t h o u g h  t h e  mode c o n v e r s i o n  t e c h n i q u e  h a s  

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

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

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

w a v e  h a s  b e e n  o b s e r v e d .  The l a c k  o f  s e e i n g  t h e  s e c o n d  c o m p r e s -  

s i o n a l  w a v e  ( o r  slow w a v e )  i n  t h e s e  media,  e s p e c i a l l y  i n  n a t u r a l  

r o c k s ,  c a n  b e  a t t r i b u t e d  t o  v a r i o u s  a t t e n u a t i o n  m e c h a n i s m s  o f  t h e  

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

frame C121 a n d  t h e  d e p o s i t i o n  o f  c l a y  p a r t i c l e s  o n  t h e  p o r e  w a l l s  

1 1 3 1  c g u l d  prohibit t h e  propagation of t h e  s l o w  w a v e .  I n  a d d i t i o n  

t o  t h e  ma te r i a l  p r o p e r t i e s ,  i n  many p o r o u s  s y s t e m s  t h e  l a c k  o f  

s e e i n g  s l o w  w a v e s  is d u e  t o  e x c e s s i v e  a t t e n u a t i o n  of  u l t r a s o u n d  

c a u s e d  b y  s c a t t e r i n g  o f  p o r e s .  A f e a s i b l e  way t o  r e d u c e  t h e  

a t t e n u a t i o n  o f  u l t r a s o u n d  i s  t o  r e d u c e  t h e  t h i c k n e s s  of  t h e  p o r o u s  

s a m p l e s  t o  b e  m e a s u r e d .  H o w e v e r ,  f o r  a t h i n  p o r o u s  s l a b  i t  is 

i n a d e q u a t e  t o  u s e  t h e  mode c o n v e r s i o n  t e c h n i q u e  t o  d e t e c t  t h e  s l o w  

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

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

a r e  u n d e t e c t a b l e .  
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To o v e r c o m e  t h i s  p r o b l e m  e f f o r t s  a r e  made i n  t h e  p r e s e n t  work 

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

wave  i n  t h i n  f l u i d - s a t u r a t e d  p o r o u s  p l a t e s  b y  u s i n g  Lamb m o d e s .  

S i n c e  a n a l y s i s  b y  R a y l e i g h  1 1 4 1  a n d  Lamb C 1 5 1 ,  t h e  v i b r a t i o n  modes 

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

T h e s e  s o - c a l l e d  "Lamb modes" r e s u l t  f r o m  a p u r e  c o m p r e s s i o n a l  wave  

a n d  p u r e  shea r  w a v e .  S i m i l a r l y ,  e x c i t a t i o n  o f  " l e a k y  Lamb modes" 

i n  e l a s t i c  p l a t e s  immersed i n  a f l u i d ,  c a u s e d  b y  i n c i d e n t  a c o u s t i c  

w a v e s ,  h a s  b e e n  e x t e n s i v e l y  d e s c r i b e d  t h e o r e t i c a l l y  a n d  

e x p e r i m e n t a l l y  [ 1 6 1 .  R e s u l t s  a r e  g e n e r a l l y  p r e s e n t e d  a s  d i s p e r s i o n  

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

o f  f r e q u e n c y  a n d  p l a t e  t h i c k n e s s .  

T h e  p u r p o s e  o f  t h i s  work  is t o  e x t e n d  t h i s  fo rma l i sm t o  t h e  

p a r t i c u l a r  case o f  f l u i d - f i l l e d  p o r o u s  t h i n  p l a t e s .  G e n e r a l  

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

o b t a i n  d i s p e r s i o n  c u r v e s  o f  Lamb modes a n d  t o  c a l c u l a t e  r e f l e c t i o n  

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

p l a t e .  Based on  t h e  t h e o r e t i c a l  p r e d i c t i o n s ,  we p r o p o s e  a new 

m e t h o d  t o  d 'e tec t  s low w a v e s  i n  t h e  f r e q u e n c y  d o m a i n  b y  m e a s u r i n g  

t h e  Lamb w a v e  s p e c t r u m .  E x p e r i m e n t a l  s t u d i e s  p r o v i n g  t h e o r e t i c a l  

p r e d i c t i o n s  a r e  p e r f o r m e d  o n  s y n t h e t i c  a n d  n a t u r a l  p o r o u s  p l a t e s .  
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. 3 . 2  T h e o r e t i c a l  A n a l y s i s  

3 . 2 . 1  F i e l d  S o l u t i o n  

T h e  t h e o r e t i c a l  t r e a t m e n t  o f  Lamb w a v e ' p r o p a g a t i o n  i n  a F l u i d -  

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

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

t h e  s h e a r  w a v e .  To o b t a i n  a f i e l d  s o l u t i o n  we a s s u m e  t h a t  t h e  

p o r o u s  p l a t e  c o m p l i e s  w i t h  B i o t ' s  t h e o r y  C61. We c o n s i d e r  t h r e e  

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

c o o r d i n a t e  s y s t e m  g i v e n  i n  F i g .  1 9 ,  t h e  p o t e n t i a l  f u n c t i o n s  f o r  

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

4+ = (A,coshY+Z + b 2 s i n h Y + Z )  e x p [ i ( k x  - u t ) ] ,  ( 1  1 

6- = ( A p o s h Y - Z  + A,+sinhY-Z) e x p [ i ( k x  - u t ) ] ,  , ( 2 )  

a n d  Q = (A5sinhYsZ + AgcoshYsZ) e x p [ i ( k x  - u t ) ] ,  ( 3 )  

r e s p e c t i v e l y ,  where Y a n d  k a r e  r e l a t e d  t o  t h e  v e l o c i t i e s  o f  t h e  

f a s t ,  s l o w ,  a n d  shea r  w a v e s  (V+, V-, a n d  V,, r e s p e c t i v e l y )  t h r o u g h  

B i o t ' s  w a v e  e q u a t i o n s .  The  p h a s e  v e l o c i t y  o f  Lamb modes is d e f i n e d  

C = w / R e ( k ) .  (4) 

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

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

e x p t i ( k x  - u t ) ]  2 < - h / 2  ( 6 )  
Y f Z  

4 2  = Age 

where A i ,  A 7 ,  a n d  A8 r e p r e s e n t  t h e  a m p l i t u d e s  o f  t h e  p o t e n t i a l  

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

r e s p e c t i v e l y .  
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water \ \  \ 

Fig. 19. Scheme of coordinate system for Lamb wave propagation 
in a fluid-saturated porous plate. @+, @,, and Y are 
potential functions for fast, slow, and shear waves 
in the porous plate, and 9, is the potential of 
compressional wave in the fluid. 

\ 
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T h e  b o u n d a r y  c o n d i t i o n s  a t  a f l u i d  a n d  f l u i d - s a t u r a t e d  p o r o u s  

s o l i d  i n t e r f a c e  were f o r m u l a t e d  b y  F e n g  a n d  J o h n s o n  1 1 1  a n d  a r e  

n o t  r e p e a t e d  h e r e .  

To s o l v e  f o r  t h e  e i g h t  c o e f f i c i e n t s ,  t h e  d i s p l a c e m e n t s  in b o t h  

t h e  f l u i d  a n d  t h e  s o l i d  s k e l e t o n  a r e  c a l c u l a t e d  u s i n g  t h e  p o t e n t i a l  

f u n c t i o n s  a n d  t h e n  a r e  s u b s t i t u t e d  i n t o  t h e  b o u n d a r y  e q u a t i o n s  a t  

z = h / 2  a n d  z = - h / 2 ,  r e s p e c t i v e l y ,  w h i c h  r e s u l t s  i n  a m a t r i x  form 

o f  t h e  c h a r a c t e r i s t i c  e q u a t i o n s  

For  a g i v e n  A i ,  t h e  r e f l e c t i o n  a n d  t r a n s m i s s i o n  c o e f f i c i e n t s  a r e  

d e t e r m i n e d  b y  

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

p h a s e  v e l o c i t y  o f  Lamb w a v e )  a n d  f h ,  t h e  p r o d u c t  o f  f r e q u e n c y  a n d  

t h e  t h i c k n e s s  o f  t h e  p l a t e .  

The d i s p e r s i o n  r e l a t i o n  o f  L a m b  modes i n  t h e  F l u i d - s a t u r a t e d  

p o r o u s  p l a t e  c a n  b e  o b t a i n e d  a l s o  f r o m  E q .  7 by s e t t i n g  A i  = 0 .  

3 . 2 . 2  S low Wave I n f l u e n c e  on  D i s p e r s i o n  C u r v e  

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

f l u i d - s a t u r a t e d  p o r o u s  p l a t e  t o  a n  e q u i v a l e n t  s o l i d  p l a t e ,  a s i m p l e  

e x a m p l e  is s e l e c t e d .  The  d i s p e r s i o n  c u r v e  f o r  a f l u i d - s a t u r a t e d  

p o r o u s  p l a t e  w i t h  c l o s e d  p o r e s  in a i r  i s  s h o w n  i n  F i g .  2 0 .  T h e  

p o r o u s  p l a t e  is made of s i n t e r e d  b r o n z e  b e a d s  w i t h  ma te r i a l  

p r o p e r t i e s  d e s c r i b e d  i n  d e t a i l  i n  Ref .  1 7 .  T h e  i n f l u e n c e  o f  t h e  
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Lamb modesdue to slow compressional wave 

I I i 

o : , , ,  I l r ~ l r r ( l r l ~ 1 1 l  

ao Qs t O  1.5 2L) 2 

FREQUENCY x THlCKNESS (MHz .mm) 

Fig. 20. Dispersion curves of Lamb modes in water-saturated 
porous plate BO5 with sealed pore surface and free 
boundary. 
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s low w a v e  o n  t h e  b e h a v i o r  of t h e  Lamb mode c a l c u l a t i o n s  o f  t h e  

d i s p e r s i o n  c u r v e  c a n  b e  s e e n  by c o m p a r i n g  Fig. 2 0  t o  Fig. 2 1 .  I n  

Fig. 2 1 ,  t h e  d i s p e r s i o n  c u r v e  f o r  a s o l i d  p l a t e  w i t h  t h e  same b u l k  

v e l o c i t i e s  ( a s  f o r  t h e  p o r o u s  p l a t e )  b u t  w i t h o u t  t h e  s low w a v e  is 

g i v e n .  I n  c o m p a r i n g  F i g .  20 w i t h  Fig. 2 1 ,  i t  is o b v i o u s  t h a t  t h e  

e x t r a  modes A , ,  S,, A 3 ,  S4, a n d  A 5  i n  F i g .  2 0  a r e  d u e  t o  t h e  

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

p o r o u s  p l a t e .  A n o t h e r  f e a t u r e  o f  Fig. 20  is t h a t  i t  s h o w s  t h a t  a t  

h i g h  f r e q u e n c i e s  t h e  t w o  l o w e s t  modes, S o  a n d  A,, t e n d  t o  t h e  

v e l o c i t y  of t h e  s low w a v e  i n s t e a d  o f  t h e  R a y l e i g h  w a v e  v e l o c i t y  a s  

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

, 

The  most i m p o r t a n t  i n f o r m a t i o n  p r o v i d e d  b y  Fig. 20 is t h a t  t h e  

a s y m p t o t i c  v a l u e s  o f  t h e  Lamb m o d e s  a t  c u t - o f f  f r e q u e n c i e s  c a n  be  

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

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

Lamb modes a t  c u t - o f f  a r e  e x c l u s i v e l y  r e l a t e d  t o  t h e  s l o w  w a v e  

v e l o c i t y .  

3.2.3 E x p e r i m e n t a l  P r o c e d u r e  

Fig. 2 2  s h o w s  t h e  scheme o f  t h e  r e f l e c t i o n  m e a s u r e m e n t  f o r  

Lamb m o d e s  i n  a f l u i d - s a t u r a t e d  p o r o u s  p l a t e .  T h e  p l a t e  is 

immersed  i n  a f l u i d ,  b e i n g  i n s o n i f i e d  b y  a 0 .5  MHz b r o a d b a n d  

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

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

s i g n a l s  ( l e a k y  Lamb 

b r o a d b a n d  i m m e r s i o n  

u l t r a s o n i c  s y s t e m  i s  

w a v e s ) ,  w h i c h  a r e  p i c k e d  u p  b y  a 1 MHz 

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

t a k e n  from a r e f l e c t e d  p u l s e  a t  a n  a l u m i n u m  
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Fig. 21. Dispersion curves of Lamb modes in a free solid 
plate with p s  = 8.6 g~m'~, VL = 2.586 km/s, and 
Vs 1.456 k d s .  
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' , t a r g e t  a n d  is s h o w n  by F i g .  2 3 ( a )  w h o s e  s p e c t r u m  i s  p r e s e n t e d  i n  

F i g .  23(b). 

M e a s u r e m e n t  o f  Lamb m o d e s  is p e r f o r m e d  b y  c a p t u r i n g  t h e  t o t a l  

r e f l e c t e d  s i g n a l  f r o m  a f l u i d - s a t u r a t e d  p o r o u s  p l a t e  a t  d i f f e r e n t  

i n c i d e n t  a n g l e s .  For each g i v e n  a n g l e ,  t h e  r e f l e c t e d  s i g n a l  

m e a s u r e d  in t h e  t ime d o m a i n  i s  c o n v e r t e d  i n t o  t h e  f r e q u e n c y  d o m a i n  

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

e l i m i n a t e  t h e  e f f e c t  o f  t h e  s y s t e m .  F i g u r e  2 4  s h o w s  a n  e x a m p l e  o f  

a m e a s u r e d  s i g n a l  a n d  it-s d e c o n v o l v e d  s p e c t r u m  f rom a s i n t e r e d  

b r o n z e  b e a d  p l a t e  ( s ample  BO51 immersed i n  water .  The  d e c o n v o l v e d  

s p e c t r u m  s h o w s  t h a t  t h e r e  a r e  a n u m b e r  o f  f r e q u e n c y  m i n i m a  i n d i c a -  

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

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

0 .07  MHz is o u t  o f  t h e  s y s t e m  b a n d w i d t h  a n d  c a u s e d  b y  n o i s e .  The  

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

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

s i d e  o f  t h e  s p e c i m e n .  

3.2.4 S a m p l e  D e s c r i p t i o n  

T h e  m a t e r i a l  p r o p e r t i e s  o f  t h e  samples  s t u d i e d  a r e  d e s c r i b e d  

i n  T a b l e  J .  Sample B O 5  is a s i n t e r e d  b r o n z e  b e a d  d i s k  w i t h  a n  

a v s r a g e  g r a i n  s i z e  o f  65 pm. S a m p l e  S 1 0  is a s i n t e r e d  s t a i n l e s s -  

s t e e l  bead d i s k ,  b u t  t h e  a v e r a g e  g r a i n  s i z e  c a n n o t  b e  s t a t i s t i c a l l y  

m e a s u r e d  u n d e r  a microscope  b e c a u s e  o f  i r r e g u l a r  g r a i n  s h a p e s .  

T h e  p o r o s i t y  v a l u e s  o f  t h e  samples a r e  p r o v i d e d  b y  t h e  m a n u f a c -  

t u r e r ,  w h i c h  a r e  u s e d  t o  c a l c u l a t e  t o r t u o s i t i e s  b a s e d  o n  B e r r y m a n ' s  

r e l a t i o n  E181 f o r  s p h e r e s .  T h e  b u l k  m o d u l u s  K, i s  d e t e r m i n e d  f rom 
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w h e r e  t h e  s o l i d  d e n s i t y  ps a n d  v e l o c i t i e s  o f  t h e  l o n g i t u d i n a l  w a v e  

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

" H a n d b o o k  o f  C h e m i s t r y  a n d  P h y s i c s "  C193.  V F L  a n d  VFs, t h e  v e l o c i -  

t i e s  o f  frame l o n g i t u d i n a l  a n d  frame shea r  w a v e s  i n  d r a i n e d  p o r o u s  

s k e l e t o n s  a r e  o b t a i n e d  from m e a s u r e m e n t  u s i n g  c o n t a c t  t r a n s d u c e r s .  

T h e  b u l k  m o d u l u s  Kb a n d  t h e  shea r  m o d u l u s  N a r e  t h e n  e v a l u a t e d  from 

D u r i n g  e x p e r i m e n t ,  t h e  p o r o u s  p l a t e s  were s a t u r a t e d  w i t h  water a i  

room t e m p e r a t u r e ,  w h i c h  h a s  t h e  s o u n d  v e l o c i t y  C F  = 1 . 4 8  k m / s .  

9 y  p l u g g i n g  t h e  a b o v e  parameters  i n t o  t h e  e q u a t i o n s  g i v e n  i n  

[ 1 2 3 ,  t h e  v e l o c i t i e s  o f  t h e  f a s t ,  s l o w ,  a n d  s h e a r  w a v e s  were 

o b t a i n e d  a s  l i s t e d  i n  T a b l e  I .  T h e  d a t a  were t h e n  u s e d  f o r  

c o m p u t i n g  Lamb modes i n  w a t e r - s a t u r a t e d  p o r o u s  p l a t e s .  

TABLE I .  P a r a m e t e r s  o f  P l a t e s  BO5 a n d  S10 w i t h  h = t h i c k n e s s ,  
4 = p o r o s i t y ,  a n d  a = t o r t u o s i t y .  

S i n t e r e d  B r o n z e  
Bead P l a t e  ( 8 0 5 )  

h ( m m )  2 - 0 6  

4 30.1) 

V F L  ( k m / s )  2 . 4 7  

K, ( 1 0 "  d y n  cmo2) 1 4 3 . 8  

N ( 1 0 "  d y n  cm'2) 1 3 . 1  
V, ( k m / s )  2 . 5 8 6  
V ,  ( k m / s )  0 . 9 3 6  
'S ( k m / s )  1 . 4 5 6  

(gcm-3) 8 . 6  

a 2 . 1 7  

VFs ( k m / s )  1 . 4 7  

K b  ( 1 0 "  d y n  cmo2) 1 9 . 5  

S i n t e r e d  S t a i n l e s s  
S t e e l  Bead P l a t e  (SlO) 

2 - 0 6  
7 . 9  

32. 0 
2 - 0 6  
2 . 8 8 6  
1 . 7 7 5  

1 6 3 . 6  

1 7 . 4  
2 2  . a  

2 . 9 7 1  
0 . 9 5 1  
1 . 7 5  
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3.3 R e s u l t s  a n d  D i s c u s s i o n  

3 . 3 . 1  R e s u l t s  o n  S y n t h e t i c  P o r o u s  P l a t e s  

To s h o w  t h e  c o r r e l a t i o n  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t ,  t h e  

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

p o r o u s  p l a t e s  immersed i n  water  a r e  i n c l u d e d .  F i g u r e  25 s h o w s  b o t h  

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

r e f l e c t i o n  c o e f f i c i e n t  m e a s u r e d  from s a m p l e  B05. T h e  d a t a  a r e  

p l o t t e d  a s  a f u n c t i o n  of  t h e  p h a s e  v e l o c i t y  o f  t h e  Lamb m o d e s  

( v e r t i c a l  a x i s )  a n d  t h e  p r o d u c t  o f  t h e  f r e q u e n c y  a n d  s a m p l e  

t h i c k n e s s  ( h o r i z o n t a l  a x i s ) .  T h e  d o t t e d  l i n e s  i n d i c a t e  n u m e r i c a l  

p r e d i c t i o n s  e s t i m a t e d  from Eq. 8 by t a k i n g  o n l y  t h e  r e a l  p a r t  o f  

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

f rom t h e  m e a s u r e d  f r e q u e n c y  m i n i m a  on d e c o n v o l v e d  s p e c t r a  o f  

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

i n c i d e n t  a n g l e  e = 10' u p  t o  40' w i t h  i n c r e m e n t s  o f  2 . 5 '  f o r  e a c h  

m e a s u r e m e n t .  

I t  c a n  b e  s e e n  from F i g .  25 t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  

i n  v e r y  good a g r e e m e n t  w i t h  t h e  t h e o r y .  I t  s h o u l d  be n o t e d  t h a t  

t h e  h o r i z o n t a l  a x i s  of F i g .  2 5  h a s  a n  i d e n t i c a l  u n i t  a s  t h e  

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

a t  c u t - o f f  f r e q u e n c i e s  o n  t h e  h o r i z o n t a l  a x i s  c a n  b e  i n t e r p r e t e d  

by p h a s e  v e l o c i t i e s  o f  t h e  t h r e e  b u l k  w a v e s .  F o r  e x a m p l e ,  t h e  

a s y m p t o t i c  v a l u e  o f  t h e  f i r s t  measurable  mode a t  i t s  c u t - o f f  is i n  

c o i n c i d e n c e  w i t h  o n e - h a l f  o f  t h e  s l o w  w a v e  v e l o c i t y .  F r o m  F i g .  24 

i t  can a l s o  b e  s e e n  t h a t  t h o s e  Lamb m o d e s  w h i c h  a r e  r e l a t i v e l y  

i n s e n s i t i v e  t o  t h e  c h a n g e  o f  t h e  Lamb w a v e  v e l o c i t y  a r e  a s s o c i a t e d  
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Frequency minima of reflection coefficient on 
water-saturated porous plate (B05) immersed 
in water. ... Theory, Exp. 
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* ' w i t h  t h e  s l o w  c o m p r e s s i o n a l  wave-. 

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

e x p e r i m e n t ,  a s imi l a r  r e s u l t  was a l s o  o b t a i n e d  f rom sample S 1 0  a n d  

is s h o w n  i n  F i g .  2 6 .  

3.3.2 R e s u l t s  o n  N a t u r a l  P o r o u s  P l a t e s  

F o l l o w i n g  t h e  same p r o c e d u r e  p e r f o r m e d  o n  t h e  s y n t h e t i c  p o r o u s  

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

o u t  o n  a n u m b e r  o f  r e a l  r o c k s .  F o r  e x a m p l e ,  a b r o w n  ae rea  

s a n d s t o n e  s a m p l e  was c u t  i n t o  a t h i c k n e s s  o f  2 m m  a n d  10 cm i n  

d i a m e t e r .  The  t o r t u o s i t y  o f  t h r e e  o f  t h e  s a m p l e s  was e s t i m a t e d  b y  

m e a s u r i n g  t h e  s low w a v e  v e l o c i t y  i n  a i r - f i l l e d  p o r o u s  rock .  I n  

c o m p a r i s o n  w i t h  a n y  s y n t h e t i c  p o r o u s  p l a t e s ,  we F o u n d  t h e  a t t e n u a -  

t i o n  o f  u l t r a s o n i c  s i g n a l s  i n  t h e  b r o w n  B e r e a  s a n d s t o n e  t o  b e  much 

h i g h e r .  F i g u r e  27 s h o w s  t h e  measured r e f l e c t e d  s i g n a l  f rom t h e  

b r o w n  Berea s a n d s t o n e  p l a t e  a t  12.5 '  u s i n g  t h e  same s y s t e m  a s  

d e s c r i b e d  b e f o r e .  I t  c a n  b e  s e e n  f rom F i g .  2 7  t h a t  t h e  r e f l e c t e d  

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

l e a k y  Lamb modes a r e  h i g h l y  a t t e n u a t e d  a n d  much weaker t h a n  i n  t h e  

s i n t e r e d  b r o n z e  bead p l a t e  ( s e e  F i g .  2 4 ( a ) ) .  

F i g u r e  2 8  s h o w s  t h e  d e c o n v o l v e d  s p e c t r u m  o f  F i g .  2 7 .  Two 

f r e q u e n c y  m i n i a a  a r e  f o u n d  a t  f = 0 . 2 3  MHz a n d  f = 0 . 6 4  MHz. 

B e c a u s e  of t h e  h i g h  a t t e n u a t i o n  i n  t h e  s a n d s t o n e ,  i n d i c a t i o n  o f  

t h e  f i r s t  f r e q u e n c y  minimum h a s  a d i p  l e s s  t h a n  o n e - h a l f  dB .  The  

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

s l o w  w a v e  v e l o c i t y  a t  a b o u t  0.92 km/sec. T h e  s e c o n d  f r e q u e n c y  

minimum is - d u e  t o  t h e  f a s t  c o m p r e s s i o n a l  w a v e .  The  a b s e n c e  o f  
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Fig. 26. Frequency minima of reflection coefficfent on 
water-saturated porous plate (SlO) immersed 
i n  water. ... Theory, Exp. 
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TIME 

Fig. 27. Reflection signals from a water-saturated 
brown Berea sandstone plate at 8 = 12.5'. 
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' . p o s s i b l e  f r e q u e n c y  m i n i m a  b e t w e e n  t h e  two i n d i c a t i o n s  c a n  b e  

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

w a v e  a t  12.5'. 

3 . 3 . 3  C o m p a r i s o n  o f  B u l k  a n d  Lamb Wave T e c h n i q u e s  

3 

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

n e w l y  d e v e l o p e d  Lamb wave  t e c h n i q u e  is t h e  i n d i c a t i o n  o f  t h e  

p r e s e n c e  o f  s low w a v e s  i n  n a t u r a l  r ock  ( s e e  Fig. 2 8 ) .  No 

i n d i c a t i o n ' o f  t h e  p r e s e n c e  o f  s low w a v e s  in rocks  was o b s e r v e d  b y  

t h e  b u l k  w a v e  m o d e - c o n v e r s i o n  m e t h o d .  A more q u a n t i t a t i v e  

c o m p a r i s o n  o f  t h e  two t e c h n i q u e s  may b e  o b t a i n e d  b y  c o m p a r i n g  t h e  

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

c e r t a i n  time w i t h  w a t e r .  I n  Fig. 2 9 ,  t h e  a m p l i t u d e  of  t h e  s low 

w a v e  is p . l o t t e d  for t ime  o f  s a t u r a t i o n  u s i n g  b o t h  t h e  b u l k  w a v e  a n d  

t h e  Lamb w a v e  t e c h n i q u e .  A t  p a r t i a l  s a t u r a t i o n ,  e .g .  a f t e r  a few 

h o u r s  o f  s a t u r a t i o n ,  t h e  o b s e r v e d  slow w a v e  a m p l i t u d e  w i t h  t h e  Lamb 

w a v e  t e c h n i q u e  is a b o u t  10  times a s  h i g h  a s  o b s e r v e d  w i t h  t h e  b u l k  

w a v e  t e c h n i q u e .  F u l l  s a t u r a t i o n  ( m e a s u r e d  b y  t h e  c o n s t a n t  v a l u e  

o f  t h e  slow w a v e  a m p l i t u d e ) ,  a t t a i n e d  a f t e r  10  h o u r s  u s i n g  Lamb 

w a v e s ,  w i l l  t a k e  o v e r  100 h o u r s  u s i n g  t h e  b u l k  w a v e  t e c h n i q u e .  
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SATURATION TIME (Hr.) 

Fig. 29. Measurement of slow compressional wave amplitude 
vs. saturation time in water-saturated porous 
glass bead. 
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- 4  SLOW W A V E  PROPAGATION I N  AIR-FILLED POROUS MATERIALS 

4 . 1  I n t r o d u c t i o n  

T h e  m a i n  t h r u s t  o f  o u r  former r e s e a r c h  e f f o r t  was d i r e c t e d  a t  

f i n d i n g  i n d i c a t i o n s  o f  slow w a v e  p r o p a g a t i o n  i n  n a t u r a l  r o c k s ,  

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

i n a c c e s s i b l e  ma te r i a l  p r o p e r t i e s  s u c h  as t o r t u o s i t y  a n d  permea- 

b i l i t y .  S i n c e  1980 ,  when P l o n a  was a b l e  t o -  o b s e r v e  s l o w  w a v e  

p r o p a g a t i o n  i n  a r t i f i c i a l  rocks  made o f  s i n t e r e d  g l a s s  b e a d s  173,  

t h e  q u e s t i o n  o f  why s low w a v e s  c a n n o t  b e  d e t e c t e d  i n  r e a l  r o c k s  has  

b e e n  o n e  o f  t h e  m a j o r  i s s u e s  i n  t h e  a c o u s t i c s  of f l u i d - s a t u r a t e d  

ma te r i a l s .  R e c e n t l y ,  i t  h a s  become more a n d  more e v i d e n t  t h a t  

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

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

for b y  t h e  B i o t  t h e o r y .  F i n a l l y ,  K l i m e n a t o s  a n d  McCann showed t h a t  

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

s u c h  a s  s u b m i c r o n  c l a y  p a r t i c l e s ,  f o u n d  i n  a 1 1  t y p e s  o f  n a t u r a l  

rocks 1 1 3 3 .  T h e s e  impurities p r o d u c e  t h r e e  s p e c i a l  e f f e c t s  cha rac -  

t e r i s t i c  t o  r e a l  r o c k s .  F i r s t ,  t h e y  r e d u c e  t h e  p o r o s i t y  o f  t h e  

r o c k ,  b u t  t h i s  e f f e c t  i s  u s u a l l y  n e g l i g i b l e .  Second,  t h e y  i n c r e a s e  

t h e  t o r t u o s i t y ,  t h e r e b y  s l i g h t l y  r e d u c i n g  t h e  e x p e c t e d  s low w a v e  

v e l o c i t y .  F i n a l l y ,  a n d  m o s t  i m p o r t a n t l y ,  t h e  c l a y  p a r t i c l e s  

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

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

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

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

The q u e s t i o n  of  w h e t h e r  e x c e s s i v e  a t t e n u a t i o n  r e n d e r s  t h e  
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+ d e t e c t i o n  o f  s low w a v e s  i m p o s s i b l e  or n o t  a r i s e s .  N o t  n e c e s s a r i l y !  

E v e n  a v e r y  weak s l o w  w a v e  a t t e n u a t e d  b y  a s  m u c h . a s  50-60 dB c o u l d  

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

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

t h e  f a s t  c o m p r e s s i o n a l  a n d / o r  s h e a r  w a v e s .  I f  we c o u l d  g e n e r a t e  

s l o w  w a v e . o n l y  a n d  n o t h i n g  e l s e ,  i t  w o u l d  b e  much e a s i e r  t o  d e t e c t  

i t  i n  s p i t e  of  t h e  s u b s t a n t i a l  a t t e n u a t i o n .  For e x a m p l e ,  i f  t h e r e  

e x i s t s  a s e c o n d  ( s h e a r )  c r i t i c a l  a n g l e  a n d  i t  is n o t  h i g h e r  t h a n  

a p p r o x i m a t e l y  6 0 ° ,  t h e n  t h e r e  is n o  o t h e r  d i r e c t  t r a n s m i s s i o n  

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

a n g l e s  a n d  e v e n  weak s l o w  w a v e s  become r e l a t i v e l y  e a s y  t o  d e t e c t .  

H o w e v e r ,  t h i s  d o e s  n o t  h a p p e n  i n  most n a t u r a l  r o c k s  a n d  e v e n  i f  i t  

d o e s ,  r a t h e r  s t r o n g  e v a n e s c e n t  w a v e s  w i l l  be p r o d u c e d  i n  t h e  

sample .  These v i b r a t i o n s  c a n  g e n e r a t e  a r e l a t i v e l y  h i g h  s c a t t e r e d  

b a c k g r o u n d  " n o i s e "  w h i c h  r e n d e r s  t h e  weak s low w a v e  s i g n a l  

i nd i s t i n g  u. i s ha b 1 e . 
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4.2 T h e o r e t i c a l  C o n s i d e r a t i o n s  

An e s s e n t i a l l y  d i f f e r e n t  s i t u a t i o n  o c c u r s  when a n  a i r - f i l l e d  

p o r o u s  s a m p l e  is i n s o n i f i e d  by a i r b o r n e  u l t r a s o n i c  w a v e s .  S e c a u s e  

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

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

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

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

is wel l  d e m o n s t r a t e d  by F i g s .  3O(a )  a n d  3 O ( b )  s h o w i n g  t h e  d i f f e r e n t  

e n e r g y  t r a n s m i s s i o n  c o e f f i c i e n t s  t h r o u g h  a water-  a n d  a i r - s a t u r a t e d  

p o r o u s  p l a t e  a s  a f u n c t i o n  o f  i n c i d e n t  a n g l e .  I t  is q u i t e  o b v i o u s  

t h a t  i n  c o n t r a s t  t o  t h e  w a t e r - s a t u r a t e d  case,  t h e  slow w a v e  i s  t h e  

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

a n  a i r - f i l l e d  p o r o u s  s p e c i m e n .  

Zn spite of  t h e  e x c e l l e n t  c o u p l i n g  b e t w e e n  t h e  i n c i d e n t  

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

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

t h a n  h i g h - v i s c o s i t y  water ,  s low w a v e  p r o p a g a t i o n  i n  a i r - F i l l e d  

p o r o u s  samples  h a s  n e v e r  b e e n  e x t e n s i v e l y  s t u d i e d .  T h i s  is 

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

g e n e r a t i o n  a n d  d e t e c t i o n  of  a i r b o r n e  u l t r a s o u n d  a n d  t o  t h e  f a c t  

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

p o r o u s  samples a s  e a s i l y  a s  in w a t e r - s a t u r a t e d  o n e s  C121 .  S i n c e  

t h e  k i n e m a t i c  v i s c o s i t y  o f  a i r  is so l a r g e  a n d  t h e  v e l o c i t y  O F  

s o u n d  i n  a i r  is so smal l ,  t h e r e  is b u t  a v e r y  n a r r o w  f r e q u e n c y  

window where t h e  a t t e n u a t i o n  c o e f f i c i e n t  is s u f f i c i e n t l y  low t o  

o b s e r v e  a d i s p e r s i o n - f r e e  slow w a v e .  T h i s  "window" is s e t  b y  t h e  

c o n d i t i o n s  t h a t  t h e  v i s c o u s  s k i n  d e p t h 0  b e  l e s s  t h a n  t h e  p o r e  s i z e  
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a n d  s i m u l t a n e o u s l y  t h e  w a v e l e n g t h  X b e  l a r g e r  t h a n  t h e  g r a i n  
* q a P  

s i z e  a a s  r e q u i r e d  b y  t h e  B i o t  t h e o r y  C61. 
g’ 

u e ( 2 n / p f w ) 1 / 2  < <  a p  < <  ag  ( 1 1 )  

a n d  

where n is 

f r e q u e n c y ,  

t h e  s low 

agk = agw/c 5 1 ,  ( 1 2 )  

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

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

r a v e ,  r e s p e c t i v e l y .  The  s low w a v e  v e l o c i t y  a t  h i g h  

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

frame a s  c = c f / a 1 l 2 ,  w h i l e  t h e  t o r t u o s i t y  a c a n  b e  e s t i m a t e d  from 

t h e  p o r o s i t y  4 a s  a = 1 / 2 ( 4 0 1  + 1 )  1183. T a b l e  I1 s u m m a r i z e s  t h e  

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

f,,, 1.e.  t h e  limits o f  t h e  f r e q u e n c y  w i n d o w  where s l o w  w a v e  

p r o p a g a t i o n  is e x p e c t e d  ( a  - 2 0 0  p m  g r a i n  d i a m e t e r  a n d  4 = 3 0 1  

p o r o s i t y  was a s s u m e d  i n  t h e  c a l c u l a t i o n s ) .  As f o r  d e t e r m i n i n g  f a i n  

g -  

f r o m  E q .  1 1  , we a s s u m e d  t h a t  t h e  p o r e  s i z e  is a p p r o x i m a t e l y  15% of  

t h e  g r a i n  s i z e ,  a n d  a p  s h o u l d  b e  a t  l e a s t  f o u r  t imes  h i g h e r  t h a n  

the v i s c o u s  s k i n  d e p t h  to a c c o u n t  f o r  sma l l e r  c r o s s - s e c t i o n s  at t h e  

c r u c i a l  p o r e  t h r o a t s .  

a n d  

f,, = c / 2 r a g ,  ( 1 4 )  
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TABLE 11. P h y s i c a l  parameters  of  water a n d  a i r  a t  20' C .  

Pf Cf 'k f ,in max 

[ k g / m 3 1  t m / s ]  [ m m 2 / s l  [KHz1 [KHz1 

Water 1000 1480 1 5 810 

Air 1 . 3  332 15 7 5  180 

T a b l e  11 c l e a r l y  d e m o n s t r a t e s  t h e  g r e a t l y  r e d u c e d  f r e q u e n c y  w i n d o w  

where d i s p e r s i o n - f r e e  a n d  ( m o r e - o r - l e s s )  a t t e n u a t i o n - f r e e  s l o w  w a v e  

p r o p a g a t i o n  c a n  b e  e x p e c t e d  i n  a i r - f i l l e d  s a m p l e s  o f  a p p r o x i m a t e l y  

200 urn g r a i n  size. On t h e  o t h e r  h a n d ,  t h e s e  r e s u l t s  d o  n o t  e x c l u d e  

s low w a v e  p r o p a g a t i o n  i n  a more g e n e r a l  s e n s e  o v e r  a much l a r g e r  

f r e q u e n c y  r a n g e .  T h e y  s i m p l y  mean t h a t  t h e  s l o w  w a v e  becomes 

i n c r e a s i n g l y  d i ~ p e r s i v e  be low 100 KHz a n d  v e r y  s t r o n g  a t t e n u a t i o n  

c a n  b e  e x p e c t e d  abcJve 200 KHz. N a t u r a l l y ,  t h e  h i g h e r  a t t e n u a t i o n  

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

w a v e ,  s i n c e ,  a s  we showed  e a r l i e r ,  t h e r e  is n o t  o t h e r  m e c h a n i s m  f o r  

s o u n d  p r o p a g a t i o n .  
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I 4 . 3  EXPERIMENTAL A R R A N G E M E N T  A N D  RESULTS 

F i g u r e  3 1  shows t h e  b l o c k  d iagram o f  t h e  e x p e r i m e n t a l  

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

p r o p a g a t i o n  i n  a i r - f i l l e d  p o r o u s  s p e c i m e n s .  S t a n d a r d  u l t r a s o n i c  

N D E  e q u i p m e n t  was u s e d  w i t h o u t  a n y  p a r t i c u l a r  e f f o r t  t o  o b t a i n  h i g h  

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

b e t w e e n  t h e  a p p l i e d  c o n t a c t  t r a n s d u c e r s  r e s u l t e d  i n  a low,  b u t  

f a i r l y  c o n s t a n t  s e n s i t i v i t y  o v e r  a w i d e  f r e q u e n c y  r a n g e  o f  30-500 

KHz. I n  o r d e r  t o  a s s u r e  a n  a c c e p t a b l e  s i g n a l - t o - n o i s e  r a t i o ,  

e x t e n s i v e  s i g n a l  a v e r a g i n g  was u s e d  u p  t o  l o 5  s a m p l e s .  

F i g u r e s  32 a n d  33 show t h e  r e f e r e n c e  ( w i t h o u t  t h e  s a m p l e )  a n d  

t r a n s m i t t e d  ( w i t h  t h e  sample a t  n o r m a l  i n c i d e n c e )  u l t r a s o n i c  

s i g n a l s  f o r  a 1 . 7 3  m m  t h i c k  s i n t e r e d  g l a s s  b e a d  sample  a t  1 5 0  KHz 

a n d  500 KHz, r e s p e c t i v e l y .  T h e  g r a i n  d i a m e t e r  was 1 2 0  m a n d  t h e  

p o r o s i t y  was a p p r o x i m a t e l y  30%. Great  a t t e n t i o n  v a s  p a i d  t o  v e r i -  

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

s low c o m p r e s s i o n a l  mode i n  t h e  p o r o u s  sample .  We f o u n d  t h a t  t h e  

e a s i e s t  way t o  d o  t h i s  was t o  wet t h e  s p e c i m e n  w i t h  a few d r o p s  o f  

w a t e r ,  w h i c h  c o m p l e t e l y  k i l l e d  t h e  t r a n s m i t t e d  s i g n a l  i n  each case.  

I n  a few m i n u t e s  t h e  water  u s u a l l y  e v a p o r a t e d  a n d  t h e  s l o w  w a v e  

r e a p p e a r e d ,  t e s t i f y i n g  t o  t h e  ease o f  s a t u r a t i n g  most s a m p l e s  b y  

a i r .  

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

from t h e  t h i c k n e s s  d a n d  t h e  a d d i t i o n a l  t ime  d e l a y  T o b s e r v e d  u p o n  

i n s e r t i n g  t h e  s p e c i m e n  b e t w e e n  t h e  t r a n s d u c e r s  

c = l / ( l / c f  + T / d ) .  ( 1 5 )  
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Fig. 32. Reference and transmitted signals through a 1.73 mm thick 
sintered glass bead sample of 120 trm grain s i z e  a t  150 KHz. 
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Fig. 33. Reference 
sintered 

TIME (5 ps/divJ 

and transmitted signals through a 1.73 am thick 
glass bead sample of 120 pm grain size at 500 KHz. 
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, I t  s h o u l d  b e  m e n t i o n e d  t h a t  t i l t i n g  t h e  s a m p l e  r e s u l t s  i n  a n  

a d d i t i o n a l  backward  s h i f t  o f  t h e  d e t e c t e d  s i g n a l ,  w h i c h  c a n  b e  u s e d  

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

C o n t i n u o u s l y  c h a n g i n g  t h e  a n g l e  o f  i n c i d e n c e  is a n  e s s e n t i a l  p a r t  

o f  P l o n a ' s  t e c h n i q u e  t o  d i s t i n g u i s h  t h e  s l o w  w a v e  s i g n a l  f rom o t h e r  

d i r e c t  a n d  m u l t i p l e - r e f l e c t e d  s i g n a l s .  I n  t h e  case o f  a i r -  

s a t u r a t e d  samples ,  n o r m a l  i n c i d e n c e  seems t o  b e  t h e  b e s t  c h o i c e  

s i n c e  t h e r e  a r e  n o  o t h e r  s i g n a l s  t o  e l i m i n a t e  or d i s t i n g u i s h  from. 

F u r t h e r m o r e ,  n o r m a l  i n c i d e n c e  a s s u r e s  t h e  s m a l l e s t  a t t e n u a t i o n  as  

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

F i g u r e  34 s h o w s  t h e  s low w a v e  v e l o c i t y  a s  a f u n c t i o n  o f  

f r e q u ' e n c y  i n  a s i n t e r e d  glass b e a d  sample of 120 vm g r a i n  d i a m e t e r .  

From E q .  1 3 ,  fmin - - 2 0 0  KHz a n d  a t  lower  f r e q u e n c i e s  t h e  slow w a v e  

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

is i n  good a g r e e m e n t  w i t h  t h e  p r e d i c t i o n s  of B i o t ' s  t h e o r y  ( s e e  

Fig. 12 i n  Ref. 5 b ) ,  a l t h o u g h  q u a n t i t a t i v e  c o m p a r i s o n  h a s  n o t  b e e n  

a t t e m p t e d .  A t  h i g h e r  f r e q u e n c i e s  t h e r e  is n o  a p p a r e n t  d i s p e r s i o n  

a n d  t h e  s l o w  w a v e  v e l o c i t y  a p p r o a c h e s  2 2 0  m/s, a l s o  i n  good 

a g r e e m e n t  w i t h  t h e  c f /a1 l2  = 2 2 5  m/s a s y m p t o t i c  v a l u e  c a l c u l a t e d  f o r  

a = 2 . 1 7  t o r t u o s i t y .  

F i g u r e  3 5  s h o w s  t h e  i n s e r t i o n  loss ( t o t a l  a t t e n u a t i o n )  o f  t h e  

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

g l a s s  b e a d  sample .  T h e  m e a s u r e d  a t t e n u a t i o n  seems t o  be  a f a i r l y  

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

3 0 - 5 0 0  KZlz. T h i s  s l o p e  is c o n s i d e r a b l y  h i g h e r  t h a n  t h e  f 1 / 2  

a s y m p t o t i c  d e p e n d e n c e  p r e d i c t e d  b y  B i o t ' s  t h e o r y  f o r  t h e  f > >  fmin 
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c. . f r e q u e n c y  r a n g e  w h i c h  i s  most o f t e n  u s e d  w i t h  w a t e r - s a t u r a t e d  

samples .  H o w e v e r ,  f o r  a i r - s a t u r a t e d  samples  t h e  f /fmin r a t i o  is 

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

s low w a v e  i s  i n  much b e t t e r  q u a l i t a t i v e  a g r e e m e n t  w i t h  B i o t ' s  

n u m e r i c a l  p r e d i c t i o n s  f o r  f i n i t e  f r e q u e n c i e s  ( s e e  Fig. 15 i n  Ref. 

S b ) .  I t  s h o u l d  b e  m e n t i o n e d  t h a t  s i m i l a r  b e h a v i o r ,  t h a t  i s  more- 

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

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

( s e e  l i n e s  B a n d  C i n  F i g .  4 i n  Ref. 20). H o w e v e r ,  i t  i s  e v e n  more 

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

i n  t h e  h i g h e r  p a r t  o f  t h e  f r e q u e n c y  r a n g e ,  t o o .  A t  500 KHz, t h e  

a k p r o d u c t  i s  a l r e a d y  1 . 7 ,  b u t  t h e r e  is n o  s i g n  o f  s h a r p l y  g 
i n c r e a s i n g  a t t e n u a t i o n  d u e  t o  s c a t t e r i n g .  T h i s  seems t o  b e  p a r t l y  

d u e  t o  t h e  v e r y  h i g h  k i n e m a t i c  v i s c o s i t y  o f  a i r ,  w h i c h  makes t h e  

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

r e l a t i v e l y  h i g h  f r e q u e n c i e s .  A n o t h e r  c o n t r i b u t i o n  c a n  b e  t h e  

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

f i l l e d  s amples  w h e r e  t h e  r i g i d  frame a c t s  like a w a v e g u i d e .  S i n c e  

t h e r e  is n o  a p p r e c i a b l e  c o u p l i n g  t o  a n y  o t h e r  modes o f  w a v e  

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

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

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

a t t e n u a t i o n  i n  a i r - s a t u r a t e d  p o r o u s  s p e c i m e n s  n e e d s  t o  b e  f u r t h e r  

i n v s s t i g a t e d ,  t o o .  

One o f  t h e  m a i n  a d v a n t a g e s  of a i r  s a t u r a t i o n  o v e r  t h e  more 

c o n v e n t i o n a l  t e c h n i q u e  o f  wa te r  s a t u r a t i o n  i s  t h a t  s low w a v e s  c a n  
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, b e  o b s e r v e d  w i t h o u t  a n y  i n t e r f e r e n c e  f rom o t h e r  b u l k  modes. A s  a 

r e s u l t ,  i n  s p i t e  o f  t h e  i n h e r e n t l y  h i g h e r  a t t e n u a t i o n ,  t h e  

d e t e c t i o n  t h r e s h o l d  i s  u s u a l l y  much lower  a n d  s l o w  w a v e  p r o p a g a t i o n  

c a n  b e  r e a d i l y  o b s e r v e d  i n  n a t u r a l  r o c k s  a s  w e l l .  T h i s  is a u n i q u e  

f e a t u r e  o f  t h e  a i r  s a t u r a t i o n  t e c h n i q u e  s i n c e  s low w a v e  p r o p a g a t i o n  

h a s  n e v e r  b e e n  o b s e r v e d  i n  w a t e r - s a t u r a t e d  n a t u r a l  r o c k s .  F i g u r e  

3 6  shows  t h e  r e f e r e n c e  a n d  t r a n s m i t t e d  s i g n a l s  t h r o u g h  a 2 m m  t h i c k  

b r o w n  Berea s a n d s t o n e  sample  o f  600 m d a r c y  p e r m e a b i l i t y .  As 

a n o t h e r  e x a m p l e ,  Fig. 37 shows t h e  r e f e r e n c e  a n d  t r a n s m i t t e d  

I 

s i g n a l s  t h r o u g h  a 1 m m  t h i c k  g r a y  Berea s a n d s t o n e  sample o f  400  

m d a r c y  p e r m e a b i l i t y .  I n  b o t h  ca ses ,  t h e  s low w a v e  n a t u r e  o f  t h e  

t r a n s m i t t e d  s i g n a l  was r e a d i l y  v e r i f i e d  b y  a few d r o p s  o f  water 

w h i c h  c o m p l e t e l y  e l i m i n a t e d  t h e  t r a n s m i t t e d  s i g n a l  by b l o c k i n g  t h e  

f r e e  a i r f l o w  t h r o u g h  t h e  o p e n  p o r e s  i n  t h e  r o c k .  The  p r i n c i p a l  

g e o m e t r i c a l  a n d  a c o u s t i c a l  pa rame te r s  o f  t h e s e  r o c k s  a n d  t h e  

s i n t e r e d  g l a s s  b e a d  s a m p l e  a r e  s u m m a r i z e d  i n  T a b l e  111. T h e  slow 

w a v e  v e l o c i t y  a n d  a t t e n u a t i o n  were m e a s u r e d  a t  150  KHz a n d  t h e  

t o r t u o s i t y  w a s  c a l c u l a t e d  a s  a cf2 /c2 .  

T A B L E  111. P h y s i c a l  p a r a m e t e r s  o f  d i f f e r e n t  p o r o u s  s a m p l e s .  

G r a y  Berea 
Glas s  Bead S a n d s  t o n e  S a n d s t o n e  

S i n t e r e d  Brown Berea 

T h i c k n e s s  [ m m l  1 . 7 3  2 . 0  1 .o 
G r a i n  S i z e  [urn] 

P e r m e a b i l i t y  [ m d a r c y ]  

Slow Wave V e l o c i t y  Em/s l  

120 

6 0 0 0  

2 1 5  

‘400 - 2 0 0  

6 0 0  

190 

400 

164 

T o r t u o s i t y  2 . 3  3 - 0  4 .O 

A t t e n u a t i o n  l d B l  2 2  46  5 2  
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Fig. 36. Reference and transmitted s ignals  through a 2 mm 
thick brown Berea sandstone sample a t  150 KHz. 
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I I I I I I I I 1 I 1 
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Fig. 37. Reference and transmitted signals through a 1 mm 
thick gray Betea sandstone sample at 150 KHz. 
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11. PROPOSED R E S E A R C H  

O b j e c t i v e s  o f  P r o p o s e d  Research 

D u r i n g  t h e  n e x t  t h ree  y e a r s  o f  t h i s  p r o p o s e d  w o r k  we p l a n  t o  

c o n t i n u e  o u r  i n v e s t i g a t i o n  o f  u l t r a s o n i c  w a v e s ,  e s p e c i a l l y  t h e  - s low 

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

r o c k s .  T h i s  r e s e a r c h  e f f o r t  s h o u l d  f i n d  a p p l i c a t i o n s  i n  t h e  geo-  

p h y s i c a l  e v a l u a t i o n  o f  f l u i d - b e a r i n g  p o r o u s  r o c k s  where pa rame te r s  

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

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

Summary o f  P r o p o s e d  Research 

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

f l u i d - s a t u r a t e d  p o r o u s  m a t e r i a l s  may b e  d i v i d e d  i n t o  t h r e e  major  

s u b t a s k s :  

1 .  E x p e r i m e n t a l  s t u d y  o f  s u r f a c e  w a v e  p r o p a g a t i o n  on  f l u i d -  

s a t u r a t e d  p o r o u s  ma te r i a l s .  A new,  s o - c a l l e d  direct 

e x c i t a t i o n  t e c h n i q u e  w i l l  b e  u s e d  o n  b o t h  a i r -  a n d  water-  

s a t u r a t e d  s a m p l e s .  

2 .  

3 .  

F u r t h e r  d e v e l o p m e n t  o f  t h e  Lamb wave  t e c h n i q u e  r e c e n t l y  

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

f l u l d - s a t u r a t e d  p o r o u s  p l a t e s .  The a n a l y t i c a l  t r e a t m e n t  

w i l l  b e  e x t e n d e d  t o  a c c o u n t  f o r  v i s c o u s  losses a n d  

s c a t t e r i n g  i n h o m o g e n e i t i e s .  

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

p r o p a g a t i o n  i n  f l u i d - s a t u r a t e d  n a t u r a l  r o c k s .  A new 
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technique  based on the  t ransmiss ion  of airborne  

ul trasound through a i r - s a t u r a t e d  porous p l a t e s  w i l l  be 

used t o  determine o therwise  i n a c c e s s i b l e  m a t e r i a l  

p r o p e r t i e s  such a s  t o r t u o s i t y ,  p e r m e a b i l i t y ,  i n t e r n a l  

f r i c t i o n  caused by  i m p u r i t i e s ,  e t c .  
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- , 1  S U R F A C E  W A V E  T E C H N I Q U E  

G e n e r a l l y ,  two t y p e s  o f  i n t e r f a c e  m o d e s  c a n  p r o p a g a t e  a l o n g  

t h e  s u r f a c e  o f  a s o l i d  sample immersed i n  f l u i d :  t h e r e  is a t r u e  

mode c a l l e d  S t o n e l e y  wave  a n d  a p s e u d o - m o d e  c a l l e d  l e a k y  R a y l e i g h  

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

i n  t h i s  s i m p l e  s u r f a c e  mode s t r u c t u r e .  F i r s t ,  in many cases., t h e  

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

s o u n d  v e l o c i t y  i n  t h e  f l u i d ,  a n d  t h e  l e a k y  R a y l e i g h  mode b e c o m e s  

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

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

o f  t h e  d r y  s k e l e t o n  C 2 t 1 ,  a n d  t h a t  t h i s  d i f f e r e n c e  m i g h t  b e  

r e s p o n s i b l e  f o r  t h e  d i s a p p e a r a n c e  o f  t h e  e x p e c t e d  R a y l e i g h  mode. 

S e c o n d ,  t h e  n o r m a l l y  t r u e  S t o n e l e y  mode m i g h t  become l e a k y  i n t o  t h e  

s l o w  c o m p r e s s i o n a l  wave  c a u s i n g  v e r y  s t r o n g  a t t e n u a t i o n .  F i n a l l y ,  

a new t r u e  s u r f a c e  mode c a n  a p p e a r  w i t h  p h a s e  v e l o c i t y  lower t h a n  

t h a t  o f  a l l  t h e  o t h e r  modes  i f  t h e  p o r e s  o n  t h e  s u r f a c e  o f  t h e  

s p e c i m e n  a r e  c l o s e d  C l l .  

This t h i r d  mode offers a n  e x c e l l e n t  p o s s i b i l i t y  t o  s t u d y  t h e  

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

a s o m e w h a t  l e s s  o b v i o u s  c h a n g e  i n  t h e  S t o n e l e y  mode c a n  a l s o  be  

u s e d  t o  e v a l u a t e  t h e  s u r f a c e  q u a l i t y .  I n  samples  o f  m o d e r a t e  frame 

s t i f f n e s s ,  t h e  S t o n e l e y  mode a p p r o a c h e s  e i t h e r  t h e  s h e a r  or t h e  

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

a r e  c l o s e d  or o p e n  ( 1 1 .  S i n c e  t h e  s u g g e s t e d  d i r e c t  e x c i t a t i o n  

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

s u r f a c e  m e t h o d ,  t h i s  d i f f e r e n c e  c a n  b e  r e a d i l y  r e v e a l e d .  A c t u a l l y ,  

t h i s  new t e c h n i q u e  g e n e r a t e s  a s h e a r - t y p e  b u l k  w a v e  a n d  a R a y l e i g h  



- _  
* . or S t o n e l e y - t y p e  i n t e r f a c e  wave s i m u l t a n e o u s l y ,  t h e r e f o r e  very  

s m a l l  v e l o c i t y  d i f f e r e n c e s  can be d e t e c t e d .  Even when t h e  

p r i n c i p a l  p u l s e s  a r e  n o t  s u f f i c i e n t l y  s e p a r a t e d  t o  r e s o l v e  them i n  

t h e  t ime domain, t h e i r  r e l a t i v e  d e l a y  can be measured from t h e  

p e r i o d i c  f r equency  modulat ion observed  i n  t h e  spec t rum o f  t h e  

o v e r a l l  s i g n a l  due t o  a l t e r n a t i n g  c o n s t r u c t i v e  and d e s t r u c t i v e  

i n t e r f e r e n c e  between them. O f  c o u r s e ,  t h e  i n t e r f a c e  wave v e l o c i t y  

can t h e n  be e a s i l y  c a l c u l a t e d  from t h e  measured t ime d i f f e r e n c e  and 

t h e  known v a l u e  of t h e  s h e a r  v e l o c i t y  (53. 

I 

(For f u r t h e r  background, s e e  S e c t i o n  1 of  P r o g r e s s  Repor t . )  
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* 

- * 2  LAMB W A V E  TECHNIQUE 

T h e  m a i n  t h r u s t  o f  o u r  former r e s e a r c h  e f f o r t  was d i r e c t e d  a t  

f i n d i n g  i n d i c a t i o n s  o f  s low w a v e  p r o p a g a t i o n  i n  n a t u r a l  r o c k s ,  

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

i n a c c e s s i b l e  ma te r i a l  p r o p e r t i e s  s u c h  a s  t o r t u o s i t y  a n d  

p e r m e a b i l i t y .  R e c e n t l y ,  K l i m e n a t o s  a n d  McCann showed t h a t  t h e  

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

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

o f  n a t u r a l  r o c k s  [ 1 3 1 .  S u c h  c l a y  p a r t i c l e s  d e p o s i t e d  b o t h  w i t h i n  

t h e  pore  t h r o a t s  a n d  o n  t h e  s u r f a c e s  o f  t h e  r o c k  g r a i n s  g r e a t l y  

i n c r e a s e  v i s c o u s  d r a g  b e t w e e n  t h e  f l u i d  a n d  t h e  s o l i d  frame, w h i c h  

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

s low w a v e .  

I n  o r d e r  t o  i n c r e a s e  t h e  d e t e c t a b i l i t y  o f  t h e  slow 

c o m p r e s s i o n a l  w a v e  i n  s u c h  h i g h l y  a t t e n u a t i n g  m a t e r i a l s ,  we h a v e  

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

f r e q u e n c y .  I n  t h i s  c a s e ,  t h e  a c o u s t i c  w a v e - m a t e r i a l  i n t e r a c t i o n  

cannot be d e s c r i b e d  i n  t h e  s i m p l e  terms o f  b u l k  m o d e s  a n y m o r e .  

R a t h e r ,  Lamb modes o f  a t h i n  f l u i d - s a t u r a t e d  p o r o u s  p l a t e  s h o u l d  

f 

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

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

a n g l e s .  We f o u n d  t h a t  t h e  l owes t  e x t e n s i o n a l  mode o f  a f l u i d -  

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

a c u t - o f f  f r e q u e n c y  o f  f d  = CslOw/2- This f r e q u e n c y  t imes t h i c k n e s s  

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

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



I 

8 1  

< 

* T h e  Lamb wave  t e c h n i q u e  was f o u n d  t o  b e  o f  s u p e r i o r  

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

u s i n g  r e l a t i v e l y  t h i c k  p l a t e s .  S t i l l ,  e x p e r i m e n t s  w i t h  n a t u r a l  

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

e x t r e m e l y  h i g h  e v e n  for t h i s  l o w e s t  e x t e n s i o n a l  mode. I n  o r d e r  t o  

a c c o u n t  f o r  s u c h  l o s s e s  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s ,  we a r e  

g o i n g  t o  i n t r o d u c e  a p p r o p r i a t e  c h a n g e s  i n  o u r  a n a l y t i c a l  model .  

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

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

p l a t e s  o f  n a t u r a l  r o c k s .  

I n  a f u r t h e r  e f f o r t  t o  o b s e r v e  s l o w  w a v e  p r o p a g a t i o n  i n  water- 

s a t u r a t e d  r o c k s ,  we a r e  g o i n g  t o  a p p l y  d i f f e r e n t  chemica l  a n d  

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

t h e  i n t e r n a l  i m p u r i t i e s  commonly  f o u n d  i n  n a t u r a l  r o c k s .  T h i s  p a r t  

O F  t h e  work  w i l l  b e  d o n e  i n  c l o s e  c o o p e r a t i o n  w i t h  B r i a n  B o n n e r  o f  

t h e  L a w r e n c e  L i v e r m o r e  N a t i o n a l  L a b o r a t o r y .  A c o u s t i c  m e a s u r e m e n t s  

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

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

s a t u r a t i o n  t e c h n i q u e  t o  b e  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .  

(For f u r t h e r  b a c k g r o u n d ,  s e e  S e c t i o n  3 o f  P r o g r e s s  R e p o r t . )  
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AIR-SATURATION T E C H N I Q U E  

R e c e n t l y ,  we d e v e l o p e d  a new t e c h n i q u e  b a s e d  o n  t h e  

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

p o r o u s  p l a t e s  i n  o r d e r  t o  o b s e r v e  weak slow c o m p r e s s i o n a l  w a v e s  in 

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

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

p r o p a g a t i o n  i n  a i r - s a t u r a t e d  n a t u r a l  r o c k s ,  s u c h  as  d i f f e r e n t  t y p e s  

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

i n c r e a s e  t h e  s e n s i t i v i t y  so t h a t  a w i d e  r a n g e  o f  p o r o u s  rocks c a n  

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

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

F u r t h e r m o r e ,  i n c r e a s e d  s e n s i t i v i t y  w i l l  make i t  p o s s i b l e  t o  u s e  

h i g h e r  f r e q u e n c i e s  where t h e  s l o w  w a v e  is more-or- less  d i s p e r s i o n -  

f r e e  a n d  t h e  c r u c i a l  t o r t u o s i t y  parameter  c a n  b e  d i r e c t l y  

c a l c u l a t e d  f rom t h e  m e a s u r e d  s l o w  w a v e  v e l o c i t y .  

We h a v e  a l s o  d e m o n s t r a t e d  t h a t  t h e  p r o p o s e d  a i r - s a t u r a t i o n  

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

c o m p r e s s i o n a l  w a v e  t h r o u g h o u t  t h e  t r a n s i t i o n  f rom t h e  l o w - f r e q u e n c y  

d i s p e r s i v e  r e g i o n  t o  t h e  h i g h - f r e q u e n c y  d i s p e r s i o n - f r e e  r a n g e .  I n  

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

a n d  t h e  much s t i f f e r  frame is m a i n l y  d u e  t o  v i s c o u s  f o r c e s .  An 

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

B i o t  t o  c a l c u l a t e  t h e  f r e q u e n c y - d e p e n d e n t  slow w a v e  v e l o c i t y  a n d  

a t t e n u a t i o n  c o e f f i c i e n t  as  a f u n c t i o n  of f l u i d  v i s c o s i t y ,  frame 

t o r t u o s i t y ,  a n d  an a d d i t i o n a l  f a c t o r  t o  b e  i n t r o d u c e d  t o  d e s c r i b e  

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

e x p e c t e d  t h a t  t h i s  a n a l y t i c a l  t e c h n i q u e  w i l l  l e a d  t o  t h e  s o l u t i o n  
$ 
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’ . o f  t h e  i n v e r s e  p r o b l e m ,  t o o ,  i i e .  t o r t u o s i t y  a n d  t h e  d e g r e e  o f  

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

v e l o c i t y  a n d  a t t e n u a t i o n ,  r e s p e c t i v e l y .  

S p e c i a l  a t t e n t i o n  w i l l  b e  p a i d  t o  t h e  u n i q u e  a t t e n u a t i o n  

m e c h a n i s m  o b s e r v e d  in a i r - f i i l e d  p o r o u s  s p e c i m e n s .  A new 

t h e o r e t i c a l  model w i l l  be d e v e l o p e d  t o  d e s c r i b e  t h e  g r e a t l y  r e d u c e d  

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

S i n c e  t h e  frame a c t s  l i k e  a r i g i d  w a v e g u i d e  a n d  m o d e - c o n v e r s i o n  t o  

o t h e r  n a v e  modes i s  n e g l i g i b l e ,  t h e  p r i n c i p a l  a t t e n u a t i o n  m e c h a n i s m  

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

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

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

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

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

f i l l e d  p o r o u s  p l a t e  w i l l  b e  mode led  b y  t h e  r a n d o m  p h a s e  

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

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

i n t e r f a c e  (223. 

( F o r  f u r t h e r  b a c k g r o u n d ,  see  S e c t i o n  4 o f  P r o g r e s s  R e p o r t . )  
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