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ABSTRACT

The t o t a l  s t r e s s  I n  r o c k  c a n  be m e a s u r e d  by any o f  

s e v e r a l  i n - s i t u  t e c h n i q u e s .  A me t ho d  i n v o l v i n g  t h e  m e a s u r e 

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

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

s t r e s s  a t  a d e p t h  o f  a p p r o x i m a t e l y  2000 f e e t  i n  t h e  P e a  

R i dg e  Mine o f  Me rame c M i n i n g  Company n e a r  S u l l i v a n , M i s s o u r i .

The s p e c i f i c  t e c h n i q u e s  and  e q u i p m e n t  u s e d  f o r  t w e n t y  

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

f o u r  l a b o r a t o r y  t e s t s  t o  d e t e r m i n e  t h e  Y o u n g ' s  m o d u l u s  o f  

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

a r e  d e s c r i b e d .  M a t h e m a t i c a l  r e l a t i o n s h i p s ,  d e r i v e d  f r o m  

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

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

o n d a r y  p r i n c i p a l  s t r e s s e s  a n d  s t r e s s  d i r e c t i o n s .

E v a l u a t i o n  o f  t h e  r e s u l t s  showed t h e  e x i s t e n c e  o f  a  

h o r i z o n t a l  s t r e s s  co mponen t  h a v i n g  a  m a g n i t u d e  a p p r o x i m a t e l y  

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

a l o n e .
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INTRODUCTION

The m a g n i t u d e  and  d i r e c t i o n  o f  e a c h  c o m po ne n t  o f  t h e  

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

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

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

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

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

t e c t o n i c  h i s t o r y  o f  t h e  a r e a .  T h u s , one o f  t h e  f i r s t  p r o b 

l ems  t o  c o n f r o n t  t h e  r o c k - m e c h a n i c s  e n g i n e e r  i s  t h e  

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

o f  i n t e r e s t .  A b s o l u t e  r o c k  s t r e s s e s  c a n n o t ,  h o w e v e r ,  be 

m e a s u r e d  d i r e c t l y  : t h e y  mus t  be c om pu t ed  f r o m  s t r a i n  m e a s 

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

E a r l i e s t  a t t e m p t s  a t  i n - s i t u  a n a l y s i s  i n v o l v e d  s t r a i n  

m e a s u r e m e n t s .  I n  1 9 3 3 5 L i e u r a n c e  r e p o r t e d  t h a t  a b s o l u t e  

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

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

h o l e s .  I n  1 9 3 8 ,  O b e r t  r e p o r t e d  s t r e s s - r e l i e f  m e a s u r e m e n t s

1
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we r e  made by c u t t i n g  a p i l l a r  l o o s e  f rom t h e  r o o f .  The 

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

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

H a b i b ,  and  Marchand  ( 1 951)  u s e d  p r e s s u r e  g a g e s  ( f l a t j a c k s )  

i n  s l o t s  c u t  i n  t h e  d r i f t  w a l l .  M e a s u r e m e n t s  by any o f  

t h e s e  m e t h o d s ,  h o w e v e r ,  we r e  l i m i t e d  t o  p o i n t s  on o r  n e a r  

t h e  r o c k  s u r f a c e .

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

u r e m e n t  was made i n  1958 by H a s t .  He r e p o r t e d  t h e  d e v e l o p 

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

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

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

o v e r c o r i n g .  S u b s e q u e n t l y ,  O b e r t , M e r r i l l ,  and  Morgan ( 1 9 6 2 ) 

w i t h  t h e  U. S.  B u r e a u  o f  M i n e s , r e p o r t e d  t h e  d e v e l o p m e n t  o f  

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

an d  w h i c h  was a d a p t a b l e  t o  t h e  c o n c e n t r i c  o v e r c o r i n g  me t h od  

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

d i s a d v a n t a g e s ,  i t s  o v e r a l l  r e l i a b i l i t y  was g e n e r a l l y  

r e c o g n i z e d .

W i t h  t h e  o b j e c t i v e  o f  d e v e l o p i n g  an i n s t r u m e n t  w h i c h  

c o u l d  be c o n v e n i e n t l y  u t i l i z e d  by i n d u s t r y ,  N. E.  G r o s v e n o r ,  

a t  t h e  C o l o r a d o  S c h o o l  o f  M i n e s ,  d e s i g n e d  a  t h r e e - d i r e c t i o n a l  

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

was d e s i g n e d  d u r i n g  1 9 6 2 , i n c o r p o r a t e d  t h e  b a s i c  m e c h a n i c a l
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p r i n c i p l e  o f  t h e  B u r e a u  o f  M i n e s ’ g ag e  and h a d  f e a t u r e s  

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

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

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  

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

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

d i a r y  p o s i t i o n , was an e v a l u a t i o n  o f  t h e  new e q u i p m e n t .

The i n v e s t i g a t i o n  was c o n d u c te d  at  t h e  P e a  R i d g e  Mine o f  

t h e  Meramec M i n i n g  Company, n e a r  S u l l i v a n ,  M i s s o u r i ,  which  

s t a r t e d  p r o d u c t i o n  d u r in g  A p r i l ,  1 9 6 4 .  The g r e a t  d e p t h  o f  

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

Company’ s w i s h  t o  i n v e s t i g a t e  a l t e r n a t e  m i n i n g  me th ods  p r o 

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

i n v e s t i g a t i o n . P r e p a r a t i o n s  were b eg u n  l a t e  i n  May, 1 9 6 4 ,  

and  t h e  f i e l d  i n v e s t i g a t i o n  was c o n d u c te d  t h r o u g h  S e p t e m b e r  15 

1 9 6 4 .

A c o m p l e t e  e v a l u a t i o n  o f  b o t h  t h e  f i e l d  d a t a  and  t h e  

e q u i p m e n t  p e r f o r m a n c e  wou ld  r e q u i r e  t h a t  r e s u l t s  be comp ar ed  

w i t h  d a t a  d e r i v e d  by o t h e r  a c c e p t e d  o r  s t a n d a r d  m ethods .

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

r e l a t i o n s h i p s  which a r e  i n v o l v e d  i n  s t r e s s  r e l i e f  me th o ds  

f o r  a b s o l u t e  s t r e s s  m easurem ent.  I n c l u d e d  i n  t h i s  t h e s i s  

a r e  t h o s e  c o n s i d e r a t i o n s  which  a r e  e s s e n t i a l  t o  a g e n e r a l  

u n d e r s t a n d i n g  o f  t h e  a n a l y s i s .  R e f e r e n c e  i s  made t o
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M e r r i l l  a nd  P e t e r s o n  ( 1 9 6 1 )  f o r  t h e  p a r t i c u l a r  j u s t i f i c a 

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

F o r  t h e  r e a d e r  who h a s  n e e d  t o  do s i m i l a r  w o r k ,  t h e  

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

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

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

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

r e p o r t .
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THE CONCEPT OF STRESS

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

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

f o r c e s ,  a c t i v e  l o a d s  —  b o t h  s t a t i c  and  d y n a m i c ,  an d  t h e  

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

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

The mine e n g i n e e r  c o n f r o n t e d  w i t h  an a n a l y s i s  o r  d e 

s i g n  p r o b l e m  o f t e n  h a s  as  an i n t e r m e d i a t e  o b j e c t i v e  t h e  

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

i n  t h e  v i c i n i t y  o f  an u n d e r g r o u n d  o p e n i n g .  H i s  p r o b l e m  may 

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

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

s t r e s s e s  i n  t h e  a r e a  o f  i n t e r e s t .  He may be i n t e r e s t e d  o n l y  

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

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

c o n d i t i o n .

R e g a r d l e s s  o f  h i s  s p e c i f i c  o b j e c t i v e ,  t h e  e n g i n e e r  

must  r e c o g n i z e  t h e  r a t h e r  n e b u l o u s  c o n c e p t  o f  s t r e s s .
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S t r a i n s  may be s e e n  and  m e a s u r e d ;  s t r e s s e s , h o w e v e r ,  a r e  

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

s t r e s s  c o n d i t i o n  mus t  be d e d u c e d  by c o m b i n i n g  t h e o r i e s ,  

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

s t r e s s .

T h e r e  a r e  n u m er o us  m e t h od s  a v a i l a b l e  f o r  s t r e s s  a n a l 

y s i s .  The m e t h o d  d e s c r i b e d  h e r e i n  i s  c o n c e r n e d  w i t h  t h e  

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

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

t o  t h i s  m e t h od  w i l l  be d e s c r i b e d  i n  d e t a i l .  F o r  a  more 

c o m p r e h e n s i v e  r e v i e w  o f  t h e  t h e o r i e s  f ro m w h i c h  t h o s e  r e 

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

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

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

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

s t r a i n - r e l i e f  s t r e s s  a n a l y s i s  a r e  b a s e d .

BASIC MECHANICS

S t r e s s e s  h a v e  b o t h  m a g n i t u d e  and  d i r e c t i o n .  They a r e ,  

t h e r e f o r e , v e c t o r  q u a n t i t i e s  w h i c h  can  be  c omb in ed  a c c o r d i n g  

t o  t h e  l aws  o f  v e c t o r s .  A l l  p a r t s  o f  a s t r e s s  s y s t e m ,  s u c h  

as  g r a v i t y  an d  t e c t o n i c  s t r e s s e s ,  a c t  t o g e t h e r ,  and  by s u p e r 

p o s i t i o n  r e s u l t  i n  an e f f e c t  e q u a l  t o  t h e  sum o f  t h e  

i n d i v i d u a l  e f f e c t s  o f  t h e  p a r t s .  C o n v e r s e l y ,  t h e  n e t  e f f e c t
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may be d e s c r i b e d  i n  t e r m s  o f  o t h e r ,  more c o n v e n i e n t l y  

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

a t  any g i v e n  p o i n t  can  be d e s c r i b e d  i n  t e r m s  o f  t h r e e  p r i n 

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

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

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

p o n e n t  p a r t s .

A f r ame  o f  r e f e r e n c e  mus t  be  e s t a b l i s h e d  i f  t h e  com

p o n e n t s  o f  s t r e s s  a r e  t o  be s u i t a b l y  d e s c r i b e d .  R e c t a n g u l a r  

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

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

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

i n  t h e  C a r t e s i a n  s y s t e m .

Any s t r e s s  a t  a p o i n t  i n  a  s o l i d  may be d e s c r i b e d  i n  

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

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

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

two s h e a r  s t r e s s e s  on e a c h  f a c e  o f  t h e  c u b e , o r  e i g h t e e n  

c o m p o n e n t s .  T h e s e  a r e  shown i n  F i g u r e  1 .  To p r e s e r v e  

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

s h e a r  s t r e s s e s  mus t  be e q u a l .  S h e a r  s t r e s s e s  on o p p o s i t e  

f a c e s  o f  t h e  cube mus t  be e q u a l  i n  m a g n i t u d e  b u t  o p p o s i t e  

i n  s e n s e . B e c a u s e  o f  t h e s e  e q u a l i t i e s , i t  i s  p o s s i b l e  t o
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F i g u r e  1 .  Component s  o f  s t r e s s  a t  a  p o i n t .
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d e s c r i b e  any s t a t i c  s t r e s s  i n  t e r m s  o f  s i x  c o m p on en t s  —  

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

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

a x e s ,  t h e  t h r e e  s h e a r  s t r e s s e s  may be e l i m i n a t e d  and  t h e  

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

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

s o l u t i o n  t o  an i n - s i t u  r o c k - s t r e s s  i n v e s t i g a t i o n ,  an d  i s  

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

STRESS IN ROCK

When a  s t r e s s  c o n d i t i o n  i s  t o  be i n v e s t i g a t e d  i n  an  

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

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

t h e  r e l a t i o n s h i p :

E -  Ü (1)
e

w h e r e  : E = You ng’ s m o d u l e s  o f  e l a s t i c i t y
a = s t r e s s  e = s t r a i n

T h i s  r e l a t i o n s h i p  b e t w e e n  s t r e s s  and  s t r a i n  i s  l i n e a r  o n l y  

f o r  i d e a l  m a t e r i a l s .  Most  r o c k s  a r e  n o t  i d e a l l y  e l a s t i c  

b u t  e x h i b i t  a n  e l a s t o - p l a s t i c  r e s p o n s e  : t h a t  i s ,  t h e

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

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

r o c k  s t r e s s  a n a l y s i s  b e c a u s e  b o t h  t h e  e l a s t i c  c u r v e  and  t h e  

t i m e - d e p e n d e n t  r e l a t i o n s h i p  can  be d e t e r m i n e d  e x p e r i m e n t a l l y .
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F o r  mos t  r o c k s  t h e  r e s p o n s e  may be c o n s i d e r e d  e l a s t i c  f o r  

s m a l l  s t r a i n s  and  s h o r t  t i m e  i n t e r v a l s .  Some r o c k s ,  s u c h  

a s  s a l t s , a r e  i m p o r t a n t  e x c e p t i o n s .

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

t i o n  o f  s t r e s s  i n  r o c k  o f t e n  a r i s e  b e c a u s e  o f  one  o r  more 

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

1.  a n i s o t r o p y

2.  i n h o m o g e n e i t y

3. d i s c o n t i n u i t y

4.  e n v i r o n m e n t  ( m o i s t u r e , t e m p e r a t u r e ,  and

p r e s s u r e )

Each  o f  t h e  abo ve  may o r  may n o t  m a t e r i a l l y  a f f e c t  t h e  

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

t o  w h i ch  e a c h  c o n d i t i o n  may h a v e  a f f e c t e d  t h i s  i n v e s t i g a 

t i o n  i s  d i s c u s s e d  i n  s e c t i o n  I X,  A n a l y s i s  o f  R e s u l t s .

A r o c k  m a s s ,  l i k e  any r e a l  m a t e r i a l  when s u b j e c t e d  t o  

one  o r  more s t r e s s e s ,  w i l l  d e f o r m  i n  t h r e e  d i r e c t i o n s  when 

n o t  f u l l y  r e s t r i c t e d .  C o n v e r s e l y , a c ha ng e  i n  any one 

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

o t h e r  b o u n d a r y  w h i c h  i s  n o t  p e r m i t t e d  t o  d e f o r m .  P o i s s o n ' 

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

o r t h o g o n a l  s t r a i n s  i n  a g i v e n  m a ss .
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P o i s s o n ' s r a t i o  ( v )  = ^ 2 / e l  = e 3 / e l (2 )

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

e ^ , e 3 = s t r a i n s  i n  o r t h o g o n a l ,  u n r e s t r a i n e d  

d i r e c t i o n s .

I t  can  be  shown t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  s t r e s s  an d  

s t r a i n  i n  a t r i a x i a l  c o n d i t i o n  i s  a s  f o l l o w s  :

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

t h e  m e c h a n i c a l  i n - s i t u  m e a s u r e m e n t  o f  r o c k  s t r e s s  (by  s t r a i n  

a n a l y s i s )  a r e  e i t h e r  u n i a x i a l l y  o r  b i a x i a l l y  o r i e n t e d .  

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

some b o u n d a r y  c o n d i t i o n  be a l t e r e d  d u r i n g  t h e  t e s t . B e c a u s e  

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

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

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

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

b eco mes  n e c e s s a r y  t o  make an a s s u m p t i o n  a b o u t  c o n d i t i o n s  i n  

t h i s  d i m e n s i o n .

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

w i t h o u t  any c h a ng e  i n  s t r e s s  i n  t h e  t h i r d  o r  u n m e a s u r e d  

d i r e c t i o n ,  t h e  s o l i d  m i g h t  be r e s t r i c t e d  so t h a t  no d e f o r m a 

t i o n  can  o c c u r  t h e r e f o r e  r e q u i r i n g  an a d j u s t m e n t  o f  t h e

e 3 “ E [ ° 3  "" v ( ° 2  + a l )  ]

(3 )

(4 )

(5 )
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s t r e s s  m a g n i t u d e ,  o r  b o t h  d e f o r m a t i o n  and  s t r e s s - c h a n g e  

m i gh t  o c c u r .  The m a t h e m a t i c a l  a n a l y s i s  o f  an e l a s t i c  r e s 

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

l e a s t  c l o s e l y  a p p r o x i m a t e d .  A t h r e e - d i m e n s i o n a l  e l a s t i c  

a n a l y s i s  can  be c o m p l e t e d  f o r  o n l y  t h e  most  r e g u l a r  f o r m s .

B e c a u s e  o f  t h e  ab ove  l i m i t a t i o n ,  t h e  m a t h e m a t i c a l  e x 

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

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

on p l a n e  s t r a i n  a n a l y s i s . —̂  T h e s e  e x p r e s s i o n s ,  d e r i v e d  by 

M e r r i l l  and  P e t e r s o n  ( 1 96 1)  f o r  b o t h  p l a n e  s t r e s s  an d  p l a n e  

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

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

b o r e h o l e  s t r e s s - r e l i e f  m e t h od  o f  s t r e s s  a n a l y s i s .

1 /  M e r r i l l  and  P e t e r s o n  ( p .  3) show t h a t  when P o i s s o n ' s 
r a t i o  i s  b e t w e e n  0 . 2 5  and  0 . 3 ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  
d e f o r m a t i o n  f o r  t h e  c a s e s  o f  p l a n e  s t r e s s  and p l a n e  s t r a i n  
i s  a b o u t  6 t o  10 p e r c e n t . P l a n e  s t r a i n  a n a l y s i s  i s  u s e d  
i n  t h i s  i n v e s t i g a t i o n  so  t h a t  t h e  unknown q u a n t i t y ,
P o i s s o n ' s r a t i o ,  n e e d  n o t  be i n t r o d u c e d .
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TECHNIQUES FOR IN-SITU MEASUREMENT OF ROCK STRESSES

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

t o t a l  a b s o l u t e  s t r e s s  i n  r o c k .  One i n v o l v e s  t h e  m e a s u r e 

ment  o f  r o c k  s t r a i n s  r e s u l t i n g  f r o m a c h a ng e  i n  b o u n d a r y  

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

t i o n s h i p s  b e t w e e n  r o c k  p r o p e r t i e s  a nd  t h e  s t r e s s  s t a t e .  The 

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

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

Cannaday  and  Leo ( 1 9 6 6 ) h a v e  d e v e l o p e d  a c o n t r o l l e d  i m p u l s e  

t e c h n i q u e  f o r  s u c h  i n v e s t i g a t i o n s .  I s a a c s o n  ( 1 9 6 2 )  h a s  

shown t h a t  t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  r o c k  i s  r e l a t e d  t o  

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

be f u r t h e r  d i s c u s s e d  due t o  t h e i r  l i m i t e d  u s e f u l n e s s .

I n s t r u m e n t s  f o r  m e a s u r i n g  r o c k  s t r a i n s  g e n e r a l l y  f a l l  

i n t o  one  o f  s e v e r a l  c a t e g o r i e s  d e p e n d i n g  on t h e  means by 

wh i ch  t h e  s t r a i n  i s  s e n s e d  - -  m e c h a n i c a l , e l e c t r i c a l , o p t i 

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

13
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a p p e a r a n c e ,  s e n s i t i v i t y , r e l i a b i l i t y , and c o s t ,  a l l  p e r f o r m  

t h e  same b a s i c  f u n c t i o n  — t h a t  o f  m e a s u r i n g  t h e  r o c k  

d e f o r m a t i o n  which  o c c u r s  as  a r e s u l t  o f  some change i n  t h e  

e x i s t i n g  s t r e s s  o r  bounda ry  c o n d i t i o n .

Two f u n d a m e n t a l l y  d i f f e r e n t  s t r a i n  methods  may be 

e m p l o y e d . S t r a i n s  r e s u l t i n g  from t h e  comple t e  r e l e a s e  o f  

s t r e s s  a t  some bou nda ry  may be n o t e d  and i n t e r p r e t e d ,  o r  t h e  

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

c r e a t e d  f r e e  f a c e  may be d e t e r m i n e d .

STRAIN INTERPRETATION METHODS

Hooke ’ s law shows t h a t  s t r e s s  and s t r a i n  a r e  r e l a t e d  

by Young’ s modules  " E " , where

f -  s t r e s s
s t r a i n

I f  E i s  known, t h e  r ebound  t h a t  f o l l o w s  t h e  r emova l  o f  

s t r e s s  i s  a d i r e c t  i n d i c a t i o n  o f  t h e  magn i tud e  o f  t h e  r e 

moved s t r e s s ,  w i t h  t h e  l i m i t a t i o n  t h a t  t o t a l  s t r a i n  has  

been  w i t h i n  t h e  e l a s t i c  l i m i t  o f  t h e  m a t e r i a l .

E a r l y  i n - s i t u  measurement s  o f  a b s o l u t e  s t r e s s  i n  u n d e r 

g round  o p e n in g s  were a c h i e v e d  by f i x i n g  s t r a i n  s e n s i n g  

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

f r e e  f rom t h e  s u r r o u n d i n g  r o c k  — t h a t  i s  ’’s t r e s s - r e l i e v i n g ” 

t h e  m a s s . The a b s o l u t e  s t r e s s  i n  p i l l a r s  has  been  d e t e r m i n e d
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u s i n g  t h i s  a p p r o a c h  by c u t t i n g  one en d  o f  t h e  p i l l a r  f r e e  

f o r  s t r e s s  r e l i e f .  O l s o n  ( 1 9 5 7 )  and U t t e r  ( 1 9 6 2 )  c o n c e n 

t r i c a l l y  o v e r c o r e d  e l e c t r i c a l - r e s i s t a n c e  s t r a i n  g a g e s  

mo un t ed  on t h e  r o c k  s u r f a c e  t o  d e t e r m i n e  t h e  a b s o l u t e  s t r e s s  

n e a r  t h e  s u r f a c e  o f  an u n d e r g r o u n d  o p e n i n g .  O b e r t ,  M e r r i l l ,  

a nd  Morgan ( 1 96 2)  d e s c r i b e d  a  r e u s a b l e  b o r e h o l e  gage  w h i c h  

c o u l d  be  o v e r c o r e d .  T h i s  l a s t - n o t e d  gage  i s  b a s i c a l l y  s i m i 

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

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

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

STRESS INTERPRETATION METHODS

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

" f l a t j a c k "  me t hod  d e s c r i b e d  by M e r r i l l ,  and  o t h e r s ,  ( 1 9 6 4 ) .  

B r i e f l y , t h e  m e t h o d  r e q u i r e s  t h a t  a  d e f o r m a t i o n  g age  be 

p l a c e d  on o r  w i t h i n  t h e  r o c k  mass  t o  be i n v e s t i g a t e d .  The 

mass  i s  t h e n  s t r e s s  r e l i e v e d ,  u s u a l l y  w i t h  a  s l o t ,  and  t h e  

d e f o r m a t i o n  r e c o r d e d .  F l a t j a c k s  o r  o t h e r  p r e s s u r e  d e v i c e s  

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

and  t h e  r o c k  i s  r e s t r e s s e d  so  t h a t  t h e  d e f o r m a t i o n  i s  com

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

an i n d i c a t i o n  o f  t h e  m a g n i t u d e  o f  t h e  r emoved  ( o r i g i n a l )  

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

s t r a i n  i n t e r p r e t a t i o n  m e t h od s  i s  t h a t  t h e  e l a s t i c  c o n s t a n t .
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E,  o f  t h e  r o c k  n e e d  n o t  be k n o w n . R e c e n t  a p p l i c a t i o n s  o f  

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

c an  be p l a c e d  i n  b o r e h o l e s  and  o v e r c o r e d . Leeman ( 1 9 6 4 ) ,  

d e s c r i b e s  a  b o r e h o l e  gage  d e s i g n e d  and u s e d  by H a s t  a s  e a r l y  

a s  1 95 8 .  The H a s t  g ag e  i s  o f  t h e  s o l i d  i n c l u s i o n  o r  " h i g h  

mo d u l u s "  t y p e  w h e r eb y  a s t r e s s  i s  m a i n t a i n e d  on t h e  w a l l s  

o f  t h e  b o r e h o l e  a s  i t  i s  b e i n g  s t r e s s  r e l i e v e d .  A s t r a i n  

s e n s o r  n o t e s  t h e  c h a ng e  o f  s t r e s s  t o  w h i c h  t h e  g age  i s  s u b 

j e c t e d  d u r i n g  t h e  o v e r c o r i n g  p r o c e s s .

POINT OF APPLICATION

Some m e t h od s  a nd  i n s t r u m e n t s  f o r  s t r e s s  a n a l y s i s  a r e  

d e s i g n e d  t o  be u s e d  on o r  n e a r  t h e  s u r f a c e  o f  t h e  r o c k  ; 

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

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

e f f e c t e d  by t h a t  o p e n i n g ,  and b e c a u s e  b l a s t - c a u s e d  w a l l  

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

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

From r e l a t i o n s h i p s  g i v e n  by T i mos henko  and  G o o d i e r  

( 1 9 5 1 ) ,  i t  can  be shown t h a t  a c i r c u l a r  o p e n i n g  i n  an 

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

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

f o u r  o p e n i n g  r a d i i  f rom t h e  c e n t e r  o f  t h e  o p e n i n g  ( F i g u r e  2) 

F i e l d  e x p e r i e n c e  on t h i s  r e s e a r c h  i n d i c a t e s  t h a t  a d e p t h
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F i g u r e  2 .  S t r e s s  n e a r  a c i r c u l a r  o p e n i n g .
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e q u a l  t o  one  d i a m e t e r  may be s u f f i c i e n t  f o r  good s t r e s s  

r e l i e f  r e s u l t s .

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

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

s m a l l - d i a m e t e r  b o r e h o l e s  a t  d e p t h s  f r o m  a few f e e t  t o  more 

t h a n  t w e n t y  f e e t .  R e c e n t  work  by W i s e c a r v e r  o f  t h e  U. S.  

B u r e a u  o f  Mines  ( p e r s o n a l  c o m m u n i c a t i o n )  h a s  i n c l u d e d  s t r a i n  

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

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

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

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

a l o n g  a s i n g l e  a x i s  o r  d r i l l  h o l e .

The d e t e r m i n a t i o n  o f  t h e  maximum, minimum,  and  i n t e r 

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

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

t h r e e  o r t h o g o n a l  p l a n e s .  Two n o n - p e r p e n d i c u l a r  p l a n e s  may 

be  s u f f i c i e n t  i f  i t  i s  c o n s i d e r e d  f e a s i b l e  t o  u s e  P o i s s o n 1s 

r a t i o  i n  t h e  s t r e s s - s t r a i n  c a l c u l a t i o n s .  P r e s e n t  b o r e h o l e  

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

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

E x t e n s o m e t e r s  o f  v a r i o u s  f o rms  a r e  u s e d  t o  m e a s u r e  t h e  

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

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

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

f i e l d  d a t a  r e q u i r e s  t h a t  m e a s u r e m e n t s  be made i n  a t  l e a s t  

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

i s  p r a c t i c a l .
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THE BOREHOLE STRESS-RELIEF METHOD

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

t h e  b o r e h o l e  s t r e s s - r e l i e f  me t h o d  i n v o l v e s  two t h e o r e t i c a l  

r e l a t i o n s h i p s  b e t w e e n  s t r e s s  a nd  s t r a i n :  one i s  t o  c o n v e r t

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

b i a x i a l  s t r e s s e s ,  an d  t h e  s e c o n d  i s  t o  e s t a b l i s h  t h e  s t r e s s -  

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

BOREHOLE STRAIN MEASUREMENTS

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

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

j e c t e d  t o  b i a x i a l  p l a n e  s t r e s s .  The e q u a t i o n  f r o m M e r r i l l  

and  P e t e r s o n  ( 1 9 6 1 ) i s :

u = §  [ ( S  + T) + 2 ( 3  -  T) co s  2 8 ]  ( 6 )

w her e  :

U = d e f o r m a t i o n  o f  h o l e  ( c h a n g e  i n  l e n g t h  o f  a  

d i a m e t e r ) ,

20
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d = d i a m e t e r  o f  h o l e ,

E = mo d ul u s  o f  e l a s t i c i t y  o f  p l a t e ,

S ,  T = p r i n c i p a l  and  m i n o r  s t r e s s e s  a p p l i e d  a t  90°  
s e p a r a t i o n ,

e = c o u n t e r c l o c k w i s e  a n g l e  f r o m S t o  r  ( s e e  F i g u r e  5 ) « 

When t h e  abo v e  e q u a t i o n  i s  s o l v e d  f o r  v a l u e s  o f  6 = 0 ° ,  6 0 ° ,  

a nd  1 2 0 ° ,  i t  i s  shown t h a t  t h e  s e c o n d a r y  p r i n c i p a l  s t r e s s e s ,

S a nd  T,  a r e  r e l a t e d  t o  t h e  d i a m e t r a l  d e f o r m a t i o n s  a s  f o l l o w s

S + T = (U-L + U2 + U3 ) ( , ' )

S -  T = -  U2 ) 2 + ( U 2 -  U3 ) + (U-l -  U3 ) 2 ] 1 / 2  ( 8 )

w he r e  ü ^ ,  Ug, a n d  Uo a r e  d e f o r m a t i o n s  a t  6 = 0 ° ,  6 0 ° ,  a n d  

120°  r e s p e c t i v e l y .  The c o m p l e t e  d e r i v a t i o n  o f  t h i s  r e l a t i o n 

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

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

a l s o  done  by M e r r i l l  and  P e t e r s o n  ( 1 9 6 1 ) .  T h e i r  i n v e s t i 

g a t i o n  i n d i c a t e d  t h a t  a g r e e m e n t  b e t w e e n  t h e  known a p p l i e d  

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

m e a s u r e m e n t s  was g e n e r a l l y  b e t t e r  t h a n  t e n  p e r c e n t .  I n  

s e v e r a l  i n s t a n c e s  t h e  a g r e e m e n t  was w i t h i n  one o r  two p e r 

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

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

They n o t e d , h o w ev er ,  t h a t  a n i s o t r o p y  o f  t h e  r o c k  h a d  a c o n 

s i d e r a b l e  e f f e c t  on t h e  r e s u l t s ,  and t h a t  b e s t  r e s u l t s  w e r e  

o b t a i n e d  w i t h  t h e  more n e a r l y  i s o t r o p i c  m a t e r i a l s .
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F i g u r e  3• S i x t y - d e g r e e  de f o r m a t i o n  r o s e t t e .
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YOUNG'S MODULUS DETERMINATION

A l t h o u g h  t h e r e  a r e  s e v e r a l  me t hod s  ( C a n n a d a y , 1 9 6 4 ,  

and  O b e r t ,  1964)  f o r  a r r i v i n g  a t  a v a l u e  o f  Y o u n g ' s  modul us  

f o r  u s e  i n  t h e  d e f o r m a t i o n  e q u a t i o n s  ( 7)  and  ( 8 ) ,  t h e  

m e t h o d  u s e d  f o r  t h i s  r e s e a r c h  was t h e  b i a x i a l  m e t ho d  d e v e l 

o p e d  by t h e  B u r e a u  o f  M i n e s .  The a d v a n t a g e s  o f  t h i s  m e t h o d  

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

n e a r l y  a p p r o a c h  t h e  c o n d i t i o n s  wh ich  e x i s t e d  a t  t h e  t i m e  t h e  

s t r a i n  m e a s u r e m e n t  was made,  and  when p o s s i b l e , t h e  r o c k  

t e s t e d  i s  t h e  same p i e c e  upon  w h i ch  t h e  s t r e s s  r e l i e f  t e s t  

was made.  T h i s  s e c o n d  c o n d i t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t . 

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

o b t a i n e d ,  t h i s  Y o u n g ' s  mo du lus  t e s t  wo u l d  h a v e  b e e n  p e r 

f o r m e d  on e v e r y  p i e c e  o f  s t r e s s  r e l i e f  c o r e .

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

i n  a t h i c k - w a l l  c y l i n d e r  s u b j e c t e d  t o  an e x t e r n a l  h y d r a u l i c  

p r e s s u r e  f o r m t h e  b a s i s  f o r  t h e  t e s t .  T h e s e  e q u a t i o n s ,  a s  

p r e s e n t e d  by T i mo s he nk o  and  G o o d i e r  ( 1 9 5 1 ) ,  a r e  :

a
2 2

(P -  P . ) a  b P b
2

( 9 )r o i o
( b 2 -  a 2 ) r 2

P b 2
2a
o (1 0 )
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wh er e  : 
o

r  = r a d i a l  s t r e s s ,

%  = t a n g e n t i a l  s t r e s s ,

PQ = p r e s s u r e  on o u t s i d e  o f  c y l i n d e r ,

Pj_ = p r e s s u r e  on i n n e r  s u r f a c e  o f  c y l i n d e r ,

a  = i n n e r  r a d i u s ,

b = o u t e r  r a d i u s ,

r  = r a d i a l  d i s t a n c e .

By c o m b i n i n g  t h e s e  r e l a t i o n s h i p s  w i t h  H o o k e ’ s l aw f o r  t a n 

g e n t i a l  s t r a i n ,

e 9 = i  ( o  -  v a  ) ( 1 1 )
E 0 r

and  s u b s t i t u t i n g  P^ = o ,  and  r  = a ,  we a r r i v e  a t  t h e  r e l a 

t i o n s h i p

2 P _ b 22.   ( 1 2 )
E ( b 2 - a 2 )

o r :

4 a b 2P0
-  _ _ _ _ _ _ _

w h e r e  :

E = Y o u n g ’ s m od ul us  o f  e l a s t i c i t y  o f  t h e  m a t e r i a l  

U = c h a n g e  i n  d i a m e t e r  o f  t h e  b o r e h o l e .

F i t z p a t r i c k  ( 1 9 6 2 ) ,  d e r i v e s  t h i s  r e l a t i o n s h i p  f u l l y ,  and  

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

b i a x i a l  me th od  f o r  d e t e r m i n i n g  t h e  e l a s t i c  c o n s t a n t s  o f  

r o c k .
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DESCRIPTION OF MINE

A l l  f i e l d  work f o r  t h e  s t r e s s  a n a l y s i s  r e p o r t e d  h e r e  

was done a t  t h e  P e a  Ri dg e  i r o n  mine o f  t h e  Meremac M i n i n g  

Company : a j o i n t - v e n t u r e  o p e r a t i o n  o f  B e t h l e h e m  S t e e l

Company and  S t .  J o s e p h  Le ad  Company.  The mine  i s  l o c a t e d  

a p p r o x i m a t e l y  t w e n t y  m i l e s  s o u t h  o f  S u l l i v a n ,  M i s s o u r i ,  and  

n o r t h  o f  t h e  Ol d  L ead  B e l t .  D ev e l o p m e n t  o f  t h e  mine was 

s t a r t e d  i n  O c t o b e r ,  1 9 5 7 ,  a n d  t h e  f i r s t  i r o n  o r e  p e l l e t s  

wer e  p r o d u c e d  i n  F e b r u a r y ,  1 9 6 4 .  P l a n n e d  p r o d u c t i o n  was 

1 2 , 0 0 0  t o n s  o f  o r e  p e r  day an d  two m i l l i o n  t o n s  o f  p e l l e t s  

p e r  y e a r .

GEOLOGY

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

t h o u s a n d  f e e t  l o n g ,  up t o  600  f e e t  i n  w i d t h ,  and  w i t h  an 

u n d e f i n e d  l o w e r  l i m i t .  The d e p o s i t  s t r i k e s  a p p r o x i m a t e l y  

N 6 0 °E .  The o r e  i s  p r i m a r i l y  m a g n e t i t e  w i t h  m i n o r  l e n t i 

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

26
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a nd  a p a t i t e  o c c u r  as  a c c e s s o r y  m i n e r a l s  t h r o u g h o u t  t h e  m a s s . 

H o r i z o n t a l  l i m e s t o n e ,  s a n d s t o n e , and  d o l o m i t e  b e d s  w i t h  an 

a g g r e g a t e  t h i c k n e s s  o f  a p p r o x i m a t e l y  1300 f e e t  o v e r l i e  t h e  

P r e c a m b r i a n  b a s e m e n t  r o c k  w h i c h  c o n t a i n s  t h e  o r e  m a s s . The 

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

w i t h  s e r i c i t e  o c c u r r i n g  a t  t h e  o r e  c o n t a c t  on t h e  f o o t w a l l  

s i d e .  F i g u r e  4 i s  an i d e a l i z e d  s e c t i o n  t h r o u g h  t h e  o r e b o d y .

MINE DEVELOPMENT

The mine  i s  d e v e l o p e d  w i t h  two v e r t i c a l  s h a f t s  a p p r o x i 

m a t e l y  2500 f e e t  d e e p . P r o d u c t i o n  l e v e l s  a r e  a t  150 f o o t  

i n t e r v a l s  s t a r t i n g  a t  t h e  1675 f o o t  l e v e l . D ev e l o p m e n t  

i n c l u d e s  a main  h a u l a g e  l i n e  i n  t h e  f o o t w a l l  wh ich  c l o s e l y  

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

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

a x i s .  The s t o p e s  a r e  40 f e e t  by 120 f e e t  i n  h o r i z o n t a l  

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

t h e  a x i s  o f  t h e  o r e b o d y .

Ore i s  b r o k e n  i n  t h e  s t o p e s  by h o r i z o n t a l  r i n g  d r i l l i n g  

f r o m  t h r e e  r a i s e s  : one  i n  t h e  c e n t e r  o f  one s i d e  and  one a t

e a c h  o p p o s i t e  c o r n e r .  The b r o k e n  o r e  i s  d r awn  t h r o u g h  

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

2 0 - t o n , b o t t om -d um p  c a r s .  The c a r  dump i n c o r p o r a t e s  t h e  

new S w e d i s h  d e s i g n  w h e r eb y  a  f i f t h  w h e e l  on t h e  c a r  b o t t o m
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r i d e s  a  l o w e r e d  t r a c k  which  a l l o w s  t h e  b o t t o m  o f  t h e  c a r  t o  

f a l l  away a s  t h e  c a r  p a s s e s  o v e r  t h e  dump p o c k e t .  Ore i s  

h o i s t e d  t o  t h e  s u r f a c e  i n  two c o u n t e r - b a l a n c e d ,  1 9 - t o n  

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

c r u s h i n g  and g r i n d i n g  i s  done  on t h e  s u r f a c e .  W i th  t h e  

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

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

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

The mine r u n  o r e  w h i c h  a v e r a g e s  f i f t y - f i v e  p e r c e n t  F e , 

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

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

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

p e l l e t i z i n g  p l a n t .
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DESCRIPTION OF TEST EQUIPMENT

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

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

p a r a g r a p h s .

THE THREE-DIRECTIONAL BOREHOLE-DEFORMATION GAGE

The b o r e h o l e  d e f o r m a t i o n  g a g e .  F i g u r e  5 > was o f  r e c e n t  

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

D e s i g n  d e t a i l s  o f  t h e  gage  a r e  g i v e n  i n  A p pe nd i x  I I .

The gage  c o n s i s t e d  o f  s i x  m e c h a n i c a l l y - i n d e p e n d e n t  

c a n t i l e v e r s  c o n n e c t e d  a t  60 d e g r e e  i n c r e m e n t s  t o  a s i n g l e  

b o d y . A b e r y l 11u r n - c op pe r  a l l o y  ( B e r y l c o  25)  was chosen  f o r  

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

i n c l u d i n g  a low a n d  c o n s t a n t  mo du l us  o f  e l a s t i c i t y . The 

body was c o n s t r u c t e d  o f  s t a i n l e s s  s t e e l . Mounted on e ach  

c a n t i l e v e r  we r e  two B a l d w i n - T A m a - H a m i l t o n  t y p e  FAB 12 -12  

r e s i s t a n c e  s t r a i n  g a g e s ;  one on t h e  t o p  a nd  t h e  s e c o n d  on 

t h e  b o t t o m .  The f o u r  r e s i s t a n c e  g a g e s  on e a c h  d i a m e t r i c a l l y -

30
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F i g u r e  5 .  The b o r e h o l e  d e f o r m a t i o n  g a g e .
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o p p o s e d  p a i r  o f  c a n t i l e v e r s  wer e  c o n n e c t e d  as  a f o u r - a r m ,  

t e m p e r a t u r e - c o m p e n s a t e d  W h e a t s t o n e  b r i d g e .  The c i r c u i t  

u s e d  on t h e  o r i g i n a l  g a g e s  i s  shown i n  A p p e n d i x  I I - c . The 

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

w h i c h  e l i m i n a t e d  two l e a d  w i r e s  f ro m t h e  g a g e . The e n t i r e  

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

e n c a p s u l a t e d  w i t h  G a t e s  R u b b e r  Company t y p e  Am-22l4 p o l y 

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

The b o r e h o l e  g age  was i n s e r t e d  and  p o s i t i o n e d  i n  t h e  

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

r o d s .  T h e s e  r o d s  wer e  made o f  s o l i d  s t e e l  b a r  0 . 7 3  i n c h e s  

i n  d i a m e t e r  w i t h  m a c h i n e d  male  and  f e m a l e  e n d s . The mal e  

e n d  o f  e a c h  r o d  was 2 . 5  i n c h e s  l o n g  a n d  0 . 5 5 1  i n c h e s  i n  

d i a m e t e r .  The r o d s  were  h e l d  s e c u r e l y  t o g e t h e r  by t a p e r  

p i n s  d r i v e n  t h r o u g h  t h e  j o i n t .  The d i s t a n c e  b e t w e e n  p i n s  

was e x a c t l y  i n c h e s .

The f l e x i b i l i t y  a n d  w e i g h t  o f  t h e  i n s e r t i o n  r o d s  r e 

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

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

The b e n d i n g ,  i n  t u r n ,  made i t  d i f f i c u l t  t o  i n s e r t  t h e  gage  

i n t o  t h e  s m a l l e r  EX h o l e  a t  t h e  b a c k  o f  t h e  6 - i n c h  h o l e .

I f  a new s e t  o f  r o d s •wer e  t o  be made ,  h o l l o w , l i g h t e r ,  and  

s t i f f e n  r o d s  s h o u l d  p r o v e  t o  be j u s t  as  s t r o n g  an d  s h o u l d  

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

e s t a b l i s h e d  w i t h  a "T” h a n d l e  on t h e  en d  o f  t h e  i n s e r t i n g  

r o d s . The HT’T was 12 i n c h e s  l o n g  and  was s e c u r e d  t o  t h e  

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

t h e  gage  w o u l d  be c o n s t a n t . A p o s i t i o n i n g  t o o l ,  s u c h  a s  

t h a t  d e s c r i b e d  by W i s e c a r v e r  ( 1 9 6 4 )  w o u l d  be o f  c o n s i d e r 

a b l e  h e l p  i n  s e t t i n g  t h e  g a g e .

The r e s p o n s e  o f  e a c h  p a i r  o f  c a n t i l e v e r s  on e a c h  gage  

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

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

g ag e  s e n s i t i v i t y  ( f a c t o r )  o f  a p p r o x i m a t e l y  20 m i c r o - i n c h e s  

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

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

The r e s p o n s e  f o r  gage  No. 1 o v e r  t h e  f u l l ,  d e s i g n - d e f o r m a t i o n  

r a n g e  i s  shown i n  F i g u r e s  6 ,  7 ,  and  8 .  The r e s p o n s e  f o r  

g age  No. 2 was s i m i l a r .  The c a l i b r a t i o n  w a s ,  f o r  a l l  p r a c 

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

TABLE I  

GAGE FACTORS 

Mi cr o  s t r a i n s / u - i n . / I n .  I n d i c a t o r  S t r a i n

Gage No . C a n t i l e v e r  No. 1 - 1 2 - 2 3 - 3

1 2 2 . 4 2 2 . 1 2 2 . 0

2 2 2 . 4 2 0 . 8 2 8 . 2

2 ( r e c a l i b r a t e d ) 2 6 . 2 2 2 . 9 2 9 . 6
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F i g u r e  6 .  C a l i b r a t i o n  c u r v e , gage  1 ,  c a n t i l e v e r  p a i r  1 - 4 .
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F i g u r e  7 .  C a l i b r a t i o n  c u r v e ,  g a ge  1 ,  c a n t i l e v e r  p a i r  2 - 5 .
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F i g u r e .  8.  C a l i b r a t i o n  c u r v e ,  gage  1 ,  c a n t i l e v e r  p a i r  3 - 6 .
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GAGE CALIBRATING DEVICE

■ The g age  r e s p o n s e  a s  g i v e n  above  was d e t e r m i n e d  by 

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

was c o n s t r u c t e d  so t h a t  t h e  gage  body c o u l d  move f r e e l y  

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

l e v e r s  t o  d e f l e c t  an e q u a l  amount  and  t h e r e b y  a p p r o x i m a t e  

t h e  c o n d i t i o n  i n  t h e  s t r e s s - r e l i e f  h o l e . The m i c r o m e t e r  

s t e m  was c a l i b r a t e d  t o  0 . 0 0 1  i n c h .  An a d j u s t a b l e  s t o p  

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

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

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

The gage  f a c t o r  may a l s o  be d e t e r m i n e d  by " t e s t i n g ” a  

c o r e  o f  known Yo u n g ’ s mo du l us  i n  t h e  mod ul us  d e v i c e  d e s c r i b e d  

i n  a f o l l o w i n g  s e c t i o n .  The same e q u a t i o n  ( 1 3 )  e m p l o y e d  f o r  

Y o u n g ’ s modul us  d e t e r m i n a t i o n  i s  u s e d  and  i s  s o l v e d  f o r  d e 

f o r m a t i o n  i n s t e a d  o f  t h e  mo du l us  o f  e l a s t i c i t y .  An a l um i n um  

" c o r e "  i s  most  a p p r o p r i a t e  b e c a u s e  i t  h a s  a r e l a t i v e l y  low 

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

p r e s s u r e .

A d e f o r m a t i o n  gage  o f  a  m o d i f i e d  d e s i g n  was t e s t e d  

u s i n g  b o t h  t h e  m i c r o m e t e r  c a l i b r a t i n g  j i g  and  a  6 - i n c h  

a l um i n um  " c o r e "  i n  t h e  b i a x i a l  c ha m b e r .  The r e s u l t s  o f  

t h e s e  c a l i b r a t i o n  t e s t s  a r e  p r e s e n t e d  i n  F i g u r e s  9 and  10 

t o  show t h e  c o r r e l a t i o n  b e t w e e n  t h e  two c a l i b r a t i o n  m e t h o d s .
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F i g u r e  9.  C a l i b r a t i o n  c u r v e ,  gage  B - 2 , u s i n g  m i c r o m e t e r .
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F i g u r e  10.  C a l i b r a t i o n  c u r v e ,  gage B - 2 ,  w i t h  aluminum c o r e .
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STRAIN INDICATOR

Gage r e s i s t a n c e  c h a n g e s  we r e  s e n s e d  w i t h  a B a l d w i n -  

L i m a - H a m i l t o n  SR-4 S t r a i n  I n d i c a t o r ,  t y p e  N; a t r a n s i s t o r i z e d  

u n i t  w h i c h  can  be o p e r a t e d  on e i t h e r  b a t t e r i e s  o r  on 110 V AC 

p o w e r .  The i n s t r u m e n t  u s e d  was n o t  w a t e r p r o o f  and  r e q u i r e d  

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

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

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

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

e q u a l  t e m p e r a t u r e .

SWITCHING AND BALANCING UNIT

A B a l d w i n - L i m a - H a m i l t o n  S w i t c h i n g  a n d  B a l a n c i n g  U n i t , 

Model  No. 2 2 5 ,  was u s e d  b e t w e e n  t h e  m e a s u r i n g  gage  a n d  t h e  

BLH S t r a i n - g a g e  I n d i c a t o r .  A l t h o u g h  t h i s  i n s t r u m e n t  was 

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

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

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

c h e c k  c o u l d  be made on a l l  t h r e e  s i g n a l s  as  s t r e s s - r e l i e f  

d r i l l i n g  p r o g r e s s e d .  Where d r i l l i n g  a d v a n c e  was r a p i d ,  

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

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

ment  was n o t  w a t e r p r o o f ,  an d  c a r e  was e x e r c i s e d  t o  p r e 

v e n t  m o i s t u r e  f r o m e n t e r i n g .
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YOUNG'S MODULUS DEVICE

F i g u r e  11 shows an h y d r a u l i c  d e v i c e  w h i c h  was u s e d  t o  

e s t a b l i s h  t h e  modul us  o f  e l a s t i c i t y  o f  t h e  s i x  i n c h  d i a m e t e r  

c o r e s  f ro m t h e  s t r e s s - r e l i e f  t e s t s .  The i n s t r u m e n t  was 

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

d e s i g n  d e s c r i b e d  by F i t z p a t r i c k  ( 1962)  o f  t h e  B u r e a u  o f  

M i n e s .

ACCESSORY EQUIPMENT

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

i n c l u d e d  a  s k i d - m o u n t e d  d i am o nd  d r i l l  w i t h  h y d r a u l i c  f e e d ,  

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

m e n t ,  and  d r i l l  b i t s . A l l  i t e m s  were  c o m m e r c i a l l y  a v a i l a b l e  

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

p o i n t  o u t  t h a t  t h e  b i t  f o r  t h e  p i l o t  h o l e  was an EX d iamond  

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

r o c k  b e i n g  c o r e d .  A r e a m e r  s h e l l  was f o u n d  t o  be n e c e s s a r y  

f o r  a p r o p e r  f i t  o f  t h e  gage  i n  t h e  h o l e .  The s t r e s s - r e l i e f  

b i t  was a C h r i s t e n s o n  n o m i n a l  6 - i n c h  t h i n - w a l l  b i t  w i t h  a 

2 4 - i n c h  c o r e  b a r r e l  and  was o f  t h e  t y p e  w h i c h  i s  u s e d  on an e x 

p a n d i n g  m a n d r e l .  The o n l y  two p a r t s  o f  t h e  d r i l l i n g  

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

t h e  w a t e r  s w i v e l  and a p i l o t  b a r  f o r  c o l l a r i n g  t h e  6 - i n c h  

b i t .
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F i g u r e  11 .  Y o u n g ’ s m o d ul u s  d e v i c e .
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The w a t e r  s w i v e l  was p r e p a r e d  f rom a  s t a n d a r d  E X -r o d  

s w i v e l  by a d d i n g  a  p a c k i n g  g l a n d  a t  t h e  b a c k  e n d  o f  t h e  

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

t h e  6 - i n c h  b i t . I t  was c o n s t r u c t e d  o f  1 . 2 5  i n c h  O.D.  p i p e  

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

t h e  b a c k  e n d  t o  mate  w i t h  t h e  t h r e a d s  o f  t h e  b i t  m a n d r e l .  

The b a r  p r o t r u d e d  b e y o n d  t h e  f r o n t  o f  t h e  b i t  6 i n c h e s .
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MEASUREMENT PROCEDURES

The t e c h n i q u e s  wh i ch  w er e  u s e d  f o r  s t r a i n  m e a s u r e m e n t s .  

Y o u n g ’ s mod u l u s  d e t e r m i n a t i o n s ,  and  g age  c a l i b r a t i o n s  a r e  

d i s c u s s e d  b e l o w .  The se  t e c h n i q u e s  w er e  d e v e l o p e d  a s  t h e  

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

be e s t a b l i s h e d  w i t h i n  t h e  l i m i t a t i o n s  o f  t h i s  s p e c i f i c  

r e s e a r c h .

STRAIN MEASUREMENT

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

p r i n c i p a l  s t e p s .

P r e l i m i n a r y  Work

The d i am o nd  d r i l l  was s e t  l e v e l  i n  t h e  d r i f t  and  

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

and  t o  e a c h  c o r n e r  o f  t h e  d r i l l .  I t  was f o u n d  t h a t  d r i l l  

p r e s s u r e s  wer e  s u c h  t h a t  some d r i l l  movement  o c c u r r e d  r e 

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

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

t h e  6 - i n c h  h o l e . When m i s a l i g n m e n t  o c c u r r e d ,  t h e  a x i s  o f  

t h e  o v e r c o r e  b i t  t e n d e d  t o  d r i f t  away f ro m t h e  a x i s  o f  t h e  

p i l o t  h o l e .

The p i l o t  h o l e  was d r i l l e d  t o  a d e p t h  g r e a t e r  t h a n  t h e  

d e s i r e d  d e p t h  o f  s t r a i n  m e a s u r e m e n t s .  T h i s  was done  f o r  

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

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

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

p o r t e d  t o  t h e  d e p t h  o f  t h e  6 - i n c h  h o l e . The a d d i t i o n a l  

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

o f  r o c k  b r o k e n  d u r i n g  t h e  w o r k . The EX c o r e  r e c o v e r e d  f ro m 

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

t y p e  an d  c o n d i t i o n  i m m e d i a t e l y  b ey o nd  t h e  l i m i t s  o f  t h e  

t e s t s .  The p o s i t i o n  o f  t h e  p i l o t  h o l e  was c h o s e n  so  t h a t  

i t  and t h e  o r t h o g o n a l  h o l e s  w ou l d  be  i n  f a v o r a b l e  p o s i t i o n s  

w i t h  r e g a r d  t o  v i s i b l e  f r a c t u r e s .  A l l  EX c o r e  was s a v e d  

a n d  a p p r o p r i a t e l y  m ar k ed  a s  t o  d e p t h .  T h i s  c o r e  p r o v i d e d  

i n f o r m a t i o n  a b o u t  t h e  t y p e  a n d  c o n d i t i o n  o f  t h e  r o c k  t o  be 

e n c o u n t e r e d .

M a n i p u l a t i o n  o f  Gage

The g age  was p l a c e d  i n  t h e  p i l o t  h o l e  t o  a p r e d e t e r 

m in ed  d e p t h  w i t h  t h e  g age  i n s e r t i n g  t o o l .  The gage  d e p t h
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was c h o s e n  on t h e  b a s i s  o f  t h e  d e p t h  o f  t h e  6 - i n c h  b i t  

k e r f ,  t h e  c o n d i t i o n  o f  t h e  r o c k , and  t h e  n e e d  f o r  c l o s e l y -  

s p a c e d  d a t a  p o i n t s .  The minimum s p a c i n g  o f  d a t a  p o i n t s  was 

l i m i t e d  by t h e  l e n g t h  o f  t h e  gage  t o  a  minimum o f  6 i n c h e s .

I t  was e s s e n t i a l  t h a t  t h e  g ag e  be c o m p l e t e l y  i n s e r t e d  i n t o  

t h e  p i l o t  h o l e  s o  t h a t  a d e q u a t e  s u p p o r t  was a c h i e v e d  and  so  

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

g a g e .

The o r i e n t a t i o n  o f  t h e  g age  i n  t h e  h o l e  was e s t a b l i s h e d  

by n o t i n g  t h e  p o s i t i o n  o f  t h e  "T" h a n d l e  on t h e  i n s e r t i n g  

r o d s .  A c a r p e n t e r ' s  l e v e l  a nd  a  3 0 - 6 0 - 9 0  t r i a n g l e  a l l o w e d  

s e l e c t i o n  o f  any gage  p o s i t i o n .  D u r i n g  t e s t s  i n  t h e  f i r s t  

two h o l e s  t h e  gage  was s e t  w i t h  a  c o n s t a n t  o r i e n t a t i o n .  I t  

was r e a l i z e d ,  h o w e v e r , t h a t  w i t h  a c o n s t a n t  o r i e n t a t i o n ,  a  

m i n o r  b u t  c o n s i s t e n t  m a l f u n c t i o n  o f  one p a i r  o f  c a n t i l e v e r s  

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

t h e  ga ge  was a l t e r n a t e l y  r o t a t e d  e i t h e r  60 o r  90 d e g r e e s .

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

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

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

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

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

c an  be  made ,  h o w e v e r ,  o n l y  when t h e  gage  i s  r o t a t e d  60 o r  

120 d e g r e e s  b e c a u s e  t h e  c a n t i l e v e r  s p a c i n g  i s  60 d e g r e e s .
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S t r e s s - R e l i e f  D r i l l i n g

B e f o r e  d r i l l i n g  was b e g u n , b u t  a f t e r  t h e  d r i l l i n g  

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

was b a l a n c e d  t o  1 1 , 0 0 0  u - i n c h  o f  i n d i c a t o r  s t r a i n  u s i n g  t h e  

BLR s w i t c h i n g  and  b a l a n c i n g  u n i t .  I f  a s i g n a l  c h a n g e

o c c u r r e d  a f t e r  d r i l l i n g  was s t a r t e d  b u t  b e f o r e  0 . 5  i n c h  h a d

b e e n  d r i l l e d ,  t h e  s i g n a l  was r e b a l a n c e d  t o  1 1 , 0 0 0  u - i n c h .

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

u s u a l l y  l e s s  t h a n  5 u - i n c h  o f  i n d i c a t o r  s t r a i n .  I t  was p r e 

sumed t h a t  t h e y  r e s u l t e d  f r o m a  m i n o r  a d j u s t m e n t  o f  t h e  

g age  i n  t h e  h o l e  b r o u g h t  a b o u t  by t h e  v i b r a t i o n  o f  t h e  

d r i l l .  The d r i l l i n g  was c o n t i n u e d  t o  a p o i n t  0 . 5  in c h  t o  

1 i n c h  b e y o n d  t h e  p o i n t  w h er e  t h e  i n d i c a t e d  s t r a i n  became 

c o n s t a n t .  The f i n a l  s t r a i n  r e a d i n g  was made w i t h  t h e

d r i l l i n g  w a t e r  s t i l l  on .

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

r o c k  was e n c o u n t e r e d , s t r a i n  was r e c o r d e d  a t  0 . 5  i n c h  i n t e r 

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

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

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

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

t e s t  was c o m p l e t e d .  T h i s  p r o c e d u r e  i s  r ecommended  f o r  e a c h  

t e s t  when c o n d i t i o n s  p e r m i t . F i g u r e  12 i l l u s t r a t e s  a s t r a i n  

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

o p e r a t i v e .
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A l l  h o l e s ,  e x c e p t  t h e  f i r s t , were  c o l l a r e d  w i t h  a  

s h o r t  1 2 - i n c h  c o r e  b a r r e l  h a v i n g  a c e n t e r - m o u n t e d  p i l o t  

b a r  w h i c h  p r o t r u d e d  a p p r o x i m a t e l y  6 i n c h e s  b e y o n d  t h e  e n d  

o f  t h e  b i t . A l i g n m e n t  o f  t h e  6 - i n c h  h o l e  w i t h  t h e  p i l o t  

h o l e  was m a i n t a i n e d  by u s i n g  h a r d wo o d  wedges  i n  t h e  c o l l a r  

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

t i o n ,  and  by r e a l i g n i n g  t h e  d r i l l  a s  n e c e s s a r y .  P o o r  

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

d r i l l e d .  I n  t h e  o t h e r  h o l e s  t h e  e c c e n t r i c i t y  o f  t h e  c e n t e r s  

was l e s s  t h a n  0 . 2 5  i n c h .

D r i l l i n g  s p e e d  v a r i e d  g r e a t l y .  The d r i l l  was r o t a t e d  

a t  t h e  h i g h e s t  s p e e d  wh ic h  c o u l d  be m a i n t a i n e d  w i t h o u t  e x 

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

d e e p e n e d  i t  was n e c e s s a r y  t o  d r i l l  a t  a  l o w e r  s p e e d  t o  p r e 

v e n t  e x c e s s i v e  v i b r a t i o n . A v e r a g e  p e n e t r a t i o n  o f  t h e  b i t  i n  

t h e  m a g n e t i t e  was a p p r o x i m a t e l y  1 min p e r  i n c h .  P e n e t r a t i o n  

i n  t h e  s y e n i t e  p o r p h y r y  v a r i e d  f rom 2 min p e r  i n c h  t o  more 

t h a n  8 min p e r  i n c h  a s  t h e  b i t  became w o r n .  A h i g h  b i t  p r e s 

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

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

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

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

t h e  b o t t o m  o f  t h e  b i t  k e r f ,  a  w e d g e - t y p e  c o r e  b r e a k e r  was  

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

t i a l l y  t h e  6 - i n c h  c o r e s  wer e  r emo ved  w i t h  a b a r r e l - t y p e
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c o r e  e x t r a c t o r .  T h i s  was b o t h  t i m e  c o n s u m i n g  and  d i f f i 

c u l t .  I t  n e c e s s i t a t e d  r e m o v i n g  t h e  gage  c a b l e  and  t h e  b i t  

f r o m  t h e  d r i l l  r o d  and  t h e n  a t t a c h i n g  t h e  e x t r a c t o r .  The 

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

t h e  h o l e  an d  c o u l d  n o t  be f o r c e d  o v e r  t h e  c o r e .  I t  was 

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

i n  t h e  v e r t i c a l  (down) h o l e s  c o u l d  be r emoved  by d r i v i n g  a  

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

h o l e  o f  t h e  c o r e .  Ca r e  was u s e d  and no c o r e s  wer e  b r o k e n  

u s i n g  t h i s  m e t h o d .  The t o p ,  f r o n t  and  d e p t h  was m a rk ed  on 

e a c h  c o r e  a s  i t  was r e m o v e d .  B e c a u s e  i t  was n e c e s s a r y  t o  

p r o t e c t  t h e  gage  c a b l e  f r o m damag e ,  a l l  b a d l y - f r a c t u r e d  

r o c k  was d r i l l e d  o u t  w i t h o u t  t h e  gage  i n  p l a c e .

YOUNG'S MODULUS DETERMINATION

T e s t s  t o  d e t e r m i n e  t h e  Y o u n g ' s  modulus  o f  e l a s t i c i t y  

were  made on s i x  m a g n e t i t e  c o r e s  and one p o r p h y r y  c o r e .  The 

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

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

v o i d s .  I t  i s  r e c o g n i z e d  t h a t  by m ak in g  s u c h  a  s e l e c t i o n  

t h e  r e s u l t s  may be  somewhat  b i a s e d .  T h i s  c o n d i t i o n  was 

u n a v o i d a b l e ,  howeve r ' ,  b e c a u s e  i m p e r f e c t  c o r e s  f a i l e d  b e f o r e  

a d e q u a t e  p r e s s u r e  c o u l d  be a p p l i e d .
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E ach  c o r e  was w r a p p e d  w i t h  a  d o u b l e  l a y e r  o f  h e a v y  

p o l y e t h y l e n e  s h e e t  w h i c h  was o v e r l a p p e d  4 i n c h e s  and  s e c u r e d  

w i t h  w id e  S c o t c h  t a p e . The f i r s t  two c o r e s  t e s t e d  we r e  

s u b j e c t e d  t o  p r e s s u r e  i n  i n c r e m e n t s  o f  500 l b s .  S u b s e q u e n t  

c o r e s  wer e  p r e s s u r i z e d  i n  i n c r e m e n t s  o f  200 l b s .  and  c y c l e d  

t o  z e r o .  The u p p e r  p r e s s u r e  l i m i t  on a  p a r t i c u l a r  c o r e  was 

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

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

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

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

l o a d i n g  w h i l e  t h e  s t r a i n  r e a d i n g s  wer e  t a k e n  a t  e a c h  l o a d  

i n c r e m e n t .

GAGE CALIBRATION

Bo th  g a g e s  u s e d  d u r i n g  t h e  t e s t s  were  c a l i b r a t e d  p r i o r  

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

p l e t i o n  o f  t e s t s  i n  h o l e  No.  3• The g a g e s  wer e  c a l i b r a t e d  

on t h e  j i g  p r e v i o u s l y  d e s c r i b e d .  To c a l i b r a t e  a  g a g e ,  t h e  

i n d i c a t e d  s t r a i n  was n o t e d  f o r  known c a n t i l e v e r  d e f l e c t i o n s  

a t  0 . 0 2 5 - i n c h  i n c r e m e n t s  f r o m 0 . 0  t o  0 . 1 5 0  i n c h .  A l l  t e s t s  

we r e  c y c l e d  f ro m 0 d e f l e c t i o n  t o  f u l l  d e f l e c t i o n  and  b a c k  t o  

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

d e f l e c t i o n s  on e a c h  l e g  o f  a  c y c l e  v a r i e d  by l e s s  t h a n  100 

u - i n c h  o f  i n d i c a t e d  s t r a i n .  The gage  f a c t o r s  wer e  c o m p u t e d
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by u s i n g  t h e  s e c a n t  t o  t h e  d e f l e c t i o n  c u r v e s  t h r o u g h  0 .  

i n c h  an d  0 . 1 5 0  i n c h  d e f l e c t i o n .

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

u n d e r  t h e  s e c t i o n  " D e s c r i p t i o n  o f  E q u i p m e n t . "
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RESULTS OF TESTS

The d a t a  o b t a i n e d  f r o m  t h e  i n - s i t u  m e a s u r e m e n t s  and  

Y o u n g ’ s m odu lu s  t e s t s  a r e  p r e s e n t e d  i n  A p p e n d i x  I .  Sum

m a r i e s  and  comments  a b o u t  t h e s e  d a t a  a r e  p r e s e n t e d  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .

IN-SITU TESTS

D e f o r m a t i o n  m e a s u r e m e n t s  were  made a l o n g  5 b o r e h o l e  

a x i s .  F o u r  o f  t h e s e  were  l o c a t e d  i n  t h e  m a g n e t i t e  ( o r e )  

r o c k  a nd  one was i n  f o o t w a l l  p o r p h y r y . The s p e c i f i c  l o c a 

t i o n s  a r e  shown i n  F i g u r e  1 3 . The l o c a t i o n s  wer e  c h o s e n  

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

o f  r e l a t e d  w o r k i n g s  i n  t h e  m i n e .  I t  was a s s u m e d  t h a t  t h e  

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

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

t h e  n a t u r a l ,  u n d i s t u r b e d  a b s o l u t e  s t r e s s  was t h e  q u a n t i t y  

s o u g h t ,  i t  was deemed n e c e s s a r y  t h a t  t h e  t e s t s  be  l o c a t e d  

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

53
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STATION

4 0 0  FT.200
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/  (NO. 2 - DOWN )'
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MAGNETITE

FI p a r e  13. L o c a t i o n ,  o f  s t r e s s - r e l i e f  t e s t s .
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d i s t a n c e  f rom s t a t i o n  1 t o  t h e  n e a r e s t  d e v e l o p e d  s t o p e  was 

a p p r o x i m a t e l y  200 f e e t  and  f rom s t a t i o n  2 t h e  d i s t a n c e  was 

i n  e x c e s s  o f  500 f e e t .

The r e l i a b i l i t y  o f  t h e  d a t a ,  a s  j u d g e d  by i t s  c o n t i n u 

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

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

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

H o l e 1 ,  S t a t i o n  1 ( H o r i z o n t a l )

The d a t a  f rom t h i s  b o r e h o l e  was t h e  most  c o n s i s t e n t  

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

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

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

s t r a i n s .

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

vugs  b u t  no c o n t i n u o u s  f r a c t u r e s  i n  t h e  f i r s t  102 i n c h e s .  

Beyond 102 i n c h e s  a f r a c t u r e  was e n c o u n t e r e d  wh ich  c o n t i n u e d  

t o  t h e  u l t i m a t e  d e p t h  o f  t h e  h o l e .  F i g u r e  14 shows t h e  

c o m p u t e d  s e c o n d a r y  s t r e s s  m a g n i t u d e  a nd  d i r e c t i o n . F i g u r e  15 

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

e n c o u n t e r e d  on t h e  s t r a i n  d a t a  o b t a i n e d .  I t  c an  be n o t e d  

t h a t  a t  70 i n c h e s  t h e  i n d i c a t e d  s t r a i n  i s  l o w e r  t h a n  t h e  

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

v u g  w h i ch  i s  v i s i b l e  i n  t h e  p h o t o g r a p h . The f l a t - l y i n g
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F i g u r e  1 4 .  S t r e s s  m a g n i t u d e  and  d i r e c t i o n ,  H o le  No. 1.
( H o r i z o n t a l )
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f r a c t u r e  s y s t e m  wh ic h  f i r s t  a p p e a r s  a t  a b o u t  118 i n c h e s  h a s  

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

p o i n t  t o  t h e  e n d  o f  t h e  h o l e .

A h i g h  s t r e s s  c o n d i t i o n  was i n d i c a t e d  a t  t h e  c o l l a r  o f  

t h i s  h o l e  by t h e  d i s c i n g  w h i c h  o c c u r r e d  t h r o u g h o u t  t h e  f i r s t  

6 i n c h e s . The d i s c s , s h o w n  i n  F i g u r e  1 6 ,  a v e r a g e d  a p p r o x i 

m a t e l y  0 . 7 5  i n c h  i n  t h i c k n e s s . T h e i r  s u r f a c e s  wer e  e s s e n t i a l l y  

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

1 9 5 8 ,  a t t r i b u t e s  t h i s  d i s c i n g  t o  s h e a r i n g  o f  t h e  c o r e  as  a 

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

no i n d i c a t i o n  f rom d a t a  d e r i v e d  f rom  t h i s  h o l e  o f  a  h i g h  

s t r e s s  e n v e l o p e  s u r r o u n d i n g  t h e  o p e n i n g .

As t h e r e  wer e  no r e c o g n i z e d  g e o l o g i c a l  c o n d i t i o n s  ( i . e . ,  

f r a c t u r e s ,  i n c l u s i o n s ,  an d  v o i d s ) ,  and  no a p p a r e n t  m e c h a n i 

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

t h i s  h o l e ,  i t  may be  a s s u m e d  t h a t  t h e  d a t a  f r o m  0 t o  102 

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

t h i s  z o n e .

H o l e 2 ,  S t a t i o n  1 ( V e r t i c a l . ,downward)

The f i r s t  2 f e e t  o f  r o c k  d r i l l e d  wer e  e x t e n s i v e l y  f r a c 

t u r e d  ; p r e s u m e d l y  by b l a s t i n g .  Below t h e s e  n e a r - s u r f a c e  

f r a c t u r e s  t h e r e  was a zone  o f  a p p r o x i m a t e l y  18 i n c h e s  o f  

u n b r o k e n  r o c k  i n  w h i c h  one  s e t  o f  d a t a  was o b t a i n e d .  A 

h i g h l y - d e v e l o p e d  s y s t e m  o f  f r a c t u r e s ,  d i p p i n g  a p p r o x i m a t e l y
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F i g u r e  1 6 .  D i s c s  f rom Hol e  No.  1.
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30 d e g r e e s  w e s t ,  e x t e n d e d  f r o m 45 i n c h e s  t o  80 i n c h e s  and  

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

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

3 i n c h e s .  The r o c k  b e l ow 80 i n c h e s  was a s  f r e e  o f  v o i d s  

and  a s  h omogeneous  as  any r o c k  e n c o u n t e r e d  i n  t h e  p r o g r a m .  

Wh i le  o n l y  f o u r  d a t a  p o i n t s  wer e  o b t a i n e d  i n  t h i s  r e g i o n ,  

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

i s  v a l i d .  F i g u r e  17 shows t h e  c om pu t ed  s e c o n d a r y  s t r e s s  

m a g n i t u d e s  and  d i r e c t i o n s .

I t  i s  o f  i n t e r e s t  t o  n o t e  t h e  r e l a t i v e l y - h i g h  s t r e s s  

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

b e t w e e n  30 a n d  45 i n c h e s . Such  a s t r e s s  c o n d i t i o n  w ou l d  be  

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

Hol e s  3 and  4 ,  S t a t i o n  l _ ( H o r i z o n t a l )

T h e s e  h o l e s  w e r e  p a r a l l e l  and  2 f e e t  a p a r t .  B o t h  

I n t e r c e p t e d  a c o n t i n u o u s  s e r i e s  o f  f r a c t u r e s  d i p p i n g  20 t o  

40 d e g r e e s  t o  t h e  w e s t . T h e s e  f r a c t u r e s  r e n d e r e d  t h e  d a t a  

s u s p e c t  and  p r o b a b l y ,  by c r e a t i n g  a column e f f e c t  i n  t h e  

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

i n d i c a t e d .  The EX c o r e  - i n d i c a t e d  t h a t  t h e s e  f r a c t u r e s  b e 

came more p r e v a l e n t  w i t h  d e p t h . I n  h o l e  No.  4 ,  t h e  

f r a c t u r e s  were  so  op en  and  e x t e n s i v e  t h a t  a l l  d r i l l i n g  w a t e r  

was l o s t . I t  w i l l  be n o t i c e d  f ro m F i g u r e s  18 and 19 t h a t
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f i g u r e  17 .  S t r e s s  m a g n i t u d e  and  d i r e c t i o n .  Hole  No. 2 .  
( V e r t i c a l  downward)
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F i g u r e  18 .  S t r e s s  m a g n i t u d e  and d i r e c t i o n .  H o le  No. 3.
( H o r i z o n t a l )
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F i g u r e  i g .  S t r e s s  m a g n i t u d e  and  d i r e c t i o n .  H ole  No. %.
( H o r i z o n t a l )
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t h e  c om pu t ed  v e r t i c a l  s t r e s s e s  i n  t h e s e  two h o l e s  a r e  s i g 

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

l o a d  a l o n e .

H o l e 5 a S t a t i o n  2 ( H o r i z o n t a l

A l a r g e  n um be r  o f  d a t a  p o i n t s  wer e  o b t a i n e d  i n  t h i s  

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

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

d a t a  s e t s .  The EX c o r e  i n d i c a t e d  c o m p e t e n t  r o c k  t h r o u g h o u t  

t h e  f i r s t  50 i n c h e s . From 50 i n c h e s  t o  t h e  f i n a l  d e p t h  o f  

t h e  h o l e ,  t h e  r o c k  c o n t a i n e d  n umer ou s  p a r t i n g s  w h i c h  wer e  

s p a c e d  l e s s  t h a n  0 . 5  i n c h  a p a r t  a c r o s s  t h e  f u l l  d i a m e t e r  o f  

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

w e s t  s t r i k e  a nd  d i p p e d  f rom  0 t o  40 d e g r e e s  s o u t h .  I t  i s  

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

r e c o r d e d  s t r a i n .  W h i l e  l i m i t e d  i n  number  —  i n s t r u m e n t  

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

t a i n e d  w i t h i n  t h e  f i r s t  50 i n c h e s  s h o u l d  be i n d i c a t i v e  o f  

s t r e s s  c o n d i t i o n s  a t  t h i s  p a r t i c u l a r  l o c a t i o n .  F i g u r e  20 

shows t h e  i n d i c a t e d  m a g n i t u d e  an d  d i r e c t i o n  f o r  e a c h  com

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

G e n e r a l

The p l o t s  o f  m e a s u r e d  s t r a i n  shown i n  F i g u r e s  14 a nd  

17 t h r o u g h  20 i n c l u s i v e  a r e  v a l i d  e x c e p t  t h a t  a t  t h e  l a s t
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F i g u r e  20 .  S t r e s s  m a g n i t u d e  and d i r e c t i o n .  H ole  Mo. 5 .
( H o r i z o n t a l )
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d a t a  p o i n t  i n  h o l e  No. 2 an d  a t  a l l  p o i n t s  i n  h o l e  Nos .  3 

and  4 t h e  gage  was r o t a t e d  90 d e g r e e s  a l t e r n a t e l y  and  t h e r e 

f o r e  t h e s e  s t r a i n  p o i n t s  a r e  m i s l e a d i n g .  At s t a t i o n  No.  2 ,  

h o l e  No. 5 > t h e  g a ge  was r o t a t e d  60 d e g r e e s  a t  a l t e r n a t e  

p o i n t s  a nd  t h e  s t r a i n  p l o t s  were  c o r r e c t e d  t o  e l i m i n a t e  

t h i s  r o t a t i o n  e x c e p t  a t  d a t a  p o i n t s  a t  8 i n c h e s  and  31 

i n c h e s  wh er e  t h e  gage  was r o t a t e d  90 d e g r e e s  a n d  t h e  c o r 

r e c t i o n  c o u l d  n o t " b e  a p p l i e d .

S t r e s s 3 s t r a i n ,  and  p r i n c i p a l  d i r e c t i o n ,  a s  c om p u t e d  

f o r  e a c h  d a t a  p o i n t ,  a r e  s u m m a r i z e d  i n  T a b l e  I I .
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TABLE I I

SUMMARY OF COMPUTED STRESS MAGNITUDE AND DIRECTIONS

De p t h  ( i n . )  S ( p s l )  T ( p s l )  Q

S t a t i o n  No. 1
T e s t  Ho l e  No. 1 20 3948 2730 -2 4

36 4043 2830 - 2 6
54* 4143 1995 - 1 0
88* 3798 1982 - 1 9

109 3940 1735 4
126 2687 1059 40

T e s t  Ho le  No. 2 36 9665 4167 N51E
86* 5213 2796 N35W

102* 6187 3421 N41W
120* 5880 4649 N51W
146* 3835 3627 N35W

T e s t  Ho l e  No. 3 21 6 86 9 4182 1
52 6491 3398 33
90 9903 7070 82

100 8118 6063 122

T e s t  Ho l e  No. 4 10 9750 4155 21
28* 4352 1903 33
39 6891 4634 22
48* 4547 2952 11
76* 4479 2818 33

a t i o n  No. 2
T e s t  Ho le  No. 5 8 4542 3115 - 7

31* 2768 2212 - 3 2
39 5057 1273
44* 2629 1712 - 5
50 3425 2479 74
56 3799 3196 8

*V a l u e s  a v e r a g e d  i n  T a b l e  I I I .
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YOUNG'S MODULUS DETERMINATIONS

A l t h o u g h  s e v e n  s t r e s s - r e l i e f  c o r e s  we r e  t e s t e d  t o  

d e t e r m i n e  Y o u n g ’ s m o d u l u s ,  o n l y  f o u r  t e s t s  a r e  c o n s i d e r e d  

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

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

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

i n  A p p e n d i x  I .  The s t r e s s - s t r a i n  c u r v e s  f o r  t h e  f o u r  t e s t s  

t h a t  a p p e a r e d  t o  be v a l i d  a r e  p r e s e n t e d  i n  F i g u r e s  21 t h r o u g h

2 4 i n c l u s i v e .  B a s e d  on t h e s e  c u r v e s .  Y ou n g’ s m odu lu s  was

c o mp u t ed  u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p :

E = ( 1 4 )
(b -  a )U

w h er e  :

E = modulus  o f  e l a s t i c i t y  o f  r o c k  ( p s i )  .

a  = i n n e r  r a d i u s  o f  c o r e  ( i n . ) .

b = o u t e r  r a d i u s  o f  c o r e  ( i n . ) .

P0 = p r e s s u r e  on o u t e r  s u r f a c e  o f  c o r e  ( p s i )  .

U = c h a n g e  i n  d i a m e t e r  o f  h o l e  i n  c o r e  ( i n . ) .

The r e s u l t s  o b t a i n e d  w e r e :

M a g n e t i t e ,  d r y  -  8 . 8  x 10^ p s i
M a g n e t i t e ,  n a t u r a l  -  5*9 x 10^ p s i
M a g n e t i t e ,  we t  -  5 . 7  x 10 p s i

S y e n i t e  p o r p h y r y , wet  -  1 1 . 2  x 10^ p s i

C o r es  wer e  w e t  t e s t e d  by s o a k i n g  t h e m  i n  w a t e r  f o r  a

p e r i o d  o f  f i v e  d a y s .  To m a i n t a i n  t h e  n a t u r a l  o r  i n - s i t u
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F i g u r e  21 .  Y o u n g ’ s m o d ul u s  t e s t  on a i r - d r i e d  m a g n e t i t e .
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F i g u r e  2 2 .  Y o u n g ' s  modul us  t e s t  on n a t u r a l - m o i s t u r e  m a g n e t i t e .
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F i g u r e  23 .  Y o u n g 1s modu l us  t e s t  on we t  m a g n e t i t e .
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F i g u r e  24 .  Yo u ng ’ s mo du l us  t e s t  on n a t u r a l  p o r p h y r y .
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m o i s t u r e  c o n d i t i o n ,  c o r e s  were  s e a l e d  i n  p l a s t i c  b a g s  as  

s o o n  a s  t h e y  wer e  r e c o v e r e d  an d  t e s t e d  a s  s o o n  a s  p r a c t i c a l .  

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

on t h e  b i a x i a l  modu l us  d e v i c e  was n o t  c a l i b r a t e d . The g ag e  

v a l u e s  w er e  c o m p a r e d ,  h o w e v e r ,  w i t h  t h e  g age  v a l u e s  on t h e  

h y d r a u l i c  pump a s  t h e  c o r e  was b e i n g  p r e s s u r i z e d .  The 

a g r e e m e n t  was w i t h i n  t h e  l i m i t  o f  t h e  c a l i b r a t i o n .  I t  mus t  

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

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

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

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

t h e  s l o p e  o f  t h e  l i n e  a n d  t h e r e f o r e  t h e  m od ul us  o f  t h e  c o r e . 

The t h r e e  d i s c a r d e d  t e s t s  r e f e r r e d  t o  abov e  w e r e  n o t  u s e d  

f o r  t h i s  same r e a s o n .
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ANALYSIS OF RESULTS

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

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

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

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

p r o b i n g  q u e s t i o n s  as  "how good  i s  i t ? "  o r  "wha t  d o e s  i t  

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

s e n t  an a t t e m p t  t o  a n s w e r  t h e s e  an d  o t h e r  p e r t i n e n t  

q u e s t i o n s .

EVALUATION OF DATA

T h e r e  a r e  n um er o us  c o n d i t i o n s  w h i ch  may c l o u d  t h e  

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

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

h a v e  b e e n  n o t e d  b r i e f l y .  E q u i p m e n t  p r o b l e m s , e r r o r s  i n  

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

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

74
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Me c h a n i c a l  P r o p e r t i e s  o f  Rock

The g e n e r a l  e q u a t i o n  ( 6 )  f o r  i n t e r p r e t a t i o n  o f  b o r e 

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

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

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

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

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

c o m pu t ed  s t r e s s  m a g n i t u d e s  a nd  d i r e c t i o n s . The p r o b a b i l i t y  

o f  a s i g n i f i c a n t  e r r o r  o f  t h i s  t y p e  i n  t h e  r e p o r t e d  wor k  i s  

s m a l l . T h i s  i s  i n d i c a t e d  by t h e  r e s u l t s  o f  t h e  Y o u n g ' s  

m od u l u s  t e s t s  on t h e  s e v e r a l  c o r e s . D u r i n g  t h e s e  t e s t s  t h e  

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

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

6 x 1 0 ”  ̂ i n c h  o r  a b o u t  15 p e r c e n t  a t  a s t r e s s  l e v e l  o f  

5000 p s i .  More i m p o r t a n t ,  t h e  s l o p e  o f  t h e  t h r e e  s t r e s s -  

s t r a i n  c u r v e s  was i d e n t i c a l  a t  s t r e s s  l e v e l s  a b ov e  2000 p s i .  

T h i s  means t h a t  w i t h i n  t h e  e l a s t i c  r a n g e  o f  t h e  r o c k  t h e  

s t r e s s - s t r a i n  r e s p o n s e  was i d e n t i c a l  i n  a l l  d i r e c t i o n s  

m e a s u r e d  by t h e  g a g e . I t  d o e s  n o t  f o l l o w  t h a t  t h e  r o c k  

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

was e v i d e n t  a t  s t r e s s  l e v e l s  ab ove  2000 p s i  w h i c h  w o u l d  be 

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

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

Seams and  i s o l a t e d  m a s s e s  o f  h e m a t i t e  wer e  f o u n d  w i t h i n  t h e
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p r e d o m i n a n t  m a g n e t i t e .  I t  i s  p r o b a b l e  t h a t  t h e  e l a s t i c  

c o n s t a n t s  o f  t h e s e  two m a t e r i a l s  wer e  n o t  i d e n t i c a l  and  

may h a v e  i n t r o d u c e d  an e r r o r  i n  t h e  c om p u t e d  s t r e s s .

The c l o s e  a g r e e m e n t  b e t w e e n  s u c c e s s i v e  s t r a i n  m e a s u r e m e n t s  

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

mus t  h a v e  b e e n  s m a l l  i f  i t  d i d  i n  f a c t  e x i s t .  T h e r e  were  

no i n s t a n c e s  when h e m a t i t e  i n c l u s i o n s  c o n s t i t u t e d  more t h a n  

an  e s t i m a t e d  20 p e r c e n t  o f  a  c o r e .  F i g u r e  25 shows a  magne

t i t e  c o r e  w i t h  a m o r e - t h a n - n o r m a l  n um be r  o f  t h e s e  i n c l u s i o n s

T h e r e  was no v i s i b l e  e v i d e n c e  t o  i n d i c a t e  t h a t  t h e  

c o a r s e - g r a i n e d  s y e n i t e  p o r p h y r y  was n o t  h omogeneous  — 

r e c o g n i z i n g  t h a t  w i t h i n  t h e  m i c r o s c o p i c  o r  g r a i n - s i z e  r a n g e  

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

F r e q u e n t  o p e n  o r  f i l l e d  v ug s  o f  c a l c i t e  and  o t h e r  

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

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

was v i s i b l e  a n d  n e a r  t h e  s t r a i n - g a g e  p o i n t s ,  t h e  i n d i c a t e d  

s t r a i n  v a l u e s  were  e r r a t i c .  Such  a  c o n d i t i o n  i s  d e s c r i b e d  

on p a g e  55•  When a  v o i d  c o u l d  be r e l a t e d  t o  an e r r a t i c  

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

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

e i t h e r  h i d d e n  i n  t h e  c o r e  o r  j u s t  o u t s i d e  t h e  6 - i n c h  b o r e 

h o l e .  I n  t h e s e  c a s e s  t h e r e  w o u l d  be no e x p l a n a t i o n  f o r  t h e  

i n c o n s i s t e n t  d a t a  w h i c h  p r o b a b l y  r e s u l t e d .
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F i g u r e  25• M a g n e t i t e  c o r e  s h o w i n g  i n c l u s i o n s  o f  H e m a t i t e  
o u t l i n e d  i n  w h i t e .
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By d e f i n i t i o n ,  a p e r f e c t l y - e l a s t i c  m a t e r i a l  e x h i b i t s  

a  l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s h i p . I t  i s  a p p a r e n t  t h a t  

none  o f  t h e  c o r e s  t e s t e d  wer e  p e r f e c t l y  e l a s t i c  o v e r  t h e  

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

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

e l a s t i c  w i t h i n  t h e  s t r e s s  r a n g e  o f  2000 p s i  t o  f a i l u r e  

( a p p r o x i m a t e l y  3700 p s i ) .  The n a t u r a l  m o i s t u r e  an d  w e t  

m a g n e t i t e  c o r e s  f a i l e d  a t  a p p r o x i m a t e l y  2000 p s i .  Ho w e v e r ,  

i t  a p p e a r e d  t h a t  t h e y  m i g h t  h a v e  b e e n  e n t e r i n g  a  l i n e a r  

e l a s t i c  r a n g e .  A l l  m a g n e t i t e  c o r e s  wer e  h i g h l y  i n e l a s t i c  

i n  t h e  0 -  2000 p s i  r a n g e .  The e f f e c t  o f  t h i s  c o n d i t i o n  i s  

d i s c u s s e d  i n  a  f o l l o w i n g  s e c t i o n .

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

t h e r e  i s  e v i d e n c e  t o  i n d i c a t e  t h a t  t h e  r o c k  c o r e  may be 

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

O b e r t  ( 1 9 6 2 )  h a s  f o u n d  m i c r o s c o p i c  c r a c k s  i n  t h e  r e l i e v e d  

c o r e  m a t e r i a l  t h a t  wer e  n o t  p r e s e n t  i n  t h e  same r o c k  i n  

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

damaged c o r e  m a t e r i a l  f ro m h i g h - s t r e s s  a r e a s  we r e  c o n c a v e  

u pw ar d  w h e r e a s  c o r e  f rom l o w - s t r e s s  a r e a s  was undamaged  an d  

e x h i b i t e d  c u r v e s  t h a t  wer e  c o n c a v e  downward .  The work  r e 

p o r t e d  h e r e  h a s  shown t h e  P e a  R i dg e  Mine t o  be a  h i g h  s t r e s s  

a r e a .  The s t r e s s - s t r a i n  c u r v e s  shown i n  t h e  p r e c e d i n g
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s e c t i o n  a r e  c o n c a v e  u pwar d  i n d i c a t i n g  t h a t  t h e  c o n d i t i o n  

s u g g e s t e d  by O b e r t  may h a v e  e f f e c t e d  t h e  c omp u te d  s t r e s s  

v a l u e s .

Equ i p m e n t  P r o b l e m s

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

e q u i p m e n t  f a i l u r e s .  T he se  we r e  u s u a l l y  t h e  r e s u l t  o f  e l e c 

t r i c a l  s h o r t s  c a u s e d  by w a t e r  l e a k s  and  i n  t h e s e  c a s e s  no 

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

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

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

e a c h  c o u l d  h a v e  h a d  a s m a l l  e f f e c t  on t h e  r e s u l t s .

The b o r e h o l e  g age  was a l l o w e d  t o  s t a n d  i n  t h e  b o r e h o l e  

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

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

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

t e m p e r a t u r e  a n d  some r e s i s t a n c e  d r i f t  was n o t e d .  The w a t e r  

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

was t h e  t e s t  b e g u n .  I t  i s  n e v e r t h e l e s s  p o s s i b l e  t h a t  some 

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

Even t h o u g h  t h e  s t r a i n  g a g e s  wer e  t e m p e r a t u r e  compen

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

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

d i a m e t e r  o f  t h e  b o r e h o l e ,  b o t h  o f  wh i ch  w o u l d  h a v e  b e e n  

t e m p e r a t u r e  s e n s i t i v e .
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Gage d r i f t  on t h e  o r d e r  o f  50 -  200 m i c r o  s t r a i n s  was 

n o t i c e d  when t h e  g age  was l e f t  i n  p l a c e  f o r  a  p e r i o d  o f  one  

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

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

o f  r o c k  t e m p e r a t u r e  as  n o t e d  a b o v e . I f  i t  we r e  l i n e a r  w i t h  

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

d u r i n g  t h e  5 -  10 m i n u t e  p e r i o d  r e q u i r e d  f o r  a t e s t .

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

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

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

t h e  W h e a t s t o n e  b r i d g e  due t o  t h e  m a g n e t i c  c h a r a c t e r i s t i c s  

o f  t h e  m a g n e t i t e .  T h e r e  w a s  no e v i d e n c e  t o  i n d i c a t e  t h a t  

t h i s  was o r  w a s  n o t  a  p r o b l e m .

INTERPRETATION OF DATA

Of a l l  t h e  e r r o r s  t h a t  may b e a r  on t h e  d a t a ,  t h o s e  

i n v o l v e d  i n  t h e  d e t e r m i n a t i o n  o f  t h e  e l a s t i c  mo du l us  o f  

t h e  r o c k  a r e  o f  g r e a t e s t  c o n c e r n .  A g i v e n  p e r c e n t a g e  o f  

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

i n  an e q u a l  e r r o r  o f  t h e  c o m pu t ed  s t r e s s  v a l u e .

The d e f o r m a t i o n  v a l u e  ( U) u s e d  i n  t h e  mo du l us  e q u a t i o n  

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

t h e  d e f o r m a t i o n  c u r v e s  ( F i g u r e s  23 -  2 6 ) .  As an a l t e r n a t i v e , 

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

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

c o r e  i n  t h e  r a n g e  1000 t o  2000 p s i  was 5 - 5  x 1 0 “  ̂ i n c h / 1 0 0 0  

p s i .  U s i n g  t h i s  v a l u e ,  t h e  c om p u t e d  m odu lu s  o f  e l a s t i c i t y  

was d e t e r m i n e d  t o  be  5 . 9  x 10^ p s i .

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

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

d e f o r m a t i o n  a t  4000 p s i  h a d  b e e n  u s e d  f o r  t h e  c a l c u l a t i o n ,  

t h e  i n d i c a t e d  modul us  w o u l d  be 4 . 4  x 10^ p s i  o r  25 p e r c e n t  

l e s s .  T h i s  w o u l d  i n  t u r n  r e d u c e  a l l  c o mp u t ed  s t r e s s e s  by 

25 p e r c e n t ,  o r  f ro m an  a p p r o x i m a t e  l e v e l  o f  2000 p s i  i n  t h e  

v e r t i c a l  d i r e c t i o n  t o  a p p r o x i m a t e l y  1500 p s i .

The d e f o r m a t i o n  c u r v e  f o r  t h e  p o r y p h y r y  c o r e  was 

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

d e f o r m a t i o n  a x i s  a p p r o x i m a t e l y  a t  0 .  The t y p e  o f  e r r o r  

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

c a s e .

DATA SUMMARY

C e r t a i n  o f  t h e  c om pu te d  s t r e s s  v a l u e s  ( T a b l e  I I )  a r e  

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

The c o n s i s t e n t  d a t a  h a v e  b e e n  a v e r a g e d  t o  a r r i v e  a t  t h e  sum

mary v a l u e s  p r e s e n t e d  i n  T a b l e  I I I .
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TABLE I I I

AVERAGE STRESS MAGNITUDES AND DIRECTIONS

S ( p s i ) T ( p s i ) 0 °

S t a t i o n  1 
T e s t  Ho l e No.  1 3970 1988

000H

T e s t  Hol e No. 2 5279 3598 N40W

T e s t  Ho le No.  4 4459 2558 25°

S t a t i o n  2 
T e s t  Hol e No.  1 2698 1962 1 8 °

The r e l a t i v e  p o s i t i o n s  o f  t h e  a v e r a g e  comp ut ed  s t r e s s e s  a r e  

shown i n  F i g u r e  2 6 .  The m a g n i t u d e  o f  t h e  v e r t i c a l  s t r e s s  

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

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

Sy = + l §_ +_ T l c o s  2 (90 -  8) (15)

The i n d i c a t e d  c o m p o n e n t s  a r e  :

T e s t  Ho le  No. 1 - 1  2176 p s i
1 -4  2 8 9 8  p s l
2 - 1  2032 p s i

The o v e r l y i n g  m a t e r i a l  a t  s t a t i o n  1 c o n s i s t s  o f  a p p r o x i 

m a t e l y  1300 f e e t  o f  O r d o v i c i a n  and  Ca mbr i an  s e d i m e n t s  a n d  

a p p r o x i m a t e l y  600 f e e t  o f  m a g n e t i t e .  I f  d e n s i t i e s  o f  2 . 7  

and  5 . 1  r e s p e c t i v e l y  a r e  a s s u m e d ,  t h e  g r a v i t y  l o a d  w o u l d  

be  a p p r o x i m a t e l y  2900 p s i .  The c omp u te d  v e r t i c a l  c o m p o n e n t s  

a r e  10 -  30 p e r c e n t  l o w e r  t h a n  t h i s  f i g u r e . At s t a t i o n  2 ,  

i f  an o v e r a l l  d e n s i t y  o f  2 . 5  an d  a t o t a l  d e p t h  o f  1900  f e e t
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S=5300 PSI 
T=3600 PS I

AVERAGED RESULTS 
STATION ONE 

( ROUNDED)

NO. 5

AVERAGED RESULTS 
STATION TWO

(ROUNDED)

S = 2 7 0 0  PSI 
T= 2 0 0 0  PSI

F i g u r e  26 .  R e l a t i v e  p o s i t i o n s  o f  a v e r a g e d  c om pu t ed  r e s u l t s .
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i s  a s s u m e d ,  t h e  g r a v i t y  l o a d  w o u l d  be 2100  p s i  a s  co mp ar e d  

t o  a  c om p u t e d  v e r t i c a l  c ompo nen t  o f  2032  p s i .

I n  t h e  h o r i z o n t a l  p l a n e ,  t h e  s t r e s s  c o m p o n e n t s  c om p u t e d  

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

o f  t e s t s  1 and  4 a r e  4584 a nd  4292 p s i  r e s p e c t i v e l y .  The 

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

a r e  3781  and 4119 r e s p e c t i v e l y . ' The d i f f e r e n c e s  o f  19 and 

4 p e r c e n t  a p p e a r  r e a s o n a b l e  f o r  t h i s  c o m p a r i s o n .

RELATIONSHIP TO MINE

The r e s u l t s  o f  t e s t  h o l e  1 - 2  i n d i c a t e  t h a t  t h e  p r i n c i 

p a l  s t r e s s  d i r e c t i o n  i s  o r i e n t e d  a p p r o x i m a t e l y  80 d e g r e e s  

f rom  t h e  a v e r a g e  s t r i k e  o f  t h e  o r e b o d y .  B o t h  t e s t s  1 - 1  a n d  

2 - 1  show s e c o n d a r y  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  i n c l i n e d  t o  

t h e  NW. By c h a n c e ,  t h e  p l a n e  o f  d a t a  f rom h o l e  2 - 1  was 

o r i e n t e d  o n l y  7 d e g r e e s  f rom t h e  p r i n c i p a l  d i r e c t i o n  as  

c o m pu t ed  f r o m t e s t  1 - 2 .  T h e r e f o r e , i f  i t  i s  a s s u m e d  t h a t  

t h e  same g e n e r a l  s t r e s s  f i e l d  e x i s t s  a t  s t a t i o n  2 , t h e  i n 

d i c a t e d  p r i n c i p a l  s t r e s s  d i r e c t i o n  i s  i n c l i n e d  22 d e g r e e s  

a bov e  t h e  h o r i z o n t a l  t o  t h e  w e s t .  The c om pu te d  s e c o n d a r y  

p r i n c i p a l  s t r e s s  a t  s t a t i o n  2 i s  v e r y  much l e s s  t h a n  t h a t  

i n d i c a t e d  a t  s t a t i o n  1.  I f ,  h o w e v e r ,  t h e  s t r o n g  h o r i z o n t a l  

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

d i t i o n  woul d  e x i s t  s i n c e  s t a t i o n  2 was l o c a t e d  a c o n s i d e r a b l e  

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



T1120

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

p r i n c i p a l  s t r e s s  a t  t e s t  h o l e  No. 4 i s  i n c o n s i s t e n t  w i t h  

t h e  a bov e  i n t e r p r e t a t i o n .  H o we ve r ,  s i n c e  t h i s  was t h e  

most  u n r e l i a b l e  d a t a ,  t h i s  c o n t r a r y  c o n d i t i o n  s h o u l d  be  

d i s c o u n t e d .
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CONCLUSIONS

The p r o c e d u r e s  and  r e s u l t s  o f  an e n g i n e e r i n g  i n v e s t i 

g a t i o n  mus t  be  v i e w e d  w i t h  an  e y e  t o w a r d  t h e i r  u l t i m a t e  

p u r p o s e . The i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  mus t  be v i e w e d  

f r o m two d i r e c t i o n s :  f r o m t h a t  o f  t h e  mine o p e r a t o r  l o o k i n g

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

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

r e l i a b i l i t y ,  and  p r a c t i c a l  a p p l i c a t i o n .  The two v i e w p o i n t s  

s h o u l d  be c o m p l e m e n t a r y .

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

h o r i z o n t a l  p r i n c i p a l  s t r e s s  e x i s t e d  i n  t h e  mine a r e a  and  

t h a t  t h e  m a g n i t u d e  o f  t h i s  s t r e s s  was i n  e x c e s s  o f  4000 p s i ,  

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

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

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

n o r m a l  t o  t h e  s t r i k e  o f  t h e  o r e b o d y .  I t  w ou ld  a p p e a r  t h a t  

t h e s e  f i n d i n g s ,  e v e n  t h o u g h  somewhat  q u a l i t a t i v e ,  s h o u l d  be 

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

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

k n o w l e d g e  o f  t h e  e x i s t i n g  s t r e s s  f i e l d  i f  s t a b i l i t y  and  

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

86
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The r e s u l t s  f u r t h e r  i n d i c a t e d  t h a t  t h e  b a s i c  t e c h n i q u e  

an d  e q u i p m e n t  wer e  a d e q u a t e  f o r  i n - s i t u  t e s t i n g  a l t h o u g h  

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

m i g h t  g r e a t l y  f a c i l i t a t e  t h e  w o r k .  I t  became a p p a r e n t  t h a t  

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

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

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

A l t h o u g h  t h e  a c c u r a c y  o f  t h e  d a t a  can  n o t  be e s t a b l i s h e d ,  

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

t o  d i s c r e d i t  mos t  d i s c r e t e  v a l u e s .  I t  i s  b e l i e v e d  t h a t  

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

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

c o u l d  be e l i m i n a t e d  o n l y  by s t a t i s t i c a l  t r e a t m e n t  o f  a  

l a r g e  number  o f  t e s t s .
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Gage 
De p t h  
( i n .  )

S t a t i o n  1
B o r e h o l e  

No.  1 
2 0 "

36"
54"
8 8 "

109"
1 26 "

144"

B o r e h o l e  
No.  2 

36"
8 6 "

1 0 2 "

1 2 0 "

146"

B o r e h o l e  
No.  3 

2 1 "

52"
90"

1 0 0 "

B o r e h o l e  
No. 4 

1 0 "

2 8 "

39"
48"
76"

APPENDIX I

GAGE DATA FROM IN-SITU TESTS

I n d i c a t o r  Computed
O r i e n t a t i o n  R e a d o u t  D e f o r m a t i o n

o f  1 -4  ( u - i n . / i n . )  ( u - i n . )
1^4 2^5 3^ 6" 1^4 2^5 3^ 6"

e 82 — 48 1841 2060 1064
e 82 103 40 1841 2142 1126
e 104 88 16 2335 1830 450
e 82 92 19 1841 1914 535
e 124 50 14 2784 1040 394
e 62 5 45 1392 104 1267
e 73 19 - 4 1639 395 - 1 1 3

e 188 37 188 4221 770 5292
e 64 154 44 1437 3203 1239
e 94 177 48 2110 3682 1351
e 122 147 72 2739 3058 2027
<P 84 84 68 1886 1747 1914

e 153 110 57 4009 2519 1687
d) 50 174 72 1310 3985 2131
e 120 172 187 3144 3939 5535
$ 165 110 125 4323 2519 3700

e 254 46 165 5690 1017 3630
<D 40 125 45 896 2762 990
•6- 168 83 135 3763 1834 2970
0 50 112 90 1120 2475 1980
e 100 45 100 2240 984 2200

88
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Gage 
D e p t h  
( i n .  )

S t a t i o n  2 
B o r e h o l e  

No. 5 
8"

31"
39"
44"
50"
56"
63"
6 8 "

8 2 "

90"
99"

105"

I n d i c a t o r  Computed
O r i e n t a t i o n  R e a d o u t  D e f o r m a t i o n

o f  1 -4  ( u - i n . / i n . )  ( u - i n . )
T^T 2^5 3̂ 5" T^4 2^5 3̂ 6"

e 60 43 32 1344 950 704
-e- 31 23 34 694 508 748
■O 18 12 403 ( 6 0 0 ) 264
& 23 17 50 515 ( 3 90 ) 795
•Ol 24 49 37 538 ( 9 6 0 ) 8 l 4

35 40 48 784 ( 9 00 ) 1056
•a 58 ' 47 38 1299 ( 1 12 0) 836
-or 77 89
$ 75 99
s 87 58
e 82
0 97 53
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YOUNG'S KODULUS DETERMINATION

LABORATORY DATA

P r e s s u r e
( p s i )

Net I n d i c a t o r  
Readou t

( u - i n . / i n . )_ _ _

Dry M a g n e t i t e
500 28 25 17

1000 40 50 32
1500 52 62 42
2000 60 78 54
2500 70 85 62
3000 77 95 70
3500 84 103 78
4000 98 113 -

N a t u r a l  M a g n e t i t e
500 35 45 35

1000 52 72 58
1500 68 90 71
1800 72 100 79
2000 78 105 83

Wet M a g n e t i t e
200 20 0 30
400 30 50 40
600 40 60 50
800 50 70 60

1000 55 83 60
1200 60 90 65
1400 63 98 70
1600 70 102 70
1800 72 - -

P o rp h y ry
1000 14 18 11
2000 26 30 20
3000 39 42 32
3500 43 49 36
4000 47 56 40
4500 54 63 48
5000 60 70 53
5500 66 75 57
6000 73 81 63
6500 77 86 . 69
7000 81 - -

Computed 
Def o r m a t i o n

( u - i n . )
1-4 2 - 5 3-6

627 552 374
896 840 704

1165 1370 924
1344 1724 1188
1568 1878 1364
1725 2100 1540
1882 2276 1716
2195 2497 -

784 994 770
1165 1591 1276
1523 1989 1562
1613 2210 1738
1747 2320 1826

525 0 806
787 1145 1077
1050 1372 1345

1310 1600 1615
1440 1900 1615
1570 2060 1748
1650 2240 1882
1830 2330 1882
1890 - -

366 412 326
6 82 688 5 92

1022 963 947
1128 1122 1064
1230 1282 1183
1413 1443 1420
1572 1605 1568
1730 1719 16 86
1912 1857 1863
2015 1970 2040
2120 — -
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APPENDIX I I
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