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L  
II 

@  A  borehole  probe  (36)  includes  a  soft  outer  plastic  cylin- 
der  (42)  secured  to  a  central  mandrel  (39)  and  inflatable  by 
hydraulic  pressure  conducted  therethrough  to  impinge  upon 
the  sidewail  of  a  borehole  (22)  with  controlled  pressure.  A 
plurality  of  LVDT  diameter  sensors  (67)  are  secured  to  the 
probe  (36)  in  planes  perpendicular  to  the  axis  thereof  and 
spaced  angularly  thereabout.  A  plurality  of  acoustic  trans- 
ducers  (73)  is  also  secured  to  the  exterior  of  the  probe  to 
monitor  acoustic  emissions  as  well  as  to  survey  the  earthen 
media  with  ultrasonic  emissions. 

The  cylinder  inflation  pressure  is  increased  gradually  to 
exceed  both  the  tensile  strength  of  the  media  and  also  the 
principal  stress  therein  to  initiate  fracture  of  the  media  sur- 
rounding  the  borehole.  The  cylinder  (42)  is  then  deflated  to 
unload  the  fractured  media,  and  gradually  reinflated  to  first 
eiastically  deform  the  fractured  media  and  then  re-expand  the 
fractures  previously  created.  The  diameter  data  together  with 
the  hydraulic  pressure  and  the  acoustic  emissions  data  and 
ultrasonic  data  are  analysed  to  determine  the  major  and  minor 
stress  fields  in  the  media,  and  also  the  tensile  strength,  yield 
strength,  and  deformation  characteristics  of  the  borehole 
media. 

The  construction  of  the  probe  and  the  diameter  measuring 
means  may  be  varied  when  higher  pressures  are  to  be  used  and 
greater  changes  in  diameter  are  expected. 
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T h i s   i n v e n t i o n   r e l a t e s   to   a  m e t h o d   and  a p p a r a t u s  

f o r   m e a s u r i n g   in   s i t u   e a r t h e n   s t r e s s e s   and  p r o p e r t i e s  

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

A c c u r a t e   m e a s u r e m e n t   of  in   s i t u   s t r e s s   s t a t e s  

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

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

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

o p e n i n g s ,   dams ,   f o u n d a t i o n s ,   and  t h e   l i k e .   S u c h  

i n f o r m a t i o n   i s   a l s o   v i t a l   in   d e t e r m i n i n g   t h e   l i k e l i -  

hood  of  f a i l u r e   of  c r i t i c a l   i n s t a l l a t i o n s   l o c a t e d  

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

s t a t i o n s   in   t h e   P a c i f i c   Rim  c o u n t r i e s .  

M e t h o d s   and  d e v i c e s   have   b e e n   d e v e l o p e d   i n  

t h e   p r i o r   a r t   to   a n a l y s e   t h e   s t r e s s   s t a t e s   a n d  

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



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

d e v i c e s ,   and  o v e r c o r i n g   m e t h o d s .   A  c o m p l e t e   d i s c u -  

s s i o n   of  t h e   p e r t i n e n t   p r i o r   a r t   i s   p r o v i d e d   i n  

U n i t e d   S t a t e s   P a t e n t s  N o s .   3 , 7 9 6 , 9 0 1 ,   of  M a r c h   1 2 ,  

1974 ,   and  4 , 1 4 9 , 4 0 9 ,   of  A p r i l   17,  1979 ,   b o t h   i s s u e d  

to   S h o s e i   S e r a t a .   In   g e n e r a l ,   t h e   p r i o r   a r t   i s  

d e f i c i e n t   in   t h a t   i t   has   no t   b e e n   p o s s i b l e   t o  

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

d o e s   n o t   obey  i d e a l i z e d   e l a s t i c   c o n d i t i o n s ,   s u c h   a s  

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

F u r t h e r m o r e ,   t h e   l i m i t e d   d a t a   t h a t   may  be  o b t a i n e d   i s  

d e r i v e d   o n l y   a f t e r   e x t e n s i v e   l a b o r a t o r y   work   a n d  

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

v i r t u a l   r e a l - t i m e   m e a s u r e m e n t   of  e a r t h e n   p r o p e r t i e s  

and  s t r e s s   s t a t e s .  

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

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

s t r e s s   s t a t e s   as  w e l l   as  m a t e r i a l   p r o p e r t i e s   s u c h   a s  

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

c h a r a c t e r i s t i c s   in   e a r t h e n   m e d i a   s u r r o u n d i n g   a  b o r e -  

h o l e .   A  s a l i e n t   f e a t u r e   of  t h e   i n v e n t i o n   i s   t h a t   i t  

can   p r o v i d e   c o m p l e t e   s t r e s s   and  p r o p e r t y   d a t a   in   a  

v e r y   s h o r t   t i m e ,   a p p r o x i m a t e l y   one  to   two  o r d e r s   o f  



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

The  i n v e n t i o n   i s   a l s o   u n i q u e   in   t h a t   i t   can   be  u s e d  

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

s u c h   as  h a r d - b r i t t l e ,   s o f t - d u c t i l e ,   f r a c t u r e d ,   a n d  

s t r a t i f i e d   g r o u n d .  

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

u n i q u e   b o r e h o l e   p r o b e .   One  e m b o d i m e n t   of  t h e   b o r e -  

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

s e c u r e d   to   a  c e n t r a l   m a n d r e l   and  i n f l a t a b l e   b y  

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

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

t i m e - v a r y i n g   p r e s s u r e .   A  p l u r a l i t y   of  LVDT  d i a m e t e r  

s e n s o r s   a r e   s e c u r e d   t o   t h e   p r o b e   in   p l a n e s   p e r p e n -  

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

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

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

a c o u s t i c   e m i s s i o n s   as  w e l l   as  to   s u r v e y   t h e   e a r t h e n  

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

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

b o t h   t h e   t e n s i l e   s t r e n g t h   of  t h e   m e d i a   and  a l s o   t h e  

maximum  and  minimum  t a n g e n t i a l   s t r e s s e s   t h e r e i n   t o  

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

h o l e .   The  c y l i n d e r   i s   t h e n   d e f l a t e d   to   u n l o a d   t h e  



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

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

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

may  be  r e p e a t e d   a t   i n c r e m e n t a l   a n g l e s   a b o u t   t h e   b o r e -  

h o l e   a x i s   to   r e s o l v e   t h e   a n g u l a r   o r i e n t a t i o n   of  t h e  

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

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

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

to   d e t e r m i n e   t h e   m a j o r   and  m i n o r   s t r e s s   f i e l d s   i n  

t h e   m e d i a ,   a n d   a l s o   t h e   t e n s i l e   s t r e n g t h   and  y i e l d  

s t r e n g t h   of  t h e   b o r e h o l e   m e d i a .  

The  e m b o d i m e n t   d e s c r i b e d   a b o v e   may  be  a d a p t e d   f o r  

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

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

c y l i n d e r s   of  d i f f e r i n g   t h i c k n e s s e s   and  m a t e r i a l s .  

A n o t h e r   e m b o d i m e n t   of  t h e   b o r e h o l e   p r o b e   a d a p t e d   f o r  

e x t r e m e l y   h i g h   p r e s s u r e   work  i n c l u d e s   a  p l a s t i c  

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

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

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

in   s l e e v e - l i k e   f a s h i o n .   An  o u t e r   l a y e r   of  c o i l  

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

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



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

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

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

a s s e m b l i e s   to   s e n s i n g   n e e d l e s   e x t e n d i n g   o u t w a r d l y   t o  

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

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

A l t h o u g h   t h e   b o r e h o l e   p r o b e   i s   d e s i g n e d   f o r   t h e  

m e a s u r e m e n t   of  s t r e s s e s   and  m a t e r i a l   p r o p e r t i e s ,   i t  

can  a l s o   be  u t i l i s e d   as  a  p o w e r f u l   r o c k   b r e a k e r .   T h e  

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

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

an  a l t e r n a t i v e   to   c o n v e n t i o n a l   b l a s t i n g   m e t h o d s   i n  

g r o u n d   w h e r e   s u c h   b l a s t i n g   i s   no t   a c c e p t a b l e   due  t o  

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

The  i n v e n t i o n   w i l l   be  d e s c r i b e d   f u r t h e r ,   by  w a y  

of  e x a m p l e ,   w i t h   r e f e r e n c e   to   t h e   a c c o m p a n y i n g  

d r a w i n g s ,   in   w h i c h :  

F i g .   1  i s   a  c r o s s - s e c t i o n a l   e l e v a t i o n   of  o n e  

e m b o d i m e n t   of  t h e   b o r e h o l e   p r o b e  o f   t h e   p r e s e n t  

i n v e n t i o n ;  

F i g .   2  i s   an  e n l a r g e d   c r o s s - s e c t i o n a l   v i e w   o f  

t h e   LVDT  a s s e m b l y   of  t h e   e m b o d i m e n t   d e p i c t e d   i n   F i g .   1 ;  



F i g .   3  i s   a  p a r t i a l l y   c u t a w a y   e l e v a t i o n   of  t h e  

p r o b e   d e p i c t e d   in   F i g u r e   1,  s h o w i n g   t h e   a o o u s t i o  

t r a n s d u c e r   n e t w o r k   on  t h e   s u r f a c e   of  t h e   p r o b e ;  

F i g .   4  i s   a  t r a n s a x i a l   c r o s s - s e c t i o n a l  

s c h e m a t i c   v i e w   of  t h e   a c o u s t i c   t r a n s d u c e r   n e t w o r k  

of  F i g .   3 ;  

F i g .   5  i s   a  s c h e m a t i c   p e r s p e c t i v e   v i e w   of  t h e  

a c o u s t i c   t r a n s d u c e r   n e t w o r k   of  F i g s .   3  and  4 ;  

F i g .   6  i s   a  b l o c k   d i a g r a m   of  t h e   s t r e s s   a n d  

p r o p e r t y   m e a s u r i n g   s y s t e m   of  t h e   p r e s e n t   i n v e n t i o n ;  

F i g .   7  i s   an  e n l a r g e d   c r o s s - s e c t i o n a l   d e t a i l e d  

v i e w   of  t h e   end  c a p  a s s e m b l y   of  t h e   e m b o d i m e n t   o f  

F i g s .   1 - 5 ,   shown   in   t h e   d e f l a t e d   c o n d i t i o n ;  

F i g .   8  i s   a  c r o s s - s e c t i o n a l   d e t a i l e d   v i e w   a s  

in   F i g .   7,  s h o w i n g   t h e   c y l i n d e r   and  end  a s s e m b l y   i n  

t h e   i n f l a t e d   d i s p o s i t i o n ;  

F i g .   9  i s   a  t r a n s a x i a l   c r o s s - s e c t i o n a l   e n d  

v i e w   of  t h e   end  cap  a s s e m b l y   of  F i g s .   7  and  8 ;  

F i g .   10  i s   a  c r o s s - s e c t i o n a l   d e t a i l e d   v i e w   o f  

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

t h e   p r e v i o u s   F i g u r e s ,   shown  in   t h e   d e f l a t e d  

d i s p o s i t i o n ;  



F i g .   11  i s   a  c r o s s - s e c t i o n a l   d e t a i l e d   v i e w  

as  in   F i g .   1 0 ,  s h o w n   in   t h e   h y d r a u l i c a l l y   i n f l a t e d  

d i s p o s i t i o n ;  

F i g .   12  i s   a  g r a p h i c a l   r e p r e s e n t a t i o n   of  t h e  

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

e x p a n s i o n   m e a s u r e d   by  t h e   p r o b e   of  t h e   p r e s e n t  

i n v e n t i o n ;  

F i g .   13  i s   a  g r a p h i c a l   r e p r e s e n t a t i o n   of  t h e  

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

e x p a n s i o n   m e a s u r e d   by  t h e   p r o b e ,   s h o w i n g   t h e  

d e r i v a t i o n   of  t h e   p r i n c i p a l   s t r e s s   v e c t o r s ;  

F i g .   14  i s   a  s c h e m a t i c   v i e w   of  t h e   b o r e h o l e  

p r o b e   o r i e n t a t i o n   w i t h   r e s p e c t   to   t h e   a x i s   t h e r e o f ,  

d e p i c t i n g   t h e   a n g u l a r   r e l a t i o n s h i p s   of  F i g u r e   1 3 ;  

F i g .   15  i s   a  c r o s s - s e c t i o n a l   e l e v a t i o n   of  a  

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

of  t h e   p r e s e n t   i n v e n t i o n ,   shown  in  t h e   d e f l a t e d  

d i s p o s i t i o n ;  

F i g .   16  i s   a  c r o s s - s e c t i o n a l   v i e w   as  in   F i g .  

15,  s h o w i n g   t h e   p r o b e   i n   t h e   i n f l a t e d   d i s p o s i t i o n ;  



F i g .   17  i s   a  t r a n s a x i a l   c r o s s - s e c t i o n a l   v i e w  

of  t h e   e m b o d i m e n t   of  F i g .   16,  s h o w i n g   t h e   s t r a i n  

g a u g e   c a n t i l e v e r   m e a s u r i n g   a s s e m b l y ;  

F i g .   18  i s   a  c r o s s - s e c t i o n a l   d e t a i l e d   v i e w  

of  t h e   s t r a i n   g a u g e   a s s e m b l y   of  F i g .   17;  a n d  

F i g .   19  i s   a  t r a n s a x i a l   d e t a i l e d   c r o s s - s e c t i o n a l  

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

d e p i c t e d   in   F i g s .   17  and  1 8 .  '  

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

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

s t r e s s   v e c t o r s   in  g r o u n d   m e d i a ,   and  a l s o   f o r   d e t e r m i n -  

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

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

t h e   g r o u n d   m e d i a .   With   r e f e r e n c e   to   F i g .   6,  t h e  

a p p a r a t u s   g e n e r a l l y   i n c l u d e s   a  p r o b e   u n i t   21  w h i c h  

i s   a d a p t e d   to   be  r e c e i v e d   w i t h i n   a  b o r e h o l e   22  a n d  

to  i n t e r a c t   w i t h   t h e   s i d e w a l l   t h e r e o f   a t   s e l e c t e d  

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

t h e   b o r e h o l e .   The  p r o b e   u n i t   21  i s   c o n n e c t e d  

t h r o u g h   an  h y d r a u l i c   c a b l e   23  to   a  pump  24  d i s p o s e d  

o u t s i d e   t he   b o r e h o l e   and  a d a p t e d   to  p r o v i d e  

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

21  a g a i n s t   t h e   s i d e w a l l   of  t h e   b o r e h o l e .  



The  p r o b e   21  i s   a l s o   c o n n e c t e d   t h r o u g h   a n  

e l e c t r i c a l   c a b l e   26  to   a  d i g i t a l   d a t a   r e c o r d e r   2 7  

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

and  a c o u s t i c   s e n s o r s   m o u n t e d   on  t h e   p r o b e   21.  T h i s  

d a t a   i s   f o r m a t t e d   and  r e c o r d e d   on  a  m a g n e t i c   m e d i a  

28.  The  r e c o r d e d   d a t a   i s   r e t r i e v e d   t h r o u g h   a  p l a y -  

b a c k   u n i t   29,  and  p r o c e s s e d   and  a n a l y s e d   by  a  

c o m p u t e r   and  g r a p h i c s   s y s t e m   31.  The  o u t p u t   d a t a  

c o n c e r n i n g   s t r e s s   s t a t e s   and  p r o p e r t i e s   of  t h e  

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

32,   or  d i s p l a y e d   on  a  v i d e o   o u t p u t   of  t h e   s y s t e m   3 1 .  

Wi th   r e f e r e n c e   to   F i g s .   1,  2 ,  a n d   7,  o n e  

e m b o d i m e n t   36  of  t h e   b o r e h o l e   p r o b e   21  i n c l u d e s   a n  

e x p a n d a b l e   c y l i n d r i c a l   s e c t i o n   37  w h i c h   i s   c o n n e c t e d  

in  end  a d j a c e n t   r e l a t i o n s h i p   to   a  c y l i n d r i c a l  

e l e c t r o n i c s   s e c t i o n   38.  The  e l e c t r o n i c s   s e c t i o n   3 8  

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

s e n s o r s ,   and  may  a l s o   i n c l u d e   a n a l o g / d i g i t a l   s i g n a l  

c o n v e r t i n g   c i r c u i t r y .   The  e x p a n d a b l e   s e c t i o n   37,  i s  

c o m p r i s e d   of  a  c e n t r a l   m a n d r e l   39  d i s p o s e d   c o a x i a l l y  

and  i n c l u d i n g   a  c e n t r a l   b o r e   41  t h e r e i n .   A  c y l i n -  

d r i c a l   member  42  i s   s e c u r e d   a b o u t   t h e   m a n d r e l   i n  

s l e e v e - l i k e   f a s h i o n ,   t h e   member   4 2  b e i n g   f o r m e d   of  a  

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



y i e l d   s t r e n g t h .   The  o p p o s e d   e n d s   of  t h e   c y l i n d r i c a l  

member  42  i n c l u d e   t a p e r e d   p o r t i o n s   43  w h i c h   a r e  

j o i n e d   to  end  p o r t i o n s   44  of  n a r r o w   d i a m e t e r .   As  

shown  in  F i g s .   8  and  7,  t h e   m a n d r e l   i n c l u d e s  

h y d r a u l i c   p a s s a g e s   46  e x t e n d i n g   f r o m   t h e   b o r e   41  t o  

t h e   i n t e r s t i t i a l   s p a c e   b e t w e e n   t h e   p e r i p h e r a l  

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

t h e   member  42.  One  end  of  t h e   b o r e   41  i s   c o n n e c t e d  

to   t h e   h y d r a u l i c   s u p p l y   l i n e   23  to   d e l i v e r   p r e s s u r i z e d  

f l u i d   t h r o u g h   t h e   p a s s a g e s   46  and  c a u s e   r a d i a l  

e x p a n s i o n   of  t h e   member  42  a g a i n s t   t h e   s i d e w a l l   o f  

t h e   b o r e h o l e .   The  p r e s s u r e   d e l i v e r e d   can   b e  

s e l e c t i v e l y   v a r i e d   to   c a u s e   e x p a n s i o n   and  f r a c t u r e  

of  t h e   e a r t h e n   m e d i a .  

A  s a l i e n t   f e a t u r e   of  t h e   p r e s e n t   i n v e n t i o n   i s  

t h e   c o n s t r u c t i o n   of  t h e   end  p o r t i o n s   of  t h e   s e c t i o n  

37  w h i c h   p e r m i t s   s u b s t a n t i a l   r a d i a l   e x p a n s i o n   of  t h e  

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

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

e x p a n d   and  f r a c t u r e   t h e   b o r e h o l e   w a l l .   T h i s   c o n s t r u -  

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

u n i t   end  cap  a s s e m b l y   57  f i t t e d   o n t o   n a r r o w   d i a m e t e r  

p o r t i o n s   44  of  t h e   c y l i n d e r   42.  A  s t e e l   r i n g . 5 3   i s  



b o n d e d   to   t h e   r e s p e c t i v e   d i s t a l   end  54  of  t h e  

c y l i n d e r   42.  An  0 - r i n g   s e a l   56  b l o c k s   h y d r a u l i c  

l e a k a g e   b e t w e e n   t h e   m a n d r e l   and  t h e   r i n g   53.  T h e  

end  cap  a s s e m b l y   57  i s   r e c e i v e d   a b o u t   t h e   end  of  t h e  

c y l i n d e r   42  and  t h r e a d e d   to   t h e   m a n d r e l   to   r e t a i n   t h e  

a s s e m b l y .   The  end  cap  a s s e m b l y   57  i n c l u d e s   a  s t e e l  

c y l i n d e r   58,  a  s e t   of  a  l a r g e   n u m b e r   of  b r i d g i n g  

b l o c k s   61,  a  c o i l   s p r i n g   63,  two  c y l i n d r i c a l   l a y e r s  

51  of  f i n e   s t e e l   c a b l e s ,   and  a  c y l i n d r i c a l   l a y e r  

52  of  h i g h   s t r e n g t h   f a b r i c   52,  a l l   m o l d e d   t o g e t h e r  

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

b r i d g i n g   b l o c k   61  i n c l u d e s   a  r o u n d e d   end  62  w h i c h  

i s   f i t t e d   i n t o   a  g r o o v e   59  f o r m e d   in  t h e   s t e e l  

c y l i n d e r   58.  As  t h e   p r o b e   36  e x p a n d s ,   e a c h   b l o c k  

61  r o t a t e s   in   t h e   g r o o v e   59  to   p r o v i d e   an  u m b r e l l a -  

l i k e   o p e n i n g   of  t h e   end  cap  a s s e m b l y   57  to   b r i d g e  

t h e   l a r g e   gap  b e t w e e n   t h e   p r o b e   36  and  t h e   b o r e -  

h o l e   w a l l ,   as  i l l u s t r a t e d   in   F i g .   8.  I t   may  b e  

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

59  p e r m i t s   t h e   b r i d g i n g   b l o c k s   61  to   r o t a t e   o u t w a r d l y  

a b o u t   t h e i r   r o u n d e d   e n d s   62.  The  s l e e v e - l i k e   c a b l e  

l a y e r s   51  and  t h e   f a b r i c   l i n i n g   52  a r e   p r o v i d e d   t o  

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



f r o m   d r i v i n g   t h e   c y l i n d e r   p o r t i o n   44  i n t o   t h e   s p a c e  

b e t w e e n   t h e   b r i d g i n g   b l o c k s   6 1 .  

In   t h e   p r e f e r r r e d   e m b o d i m e n t   t h e r e   a r e   a p p r o x -  

i m a t e l y   40  of  t h e   r e t a i n i n g   b l o c k s   61,   t h i s   n u m b e r  

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

t h e   i n d i v i d u a l   b l o c k s   61  when  t h e   d e v i c e   i s   e x p a n d e d ,  

y e t   no t   t o o   l a r g e   to   w e a k e n   t h e   s t r e n g t h   of  t h e  

i n d i v i d u a l   b l o c k s   61.  The  r o u n d e d   s h a p e   of  t h e   e n d  

62  of  e a c h   b l o c k   61  p r o v i d e s   no  s h a r p  g e o m e t r i c   c h a n g e  

at   t h e   j u n c t i o n   when  t h e   d e v i c e   i s   e x p a n d e d .  

The  r i n g   in   t h e   f o r m   of  t h e   c o i l   s p r i n g   6 3  

i s   d i s p o s e d   a d j a c e n t   to   t h e   t a p e r e d   p o r t i o n   43  o f  

t h e   c y l i n d e r .   The  r i n g   63  i s   p o s i t i o n e d   to   l i m i t  

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

a r r a y   of  b l o c k s   61  and  of  t h e   p r o x i m a l   ends   of  t h e  

c a b l e   l a y e r s   51.  The  i n t e r s t i t i a l  s p a c e d   b e t w e e n  

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

57  a re   f i l l e d   w i t h   a  s o f t ,   e a s i l y   d e f o r m e d   p l a s t i c  

s u b s t a n c e   w h i c h   j o i n s   t h e   c o m p o n e n t s   i n t o   a  c o h e s i v e  

a s s e m b l y .   The  r i n g   63  i s   p o s i t i o n e d   to   p r e v e n t   t h e  

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

t he   i n d i v i d u a l   b l o c k s   61  u n d e r   p r e s s u r e .  



As  shown  in  F i g .   8,  a  c h a r g e   of  h y d r a u l i c  

f l u i d   u n d e r   a  p r e s s u r e   P  may  be  pumped  i n t o   t h e  

b o r e   41  to   e x p a n d   t h e   c y l i n d e r   42.  In  f a c t ,   t h e  

m e d i a l   p o r t i o n   of  t h e   c y l i n d e r   42  e x p a n d s ,   w h i l e  

t h e   d i s t a l   end  p o r t i o n s   a r e   r e t a i n e d   by  t h e   e n d  

cap  a s s e m b l i e s   57  and  u n d e r g o   l i t t l e   e x p a n s i o n .  

The  s l o p i n g   zone   b e t w e e n   t h e   s u b s t a n t i a l   r a d i a l  

e x p a n s i o n   a t   t h e   m i d d l e   and  t h e   u n e x p a n d e d   e n d s  

a r e   s u p p a t e d   by  t h e   end  cap  a s s e m b l i e s   57.  T h i s  

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

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

t h e   h i g h   p r e s s u r e   h y d r a u l i c   f l u i d .  

The  s e c t i o n   37  a l s o   i n c l u d e s   d e v i c e s   f o r   m e a s u r i n g  

t h e   d i a m e t r i c a l   c h a n g e s   of  t he   c y l i n d e r   42  as  i t   i s  

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

p r e s s u r e s .   Wi th   r e f e r e n c e   to  F i g s .   1  and  2,  a  p l u r a l i t y  

of  LVDT  ( L i n e a r   V a r i a b l e   D i s p l a c e m e n t   T r a n s d u c e r )  

d i a m e t e r   s e n s o r s   67  i s   s e c u r e d   to  t he   s e c t i o n   3 7 ,  

e a c h   s e n s o r   67  b e i n g   d i s p o s e d   in   a  t r a n s a x i a l ,  

d i a m e t r i c a l   b o r e   68  e x t e n d i n g   t h r o u g h   t h e   m a n d r e l  

39  and  t h e   c y l i n d e r   42 .   Each  b o r e   68  i s   s e a l e d   a t  

e a c h   end  by  a  t h r e a d e d   p l u g   69.   The  LVDT  c o r e   i s  

s e c u r e d   to  one  p l u g   69,   and  i t s   c o i l   i s   s e c u r e d   t o  



t h e   o t h e r .   R e l a t i v e   movement   b e t w e e n   t h e   c o r e   a n d  

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

e f f e c t   a  s i g n a l   p a s s i n g   t h r o u g h   w i r e s   71  to   t h e  

e l e c t r o n i c s   s e c t i o n   38.  The  LVDT  s e n s o r s   a r e   a r r a y e d  

in  i n c r e m e n t s   of  45°  a b o u t   t h e   a x i s   of  t h e   d e v i o e ,  

to   m e a s u r e   a n g u l a r   v a r i a t i o n s   in   b o r e h o l e   w a l l  

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

t h e   c y l i n d e r   member   4 2 .  

I t   s h o u l d   be  n o t e d   t h a t   t h e   p r o b e   s e c t i o n   3 7  

i s   d e s i g n e d   to   e m p l o y   any  one  of  a  p l u r a l i t y   o f  

p l a s t i c   c y l i n d e r   m e m b e r s   42  of  v a r y i n g   t h i c k n e s s ,  

e l a s t i c i t y ,   and  t h e   l i k e .   The  e n d  c a p   a s s e m b l y  

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

of  c y l i n d e r   members   42  a c c o r d i n g   to   t h e   e x p e c t e d  

n a t u r e   of  t h e   g r o u n d   m e d i a   and  t h e ' l e v e l   of  h y d r a u l i c  

p r e s s u r e   to   be  u s e d .   The  r e m o v a b i l i t y   of  t h e   LVDT 

s e n s o r s   f r o m   t h e   c y l i n d e r   members   h a s t e n s   t h e i r  

i n t e r c h a n g e ,   so  t h a t   t h e   i n s t r u m e n t   may  be  m o d i f i e d  

q u i c k l y   in   t h e   f i e l d   to   a c c o m m o d a t e   i n   s i t u  

c o n d i t i o n s .  

A n o t h e r   s a l i e n t   f e a t u r e   of  t h e   i n s t r u m e n t   i s  

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



73  s e c u r e d   to   t h e   m e d i a l   p o r t i o n   of  t h e   o u t e r  

l o a d i n g   s u r f a c e s   of  t h e   c y l i n d e r   member   42.  T h e  

t r a n s d u c e r s   73,  w h i c h   c o m p r i s e   in   t h e   p r e f e r r e d  

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

t h e   s u r f a c e   in  a  p a t t e r n   of  p l u r a l   c i r c l e s   a b o u t  

t h e   c y l i n d e r   42,  t h e   t r a n s d u c e r s   73  b e i n g   d i s p o s e d  

at   e q u a l   a n g l e   t h e r e a b o u t .   The  l e a d   w i r e s   may  b e  

p a s s e d   t h r o u g h   s m a l l   d i a m e t e r   r a d i a l   p o r t s   in   t h e  

c y l i n d e r   42  w h i c h   a r e   f i l l e d   and  s e a l e d   w i t h   a  

s u i t a b l e   p l a s t i c   m a t e r i a l .  

The  t r a n s d u c e r s   73  may  a c t   as  b o t h   a c o u s t i c  

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

r e f e r e n c e   to   F i g .   4,  t h e   t r a n s d u c e r s   73  may  be  u s e d  

as  an  a c o u s t i c  m o n i t o r i n g   n e t w o r k   to   p i c k u p  

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

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

e v e n t s ,   w h i c h   o f t e n   a p p e a r   w e l l - d e f i n e d   in   i d e a l i z e d  

g r a p h s   bu t   no t   n e c e s s a r i l y   in   p r e s s u r e   v s .   d i a m e t e r  

e x p a n s i o n   d a t a ,   must   be  d e t e c t e d   by  c o r r e l a t i n g  

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

e x p a n s i o n   of  t h e   b o r e h o l e   22.  When  t h e   c y l i n d e r   4 2  

e x p a n d s   s u f f i c i e n t l y   to   i n i t i a t e   a  f r a c t u r e   in  t h e  

b o r e h o l e   w a l l   m e d i a ,   t h e   f r a c t u r e   74  r a d i a t e s  

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



l e n g t h   to   r e a c h   t h e   v a r i o u s   t r a n s d u c e r   s e n s o r s   7 3 .  

The  t i m e   d e l a y   in   t h e   r e c e i v e d   s i g n a l s ,   t o g e t h e r  .  

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

be  u s e d   to   d e t e r m i n e   i n f o r m a t i o n   s u c h   a s :  

1.  N a t u r e   of  t h e   f a i l u r e :   D i s t i n c t i o n   b e t w e e n  

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

b o u n d a r y   f a i l u r e ;  

2.  F a i l u r e   l o c a t i o n :   L o c a t i o n   of  t h e   f a i l i n g  

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

3.  F a i l u r e   p r e s s u r e :   L o a d i n g   p r e s s u r e   l e v e l s  

f o r   i n i t i a t i o n   of  t h e   f a i l u r e s ;  

4.  F a i l u r e   g r o w t h :   S p e e d   a n d  ∃ e x t e n t   of  t h e  

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

r e l a t e d   to   t h e   l o a d   p r e s s u r e ;  

5.  O r i e n t a t i o n   d i s t r i b u t i o n :   O r i e n t a t i o n   a n d  

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

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

c a u s e s   t h o s e   e v e n t s .  

The  a c o u s t i c   t r a n s d u c e r s   73  may  a l s o   be  u s e d  

as  an  a c t i v e   s o n a r   n e t w o r k   to   p r o b e   t h e   g r o u n d  

med ia   a r o u n d   t h e   b o r e h o l e   22,  as  d e p i c t e d   in   F i g .   5 .  

One  of  t he   t r a n s d u c e r s   73a  i s   d r i v e n   by  an  AC 

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



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

g r o u n d   m e d i a   to   t h e   r e m a i n i n g   t r a n s d u c e r s   73,  w h i c h  

a r e   o p e r a t e d   as  p a s s i v e   r e c e i v e r s ,   The  a c o u s t i c  

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

known  in   t h e   p r i o r   a r t ,   t o   d e t e r m i n e   i n f o r m a t i o n  

s u c h   as  t h e   f o l l o w i n g :  

1.  I n i t i a l   g e o m e c h a n i c a l   c o n d i t i o n s :   The  b o r e -  

h o l e   m e d i a   may  ne  p r o b e d   p r i o r   to   s t r e s s   t e s t i n g  

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

i s o t r o p y ,   and  a n o m a l i e s ;  

2.  I n i t i a l   f r a c t u r e s :   P r e s e n c e ,   l o c a t i o n ,   a n d  

e x t e n t   of  b o t h   m a c r o s c o p i c   and  m i c r o s c o p i c   f r a c t u r e s  

e x i s t i n g   p r i o r   to   t h e   b o r e h o l e   l o a d i n g ;  

3.  C h a n g i n g   f r a c t u r e   c o n d i t i o n s :   O b s e r v i n g  

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

c y c l i c   l o a d i n g ;  

4.  C r e a t e d   f r a c t u r e s :   D e t e c t i o n   of  i n i t a t i o n ,  

g r o w t h ,   and  c o n t r a c t i o n   of  f r a c t u r e s   c r e a t e d   by  t h e  

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

5.  Y i e l d i n g   f a i l u r e :   I n i t i a t i o n ,   g r o w t h ,   a n d  

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

t h e   f r a c t u r i n g   f a i l u r e   in   r e l a t i o n   to   t h e   r a d i a l  

l o a d i n g   of  t h e   b o r e h o l e   w a l l .  



I t   s h o u l d   be  n o t e d   t h a t   t h e   a c o u s t i c   t r a n s -  

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

a c o u s t i c   m o n i t o r i n g   to   a c t i v e   s o n a r   p r o b i n g ,   so  t h a t  

b o t h   d a t a   s t r e a m s   may  be  c o r r e l a t e d   in   v i r t u a l l y  

c o n t i n u o u s   f a s h i o n .  

A  s a l i e n t   f e a t u r e   of  t h e   p r e s e n t   i n v e n t i o n   i s  

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

on  g r o u n d   m e d i a ,   u s i n g   an  i n s t r u m e n t   s u c h   as  t h e  

p r o b e   36  d e s c r i b e d   in   t h e   f o r e g o i n g .   W i t h   r e f e r -  

ence   to   F i g .   12,  i t   i s   p r e s u m e d   t h a t   t h e   s t r e s s  

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

h o l e   22  can  be  r e s o l v e d   i n t o   p r i n c i p a l   s t r e s s  

v e c t o r s   P   and  Q01  t h e   two  v e c t o r s   b e i n g   o r t h o -  

g o n a l   and  d i s p o s e d   in   a  p l a n e   p e r p e n d i c u l a r   to   t h e  

b o r e h o l e   a x i s .   I t   i s   a l s o   p r e s u m e d   t h a t   t h e   m e d i a  

has   a  t e n s i l e   s t r e n g t h   T  a n d  t h a t   a  t a n g e n t i a l  

s t r e s s   s i g m a   sub  t h e t a   e x i s t s   a t   t h e   b o r e h o l e   w a l l  

b o u n d a r y .   The  m e d i a   may  be  s u r v e y e d   u l t r a s o n i c a l l y  

b e f o r e   h y d r a u l i c   l o a d i n g   to   f i n d   any  f r a c t u r e s ,  

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

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

to  p o i n t   A  in   F i g .   12,  c a u s i n g   i n i t i a l   c o n t a c t   a n d  

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



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

p o i n t   A  to   p o i n t   B,  c a u s i n g   a  g e n e r a l l y   p r o p o r t i o n a l  

i n c r e a s e   in   b o r e h o l e   d i a m e t e r   and  i n d i c a t i n g   t h e  

m o d u l u s   of  e l a s t i c i t y   of  t h e   s t r e s s e d   m e d i a .   A t  

p o i n t   B  b o t h   t h e   t e n s i l e   s t r e n g t h   and  t h e   t a n g e n t i a l  

s t r e s s   of  t h e   m e d i a   a r e   o v e r c o m e   by  t h e   r a d i a l l y  

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

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

T h i s   e v e n t   may  be  v e r i f i e d   by  a c o u s t i c   e m i s s i o n  

s i g n a l s .  

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

B  to   C,  c a u s i n g   an  i n c r e a s e d   r a t e   of  e x p a n s i o n   w i t h  

r e s p e c t   to   t h e   i n c r e a s i n g   p r e s s u r e ,   due  to   t h e   f a c t  

t h a t   i n d u c e d   f r a c t u r e s   76  a r e   e x p a n d i n g .   T h e  

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

t h e   p r o b e   to   d e f l a t e   and  t h e   b o r e h o l e   w a l l   to   c o n t r a c t .  

H o w e v e r ,   due  to  t h e   f a c t   t h a t   t h e   w a l l   b o u n d a r y   h a s  

been   s u b s t a n t i a l l y   f r a c t u r e d ,   t h e   t e n s i l e   s t r e n g t h  

of  t h e   m e d i a   has   b e e n   r e d u c e d   to   v i r t u a l l y   z e r o ,  

and  t h e   m e d i a   has   e x p a n d e d ,   r e s u l t i n g   in   n o n - r e c o v e r -  

a b l e   d e f o r m a t i o n   0 -D.   A n o t h e r   l o a d i n g   c y c l e   i s   t h e n  

c o m m e n c e d ,   t h e   p r e s s u r e   i n c r e a s i n g   f r o m   p o i n t s   D  to   S .  

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



f r a c t u r e   p l a n e s   open  once   more  a t   p r e s s u r e   E.  F r o m  

p o i n t   E  to   p o i n t  F   t h e   i n c r e a s i n g   p r e s s u r e   c a u s e s  

i n c r e a s i n g   e x p a n s i o n   as  t h e   f r a c t u r e   p l a n e s   o p e n .   I t  

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

e x p a n d   a t   t h e   l o w e r   p r e s s u r e   ( p n i n t   E)  in   t h e   s e c o n d  

c y c l e   of  h y d r a u l i c   l o a d i n g ,   due  to   t h e   f a o t   t h a t  

t h e r e   i s   no  more  t e n s i l e   s t r e n g t h   in   t h e   f r a c t u r e d  

m e d i a .   Thus   t h e   p r e s s u r e   a t   p o i n t   E  c o m p r i s e s   t h e  

t a n g e n t i a l   s t r e s s   s i g m a   sub  t h e t a   a l o n e ,  a n d   i s   t h u s  

d e t e r m i n e d .  

Wi th   r e f e r e n c e   to   F i g s .   13  and  14,  i t   i s  

p o s s i b l e   to   r e o r i e n t   t h e   p r o b e   a b o u t   t h e   a x i s   of  t h e  

b o r e h o l e   so  t h a t   t h e   maximum  and  minimum  p r i n c i p l e  

s t r e s s e s   P0  and  QO  l i e   a l o n g   t h e   a x e s   of  two  of  t h e  

LVDT  s e n s o r s .   The  s e n s o r s   a r e   n u m b e r e d   1-4  in   t h e i r  

t h e t a   =  0°  d i s p o s i t i o n ,   and  1 ' - 4 '   in   t h e   ( t h e t a ) '  

p o s i t i o n .   The  P-D  c u r v e s   of  F i g u r e   14  a r e   l a b e l l e d  

a c c o r d i n g l y   to  show  t h e   r e a d i n g   of  t h e   v a r i o u s   LVDT 

s e n s o r s   in  b o t h   o r i e n t a t i o n s .   I t   i s   c l e a r   t h a t  

r o t a t i o n   of  t h e   p r o b e   a l t e r s   t h e   s l o p e s   of  t h e   P - D  

c u r v e s   but   d o e s   no t   c h a n g e   t h e   p r e s s u r e   l e v e l s   a t  

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

d i s c e r n   t h e s e   e v e n t s .   I t   i s   known  f r o m   c l a s s i c  



m e c h a n i c s   t h a t   t h e   min imum  t a n g e n t i a l   s t r e s s   on  t h e  

P0  d i r e c t i o n   i s   g i v e n   by  t h e   r e l a t i o n s h i p s  

and  t h e   maximum  t a n g e n t i a l   s t r e s s   on  t h e   Qo  d i r e c t i o n  

i s :  

w h e r e   ( t h e t a ) '  =   ( t h e t a )  +   9 0 ° .   When  t h e   e x p a n d i n g  

p r e s s u r e   i s   i n c r e a s e d   f r o m   z e r o   to   p o i n t   78,  f r a c t u r e  

i n i t i a t i o n   a t   Y0  i s   d e t e c t e d   by  LVDT  3,  y i e l d i n g   a  

v a l u e   f o r   s i g m a   sub  t h e t a .   When  e x p a n s i o n   i s   i n c r e a s e d  

to   p o i n t   79,   f r a c t u r e   i n i t i a t i o n   a t  X 0   i s   d e t e c t e d  

by  LVDT  1,  y i e l d i n g   a  v a l u e   f o r   t h e   t a n g e n t i a l   s t r e s s  

in  t h e   ( t h e t a ) '   d i r e c t i o n .   K n o w i n g   t h e s e   two  v a l u e s ,  

t h e   two  e q u a t i o n s   a b o v e   may  be  s o l v e d   s i m u l t a n e o u s l y  

to   d e t e r m i n e   PO  and  QO·  I t   s h o u l d   be  n o t e d   t h a t   a n y  

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

A  f u r t h e r   e m b o d i m e n t   of  t h e   p r e s e n t   i n v e n t i o n ,  

d e p i c t e d   in   F i g u r e s   10  and  11,  i s   d e s i g n e d   t o   a d a p t  

t h e   p r o b e   to   b o r e h o l e s   w h i c h   a r e   o v e r - s i z e d .   I t  

i n c l u d e s   an  e x t e r i o r   s l e e v e   a s s e m b l y   80  r e c e i v e d   a b o u t  

e a c h   end  p o r t i o n   of  t h e   p r o b e   s e c t i o n   37  and  d i s p o s e d  

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



d i m e n s i o n   of  t h e   b o r e h o l e .   The  s l e e v e   a s s e m b l y   8 0  

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

81  a r r a y e d   in   e q u a l   a n g u l a r   i n c r e m e n t s   a b o u t   t h e  

a x i s   of  t h e   p r o b e ,   e a c h   b l o c k   81  d i s p o s e d   in   r e g i s -  

t r a t i o n   w i t h   and  i m p i n g i n g   on  one  of  t h e   b l o c k s   61 

of  t h e   end  a s s e m b l y   57.  The  b l o c k s   81  a r e   e m b e d d e d  

in   a  s l e e v e   82  f o r m e d   of  an  e l a s t i c   p o l y m e r   m a t e r i a l .  

As  c l e a r l y   shown  in  F i g u r e   11,  t h e   b l o c k s   81  a c t   a s  

s p a c e r s   to   l i m i t   t h e   r a d i a l   e x p a n s i o n   of  t h e   c a b l e  

l a y e r s   51,  b l o c k s   61,  and  t h e   b a r r i e r   r i n g   6 3 .  

W i t h o u t   t h i s   s p a c e r   e f f e c t ,   t h e   end  a s s e m b l y   5 7  

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

t h e   h y d r a u l i c   f l u i d   or  r u p t u r e   of  t h e   c y l i n d e r   4 2 .  

The  e m b o d i m e n t s   d e s c r i b e d   in   t h e   p r e c e d i n g  

s p e c i f i c a t i o n   a r e   d e s i g n e d   to   p r o b e   e a r t h e n   m e d i a   a t  

p r e s s u r e s   up  to   1 0 , 0 0 0   p s i .   Beyond   t h a t   l i m i t   a n d  

up  to   a  maximum  of  3 0 , 0 0 0   p s i   t h e   p r o b e   e m b o d i m e n t  

d e p i c t e d   in  F i g s .   1 5 - 1 9   i s   p r o v i d e d   to   e x a m i n e  

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

t h i s   e m b o d i m e n t   t h e   m a n d r e l   39  i s   r e p l a c e d   by  a  

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

of  w i t h s t a n d i n g   more  a x i a l   t e n s i l e   l o a d i n g   t h a n   t h e  

m a n d r e l ,   and  a r e   more  y i e l d i n g   in   t h e   r a d i a l  



d i r e c t i o n   t h a n   t h e   c y l i n d e r   member   42.  The  c a b l e s  

e x t e n d   l o n g i t u d i n a l l y   and  a r e   a r r a y e d   in   s l e e v e - l i k e  

f a s h i o n   in   two  a d j a c e n t   l a y e r s   83,   t h e   c a b l e s   in   e a c h  

l a y e r   b e i n g   wound  in   o p p o s i t e   d i r e c t i o n s .   D i s p o s e d  

o u t w a r d l y   of  t h e   c a b l e   l a y e r s   83  i s   a  l a y e r   84  o f  

c o i l   s p r i n g s   wound  h e l i c a l l y   t h e r e a b o u t .   The  s p r i n g s ,  

w h i c h   a r e   e m b e d d e d   in   a  y i e l d a b l e   p l a s t i c   m a t e r i a l ,  

e x p a n d   upon  i n f l a t i o n   of  t h e   p r o b e .   The  s p r i n g  

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

and  d i s e n g a g e   t h e   b o r e h o l e   s i d e w a l l .   The  s p r i n g s  

a l s o   p r o t e c t   t h e   c a b l e   l a y e r   83  f r o m   s h a r p   e d g e s  

and  d e e p   c r a c k s   in   t h e   b o r e h o l e   w a l l .  

A  l a y e r   86  of  f i n e   f a b r i c   s c r e e n s   i s   d i s p o s e d  

r a d i a l l y   i n w a r d l y   f r o m   t h e   c a b l e   l a y e r   83  and  i s  

d i r e c t l y   a d j a c e n t   t h e r e t o .   The  l a y e r   86  i s   c o m p o s e d  

of  a  c o a r s e   s c r e e n   of  s t e e l   b r a i d s ,   and  a  f i n e  

s c r e e n   of  h i g h   s t r e n g t h   f a b r i c .   The  l a y e r   8 6  

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

87  d i s p o s e d   c o n c e n t r i c a l l y   and  i n w a r d l y   of  t h e  

o t h e r   l a y e r s .   As  b e f o r e ,   t h e   p l a s t i c   c y l i n d e r   8 7  

r e t a i n s   t h e   p r e s s u r i z e d   h y d r a u l i c   f l u i d .   As  t h e  

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

d e p i c t e d   in   F i g .   16  and  g r o w s   s h o r t e r   in   t h e   a x i a l  



d i m e n s i o n .   The  e n d s   of  t h e   p r o b e   a r e   h e l d   t o g e t h e r  

by  end  c a p s   88  w h i c h   j o i n   t h e   v a r i o u s   l a y e r s   b y  

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

87.  T h i s   p r o b e   e m b o d i m e n t   has   a  s e l f - s e a l i n g  

c a p a b i l i t y   when  e x p a n d e d   i n t o   a  b o r e h o l e   w i t h   a  

d i a m e t e r   much  l a r g e r   t h a n   t h e   p r o b e   d i a m e t e r .   T h e  

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

83  w h i c h   can  s u p p o r t   t h e   f u l l   f o r c e   and  d e f o r m -  

a t i o n   u n d e r   l o a d i n g   p r e s s u r e ,   up  to   3 0 , 0 0 0   p s i .  

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

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

a c c o m m o d a t e   t he   l a r g e   d i a m e t e r   c h a n g e s   e x p e r i e n c e d  

u n d e r   e x t r e m e l y   h i g h   p r e s s u r e ,   as  w e l l   as  t h e  

s i g n i f i c a n t   f o r e s h o r t e n i n g   e f f e c t   a l o n g   t h e   a x i s  

of  t h e   p r o b e ,   as  i l l u s t r a t e d   by  c o m p a r i n g   F i g s .  

15  and  16.  T h i s   a s s e m b l y   i n c l u d e s  a   c e n t r a l   p o s t  

91  e x t e n d i n g   a x i a l l y   i n w a r d l y   f r o m   e a c h   of  t h e  

end  c a p s   88.  A  c o l l a r   92  i s   s e c u r e d   a b o u t   e a c h  

p o s t   91  in  s l i d a b l e   f a s h i o n ,   and  a  p l u r a l i t y   o f  

c a n t i l e v e r   arms  93  e x t e n d   i n w a r d l y   f r o m   t h e   c o l l a r  

92  p a r a l l e l   to   t h e   a x i s ,   as  shown  in  F i g s .   17  a n d  

18.  The  c a n t i l e v e r   a rms  93  a r e   d i s p o s e d   in   a  r i n g  

a r r a y   a b o u t   t h e   c o l l a r   92  and  s e c u r e d   a t   one  e n d  



t h e r e t o   so  as  to   move  w i t h   t h e   c o l l a r   92  as  i t   s l i d e s  

on  t h e   p o s t   91.   A  p a i r   of  SR-4  s t r a i n   g a u g e s   9 0  

i s   s e c u r e d   to   t h e   i n n e r   and  o u t e r   s u r f a c e s   o f  

e a c h   arm  93  c l o s e   to   t h e   c o l l a r   9 2 .  

The  o t h e r   end  of  e a c h   of  t h e   c a n t i l e v e r   a r m s  

93  i s   p r o v i d e d   w i t h   a  t a p e r e d ,   t h r e a d e d   s o c k e t   9 4  

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

t h e r e o f .   A  p l u r a l i t y   of  s e n s i n g   n e e d l e s   96  a r e  

a l s o   p r o v i d e d ,   e a c h   h a v i n g   a  s e n s i n g   head   9 7  

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

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

84.  The  i n n e r   end  of  e a c h   n e e d l e   96  i s   s e c u r e d   i n  

t h e   s o c k e t   94  of  a  r e s p e c t i v e   c a n t i l e v e r   arm  9 3 ,  

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

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

a rms  93.   I t   s h o u l d   be  n o t e d   t h a t   t h e   a rms   93  a r e  

s u f f i c i e n t l y   l o n g   so  t h a t   t h e   n e e d l e s   96  may  b e  

p o s i t i o n e d   in  a  m e d i a l   p o r t i o n   of  t h e   e x p a n d a b l e  

p r o b e ,   t h e r e b y   m e a s u r i n g   t h e   maximum  d i a m e t e r  

c h a n g e s   of  t he   p r o b e .   The  n e e d l e s   96  a r e   a r r a y e d  

in  a  common  p l a n e   w h i c h   i s   t r a n s v e r s e   t o   t h e   a x i s  

of  t h e   p r o b e ,   t h e   n e e d l e s   96  b e i n g   a n g u l a r l y  

s p a c e d   in  c o r r e s p o n d e n c e   w i t h   t h e i r   r e s p e c t i v e  

c a n t i l e v e r   a rms  9 3 .  



When  t h e   p r o b e   i s   e x p a n d e d ,   t h e   s e n s i n g   n e e d l e s  

96  p u l l   t he   e n d s   of  t h e   c a n t i l e v e r   a rms   93  r a d i a l l y  

o u t w a r d l y   and  c r e a t e   a  s t r a i n   in   t h e   a rms   9 3 .  

T h i s   s t r a i n   i s   d e t e c t e d   by  t h e   s t r a i n   g a u g e s   9 0 ,  

and  t h e   s i g n a l s   f r o m  t h e   s t r a i n   g a u g e s   90  may  b e  

c o r r e l a t e d   w i t h   r a d i a l   movement   of  t h e   r e s p e c t i v e  

s e n s i n g   head   97.   The  a r r a y   of  c a n t i l e v e r   a r m s  

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

i n c r e m e n t s   a b o u t   t h e   a x i s   of  t h e   p r o b e ,   so  t h a t  

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

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

I t   s h o u l d   be  n o t e d   t h a t   as  t h e   i n f l a t i n g   p r o b e  

b e c o m e s   s h o r t e r ,   t h e   e n g a g e m e n t   of  t h e   n e e d l e s   9 6  

w i t h   t h e   c a n t i l e v e r   a rms  93  w i l l   c a u s e   e a c h   c o l l a r  

92  to   s l i d e   a l o n g   i t s   p o s t   91.   T h i s   m o v e m e n t  

p r e v e n t s   t h e   b u i l d   up  of  t e n s i l e   s t r e s s   in   t h e  

arms  93  w h i c h   w o u l d   o t h e r w i s e   a f f e c t   t h e   f u n c t i o n -  

i ng   t h e r e o f .  

The  p r o b e   d e s i g n s   and  m e t h o d s   d e s c r i b e d   i n  

p r e c e d i n g   s p e c i f i c a t i o n   d e l i n e a t e   an  i n v e n t i o n  

w i t h   s e v e r a l   u n i q u e   and  s a l i e n t  f e a t u r e s .   T h e s e  

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

1.  C o m p r e h e n s i v e n e s s :   The  a b i l i t y   t o  

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



on  m a g n i t u d e   and  o r i e n t a t i o n   of  t h e   p r i n c i p a l  

s t r e s s e s   as  w e l l   as  in   s i t u   m a t e r i a l   p r o p e r t i e s ,  

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

e a r t h   s t r u c t u r e s ;  

2.  C o m b i n e d   o b s e r v a t i o n s :   B o t h   d e f o r m a t i o n a l .  

and  a c o u s t i c   o b s e r v a t i o n s   a r e   c o m b i n e d   to   a s s u r e  

t h e   a c c u r a c y   of  t h e   i n f o r m a t i o n ;  

3.  Ground   C o m p l e x i t y :   A p p l i c a b l e   to   g e n e r a l  

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

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

e l a s t i c i t y ,   and  d u c t i l i t y   in   c o n t r a s t   to   t h e   i d e a l l y  

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

4.  F r a c t u r e   i n i t i a t i o n :   A b i l i t y   to   m e a s u r e  

f r a c t u r e   i n i t i a t i o n ,   g r o w t h ,  a n d   c o n t r a c t i o n   in   t h e  

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

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

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

c o m p l e x   g r o u n d ;  

5.  F r a c t u r e d   g r o u n d :   A b i l i t y   to   d e t e r m i n e  

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

no t   b e e n   p o s s i b l e   u s i n g   p r i o r   a r t   t e c h n i q u e s ;  



6.  D u c t i l e   g r o u n d :   E f f e c t i v e   m e a s u r e m e n t  

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

p o s s i b l e   u s i n g   p r i o r   a r t   t e c h n i q u e s ;  

7.  M e a s u r e m e n t   s p e e d :   S p e e d   of  m e a s u r i n g   t h e  

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

i s   a t   l e a s t   10  to  1000  t i m e s   f a s t e r   t h a n   p r i o r   a r t  

t e c h n i q u e s ;  

8.  A p p l i c a b i l i t y :   S e r i o u s   l i m i t a t i o n s   i m p o s e d  

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

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

g e o m e c h a n i c a l   c o m p l e x i t y   of  t h e   m e d i a   a r e   e l i m i n a t e d  

by  t h e   p r e s e n t   i n v e n t i o n ;  

9.  The  e x p a n d a b l e   p r o b e   can   be  u s e d   s o l e l y  

f o r   i t s   e x p a n s i o n   e f f e c t   to   b r e a k   h a r d   r o c k s  

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

m e a s u r i n g   f u n c t i o n   of  t h e   p r o b e .  



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

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

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

I n s e r t i n g   a  s t r e s s - m a t e r i a l s   p r o b e   ( 2 1 )   i n t o  

t h e   b o r e h o l e   ( 2 2 ) ,  

e x p a n d i n g   an  o u t e r   p o r t i o n   ( 4 2 ,   83,   84,  87)   o f  

t h e   p r o b e   u n d e r   h i g h   p r e s s u r e   to   i m p i n g e   upon  a n d  

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

f r a c t u r e s   in  t h e   min imum  and  maximum  p r i n c i p a l   s t r e s s  

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

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

t h e r e a b o u t   to   d e t e c t   and  l o c a t e   t h e   f r a c t u r e s ,  

m e a s u r i n g   t h e   p r e s s u r e   in   t h e   p r o b e   as  a  

f u n c t i o n   of  t i m e   to  d e t e r m i n e   t h e   p r e s s u r e   at  w h i c h  

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

d i a m e t e r   d a t a   to   d e t e r m i n e   t h e   maximum  and  m i n i m u m  

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

2.  A  m e t h o d   as  c l a i m e d   in  c l a i m   1,  f u r t h e r  

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

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

v e r i f y   t h e   o c c u r r e n c e   and  l o c a t i o n   of  t h e   f r a c t u r e s .  



3.  A  m e t h o d   as  d e f i n e d   in   c l a i m   1  or  2,  f u r t h e r  

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

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

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

a n o m a l i e s ,   and  y i e l d i n g   f a i l u r e   of  t h e   g r o u n d   m e d i a .  

4.  A  me thod   f o r   d e t e r m i n i n g   t h e   m a t e r i a l   p r o p e r t i e s  

and  a m o i e n t   s t r e s s   f i e l d s   of  a  p o r t i o n   of  g r o u n d  

med ia   s u r r o u n d i n g   a  b o r e h o l e ,   t h e   g r o u n d   m e d i a  

h a v i n g   a  t e n s i l e   s t r e n g t h   and  an  e x i s t i n g   t a n g e n t i a l  

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

i n s e r t i n g   a  s t r e s s - m a t e r i a l s   p r o b e   ( 2 1 )   i n t o  

t h e   b o r e h o l e   ( 2 2 ) ,  

e x p a n d i n g   t h e   p r o b e   ( 2 1 )   u n d e r   h i g h   p r e s s u r e  

to  i m p i n g e   upon  and  d e f o r m   t h e   b o r e h o l e   w a l l ,  

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

s t r e n g t h   ana  t a n g e n t i a l   s t r e s s   of  t h e   m e d i a   a r e   o v e r -  

come  and  t h e   m e d i a   b e g i n s   to   f r a c t u r e ,  

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

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

m e d i a  

r e d u c i n g   t he   p r e s s u r e   to   s u b s t a n t i a l l y   z e r o  

to   d e f l a t e   t h e   p r o b e   ( 2 1 ) ,  



i n c r e a s i n g   t h e   p r e s s u r e   a g a i n   to   e x p a n d   t h e  

p r o b e   ( 2 1 )   u n t i l   s a i d   t a n g e n t i a l   s t r e s s   i s   e x c e e d e d  

and  t h e   f r a c t u r e   b e g i n s   to   e x p a n d ,  

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

as  a  f u n c t i o n   of  t i m e ,  

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

i n i t i a t i o n   of  f r a c t u r e   and  t h e   r e - i n i t i a t i o n   o f  

f r a c t u r e   to   d e t e r m i n e   t h e   a m b i e n t   t a n g e n t i a l   s t r e s s  

and  t e n s i l e   s t r e n g t h .  

5.  A p p a r a t u s   f o r   c a r r y i n g   out   t h e   m e t h o d   of  c l a i m  

1  or  c l a i m   4  c o m p r i s i n g   a  p r o b e   in   t h e   f o r m   of  a  

t u b u l a r   c y l i n d r i c a l   member   ( 4 2 ;   83,  84,  87)  a d a p t e d  

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

a l l y   in  r e s p o n s e   to   t h e   p r e s s u r e   of  t h e   f l u i d ,   a  

p a i r   of  end  cap  a s s e m b l i e s   ( 5 7 ,   88)  j o i n e d   to   t h e  

c y l i n d r i c a l   member   to   l i m i t . e x p a n s i o n   of  t h e   e n d s  

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

and  d i a m e t e r   m e a s u r i n g   means   ( 6 7 ;   9 0  -   97)   f o r  

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

as  a  f u n c t i o n   of  p r e s s u r e .  

6.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   5,  f u r t h e r  

i n c l u d i n g   a  m a n d r e l   ( 3 9 )   e x t e n d i n g   a x i a l l y   w i t h i n  



t he   c y l i n d r i c a l   member  ( 4 2 ) ,   and  means   f o r   j o i n i n g  

t h e   end  cap  a s s e m b l i e s   ( 5 7 )   to   o p p o s e d   ends   of  t h e  

m a n d r e l .  

7.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   6,  w h e r e i n   t h e  

m a n d r e l   ( 39 )   i n c l u d e s   a  b o r e   ( 4 1 )   e x t e n d i n g   a x i a l l y  

t h e r e i n   and  t he   a p p a r a t u s   i n c l u d e s   means   ( 2 3 )   f o r  

d e l i v e r i n g   t he   h i g h   p r e s s u r e   f l u i d   to   t h e   b o r e .  

8.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   7,  w h e r e i n   t h e  

c y l i n d r i c a l   member  ( 4 2 )   i m p i n g e s   c o n c e n t r i c a l l y  

on  t he   m a n d r e l   ( 3 9 )   in  t he   u n e x p a n d e d   d i s p o s i t i o n ,  

and  f u r t h e r   i n c l u d i n g   f l u i d   p a s s a g e s   ( 4 6 )   e x t e n d i n g  

in  t he   m a n d r e l   ( 3 9 )   f r o m   t h e   b o r e   ( 4 1 )   to  t h e  

c y l i n d r i c a l   member  ( 4 2 )   to   d e l i v e r   h i g h   p r e s s u r e  

f l u i d   to   t h e   l a t t e r .  

9.  A p p a r a t u s   as  c l a i m e d   in   any  of  c l a i m s   5  to   8 

w h e r e i n   t h e   o p p o s e d   e n d s   ( 4 4 )   of  t h e   c y l i n d r i c a l  

member  ( 4 2 )   a r e   t a p e r e d   in   d i a m e t e r .  

10.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   9,  w h e r e i n   t h e  

end  cap  a s s e m b l i e s   ( 5 7 )   a r e   s e c u r e d   a b o u t   t h e  

t a p e r e d   ends   ( 4 4 )   of  t h e   c y l i n d r i c a l   member  ( 4 2 ) .  

1 1 .   A p p a r a t u s   as  c l a i m e d   in   c l a i m   10,  w h e r e i n   e a c h  



end  cap  a s s e m b l y   ( 5 7 )   i n c l u d e s   a  s t e e l   c y l i n d e r  

( 5 8 )   s e c u r e d   a b o u t   t h e   d i s t a l   p o r t i o n   of  e a c h  o f  

t h e   t a p e r e d   e n d s   ( 4 4 ) .  

12.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   11,  f u r t h e r   i n c -  

l u d i n g   a  p l u r a l i t y   of  b r i d g i n g   b l o c k s   ( 6 1 )   a r r a y e d  .  

a n n u l a r l y   a b o u t   t h e   t a p e r e d   e n d s   ( 4 4 ) ,   e a c h   b l o c k  

( 6 1 )   e x t e n d i n g   g e n e r a l l y   l o n g i t u d i n a l l y   of  t h e  

c y l i n d r i c a l   member   ( 4 2 ) .  

13.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   12,  w h e r e i n   e a c h  

of  t h e   s t e e l   c y l i n d e r s   ( 5 8 )   i n c l u d e s   an  o u t w a r d l y  

f l a r e d   g r o o v e   ( 5 9 )   in   t h e   p r o x i m a l   end  t h e r e o f ,   t h e  

b r i d g i n g   b l o c k s   ( 6 1 )   e a c h   i n c l u d i n g   a  r o u n d e d   e n d  

( 6 2 )   a d a p t e d   to   be  r e c e i v e d   in   t h e   g r o o v e   ( 5 9 )   i n  

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

( 6 1 )   to   p i v o t   o u t w a r d l y   in  u m b r e l l a   f a s h i o n   as  t h e  

c y l i n d r i c a l   member   ( 4 2 )   e x p a n d s .  

14.  A p p a r a t u s   as  c l a i m e d   in   any  of  c l a i m s   9  to   13  

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

( 5 2 )   d i s p o s e d   a b o u t   e a c h   of  t h e   t a p e r e d   ends   ( 4 4 )  

of  t h e   c y l i n d r i c a l   member   ( 4 2 ) ,   and  a  p a i r   o f  

c o n c e n t r i c   l a y e r s   of  s t e e l   c a b l e   ( 5 1 )   s e c u r e d   a b o u t  

t h e   h i g h   s t r e n g t h   f a b r i c   ( 5 2 )   a t   e a c h   t a p e r e d   end  ( 4 4 ) .  



15.  A p p a r a t u s   as  c l a i m e d   i n   any  of  c l a i m s   5  to   14  

w h e r e i n   t h e   d i a m e t e r   m e a s u r i n g   means   i n c l u d e s   a  

p l u r a l i t y   of  LVDT  s e n s o r s   ( 6 7 )   s e c u r e d   in   t h e  

c y l i n d r i c a l   member   ( 4 2 )   in   d i a m e t r i c a l   f a s h i o n   a n d  

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

c y l i n d r i c a l   member  ( 4 2 ) .  

16.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   5,  f u r t h e r  

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

e x t e n d i n g   l o n g i t u d i n a l l y   and  s e c u r e d   in   l a y e r s  

( 8 3 )   a b o u t   t he   e x t e r i o r   s u r f a c e   of  t h e   c y l i n d r i c a l  

member  in  s l e e v e - l i k e   f a s h i o n .  

17.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   16,  f u r t h e r  

i n c l u d i n g   a  l a y e r   of  c o i l   s p r i n g s   ( 8 4 )   s e c u r e d  

a b o u t   t h e   o u t e r   s u r f a c e   of  t h e   l a y e r s   ( 8 3 )   o f  

h i g h   s t r e n g t h   c a b l e s ,   t h e   c o i l s   ( 8 4 )   e x t e n d i n g  

a n n u l a r l y   t h e r e a b o u t .  

18.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   16  or  17,  f u r t h e r  

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

s c r e e n   of  s t e e l   b r a i d   ( 8 6 )   s e c u r e d   c o n c e n t r i c a l l y  

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

( 8 3 ) .  

19.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   16,  17  or  1 8 ,  



w h e r e i n   t h e   end  cap  a s s e m b l i e s   e a c h   i n c l u d i n g   a  

s t e e l   c y l i n d e r   ( 8 8  )   s e c u r e d   a b o u t   one  end  of  t h e  

p r o b e   e x t e r i o r l y   of  t h e   c a b l e   l a y e r s   ( 8 3 )   a n d  

a d a p t e d   to   s e c u r e   t h e   a s s e m b l y   of  l a y e r s   a n d  

p r e v e n t   r a d i a l   e x p a n s i o n   t h e r e o f   as  t h e   c y l i n -  

d r i c a l   member   e x p a n d s .  

20.  A p p a r a t u s   as  c l a i m e d   in   any  of  c l a i m s   16  t o  

19  w h e r e i n   t h e   d i a m e t e r   m e a s u r i n g   means   i n c l u d e s   a  

p a i r   of  p o s t s   ( 9 1 ) ,   e a c h   e x t e n d i n g   a x i a l l y   i n w a r d l y  

f r o m   one  of  t h e   end  cap  a s s e m b l i e s   ( 8 8 ) .  

21.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   20,  f u r t h e r  

i n c l u d i n g   a  p a i r   of  c o l l a r s   ( 9 2 ) ,   e a c h   s l i d a b l y  

s e c u r e d   on  one  of  t h e   p o s t s   ( 9 1 ) .  

22.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   21,  f u r t h e r  

i n c l u d i n g   a  p l u r a l i t y   of  c a n t i l e v e r   a rms   ( 9 3 )  

s e c u r e d   to   e a c h   of  t h e   c o l l a r s   ( 9 2 ) ,   t h e   c a n t i -  

l e v e r   arms  ( 9 3 )   b e i n g   s e c u r e d   a t   l i k e   e n d s   to   t h e i r  

r e s p e c t i v e   c o l l a r   ( 9 2 )   and  e x t e n d i n g   i n w a r d l y   t h e r e -  

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

23.  A p p a r a t u s   as  c l a i m e d   in  c l a i m   22,  f u r t h e r  

i n c l u d i n g   a  p a i r   of  s t r a i n   g a u g e s   ( 9 0 )   s e c u r e d   t o  



e a c h   of  t h e   c a n t i l e v e r   arms  ( 9 3 ) .  

24.  A p p a r a t u s   as  c l a i m e d   in   c l a i m   22  or   23,  f u r t h e r  

i n c l u d i n g   a  p l u r a l i t y   of  s e n s i n g   n e e d l e s   ( 9 6 ) ,   e a c h  

j o i n e d   a t   one  end  to   t h e   c y l i n d r i c a l   member  and  a t  

t h e   o t h e r   end  to   t h e   p r o x i m a l   end  of  one  of  t h e  

c a n t i l e v e r   arms  93  to   d e f l e c t   t h e   c a n t i l e v e r   a r m s  

o u t w a r d l y   as  t h e   c y l i n d r i c a l   member   e x p a n d s , . t h e  

s e n s i n g   n e e d l e s   ( 9 6 )   e x t e n d i n g   g e n e r a l l y   d i a m e t -  

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

a b o u t   t h e   a x i s   of  t h e   p r o b e .  

25.  A p p a r a t u s   as  c l a i m e d   i n   any  of  c l a i m s   5  t o  

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

t r a n s d u c e r s   ( 7 3 )   s e c u r e d   to  t h e   e x t e r i o r   of  t h e  

p r o b e   and  a d a p t e d   b o t h   to   p i c k u p   a c o u s t i c   e m i s s i o n s  

of  t h e   g r o u n d   m e d i a   u n d e r   e x p a n s i o n   and  to   s u r v e y  

t he   g r o u n d   m e d i a   in  s o n a r   f a s h i o n .  
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