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ABSTRACT 

T h i s  r e p o r t  documents a f i n i t e - e l e m e n t  a n a l y s i s  o f  d r a g -  
b i t  c u t t i n g  u s i n g  p o l y c r y s t a l l i n e - d i a m o n d  compact  c u t t e r s .  
To v e r i f y  t h e  a n a l y s i s  c a p a b i l i t y ,  p r o t o t y p i c  i n d e n t i o n  t e s t s  
were p e r f o r m e d  on Berea  s a n d s t o n e  specimens.  A n a l y s i s  o f  
t h e s e  t e s t s ,  u s i n g  measured m a t e r i a l  p r o p e r t i e s ,  p r e d i c t e d  
f a i r l y  w e l l  t h e  e x p e r i m e n t a l l y  o b s e r v e d  f r a c t u r e  p a t t e r n s  and 
i n d e n t i o n  l o a d s .  The a n a l y s i s  o f  d r a g - b i t  c u t t i n g  m e t  w i t h  
m i x e d  success ,  b e i n g  a b l e  t o  c a p t u r e  t h e  m a j o r  f e a t u r e s  o f  
t h e  c u t t i n g  p r o c e s s ,  b u t  n o t  a l l  t h e  d e t i x i l s .  I n  p a r t i c u l a r ,  
t h e  a n a l y s i s  i s  s e n s i t i v e  t o  t h e  assumed c o n t a c t  be tween  t h e  
c u t t e r  and r o c k .  

C a l c u l a t i o p s  o f  d r a g - b i t  c u t t i n g  p r e d i c t  t h a t  t y p i c a l  
v e r t i c a l  l o a d s  on t h e  c u t t e r s  a r e  c a p a b l e  o f  f o r m i n g  f r a c t u r e s .  
Thus, i n d e n t i o n - t y p e  l o a d i n g  may be  one o f  t h e  m a i n  f r a c t u r e  
mechanisms d u r i n g  d r a g - b i t  c u t t i n g ,  n o t  o n l y  t h e  i n t u i t i v e  
n o t i o n  o f  c o n t a c t  be tween  t h e  f r o n t  o f  t h e  c u t t e r  and r o c k .  
The model a l s o  p r e d i c t s  a change i n  t h e  c u t t i n g  p r o c e s s  f r o m  
t e n s i l e  f r a c t u r e s  t o  s h e a r  f a i l u r e  when t h e  r o c k  i s  c o n f i n e d  
by  i n - s i t u  s t r e s s e s .  B o t h  o f  t h e s e  r e s u l t s  have i m p l i c a t i o n s  
f o r  t h e  d e s i g n  and  t e s t i n g  o f  d r a g - b d t  c u t t e r s .  
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1.0 - INTRODUCTION 

As p a r t  o f  a D e p a r t m e n t  o f  Energy  p rog ram t o  d e v e l o p  new 
d r i l l i n g  and c o m p l e t i o n  t e c h n i q u e s  f o r  g e o t h e r m a l  w e l l s ,  
S a n d i a  has  been i n v o l v e d  i n  t h e  d e s i g n  and deve lopmen t  
o f  p o l y c r y s t a l  1 i ne d iamond compact  (PDC) b i t s .  One p r o g r a m  
o b j e c t i v e  i s  t o  d e v e l o p  a n a l y s i s  methods w h i c h  w i l l  a l l o w  a 
r a t i o n a l  a p p r o a c h  t o  d e s i g n  and o p t i m i z a t i o n  o f  PDC d r i l l  
b i t s .  

I n t t i a l  a n a l y s e s  b y  Y a r r i n g t o n  [ l ]  d e m o n s t r a t e d  t h e  
p o t e n t i a l  o f  u s i n g  compu te r  codes  t o  model t h e  c u t t i n g  p r o c e s s ,  
i n c l u d i n g  t h e  f o r m a t i o n  and p r o p a g a t i o n  o f  f r a c t u r e s .  As a 
c o n t i n u a t i o n  o f  t h i s  a n a l y t i c a l  e f f o r t ,  t h r e e  t a s k s  were 
i d e n t i f i e d :  

5 )  Deve lopmen t  o f  more c o m p l e t e  m a t e r i a l  mode ls  
i n c l u d i n g  b o t h  t e n s i l e  and s h e a r  f a i l u r e s .  

f r a c t u r e  t e s t s  t o  v e r i f y  t h e  mode ls .  
ii) P e r f o r m a n c e  o f  m a t e r i a l  p r o p e r t y  t e s t s  and p r o t o t y p i c  

iii) A n a l y s i s  and l a b o r a t o r y  t e s t i n g  o f  d r a g  b i t  c u t t i n g .  

T h i s  r e p o r t  documents p r o g r e s s  on t h e  above t a s k s .  

The a p p r o a c h  w h i c h  has  been t a k e n  i s  t o  use  f i n i t e  
e l e m e n t  mode ls  t o  a n a l y z e  t h e  c u t t i n g  p r o c e s s .  New c o n s t i t u t i v e  
mode ls  were i n c o r p o r a t e d  i n t o  an e x i s t i n g  f i n i t e  e l e m e n t  code. 
Because Berea  s a n d s t o n e  sampJes were r e a d i l y  a v a i l a b l e ,  t h i s  
m a t e r i a l  was u s e d  f o r  v e r i f A c a t l o n  t e s t s  and some d r a g  b i t  
c u t t i n g  t e s t s .  D r a g  b i t  c u t t i n g  t e s t s  have a l s o  been made 
o n  Tennessee M a r b l e  and W e s t e r l y  6 r a n i t e .  

The r e m a i n i n g  s e c t i o n s  o f  t h i s  r e p o r t  document m a t e r i a l  
p r o p e r t y  t e s t s  on Berea  sands tone ,  d e s c r i b e  t h e  Berea  
s a n d s t o n e  v e r i f i c a t i o n  t e s t s  and a n a l y s i s ,  and d e s c r i b e  d r a g  
b i t  c u t t i n g  t e s t s  and a n a l y s i s .  ' 

ss. 
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2.0 - BEREA SANDSTONE MATERIAL PROPERTY TESTS 

Because Berea s a n d s t o n e  samples were r e a d i l y  a v a i l a b l e ,  
t h i s  r o c k  was used as t h e  r e f e r e n c e  m a t e r i a l  f o r  v e r i f i c a t i o n  
and i n i t i a l  d r a g  b i t  c u t t i n g  t e s t s .  M a t e r i a l  p r o p e r t y  t e s t s  
were p e r f o r m e d  t o  o b t a i n  d a t a  f o r  t h e  s p e c i f i c  m a t e r i a l  used 
i n  t h e  p r o t o t y p i c  v e r i f i c a t i o n  t e s t s .  The p r o p e r t y  t e s t s  
c o n s i s t e d  o f  u n i a x i a l  and t r i a x i a l  c o m p r e s s i o n  t e s t s  and 
B r a z i l i a n  t e n s i l e  t e s t s .  The t e s t s  were e r f o r m e d  b y  A t k i n s o n  - N o l a n d  & A s s o c i a t e s ,  on whose r e p o r t  [ 2  s t h i s  s e c t i o n  i s  
based.  

. 

.i 

Specimens f o r  t h e  m a t e r i a l  p r o p e r t y  t e s t s  were t a k e n  
f r o m  a s i n g l e  12 i n c h  cube. F o r  p u r p o s e s  o f  spec imen 
i d e n t i f i c t i o n ,  X and Y axes were d e f i n e d  i n  t h e  b e d d i n g  p l a n e  
and the Z a x i s  was d e f i n e d  normal  t o  t h e  b e d d i n g  p l a n e  ( F i g u r e  
1).  Specimens were p r e p a r e d  u s i n g  an NX s i z e  c o r e  ( d i a m e t e r  
a p p r o x i m a t e l y  2.140 i n c h e s )  w i t h  a l e n g t h  o f  a p p r o x i m a t e l y  
4.25 i n c h e s .  The B r a z i l i a n  t e s t  spec imens were c u t  t o  a 
l e n g t h  o f  a p p r o x i m a t e l y  1.0 i n c h .  The specimens were t e s t e d  
i n  an a i r  d r y  s t a t e .  

U n i a x i a l  c o m p r e s s i o n  t e s t s  were p e r f o r m e d  f o r  spec imens 
o r i e n t e d  p a r a l l e l  t o  a l l  t h r e e  axes.  T a b l e  1 p r e s e n t s  r e s u l t s  
o f  f a i l u r e  s t r e s s ,  Young's  modu lus  and P o i s s o n ' s  r a t i o  a t  50% 
o f  peak l o a d ,  and t h e  f a i l u r e  s t r a i n .  F i g u r e  2 shows t y p i c a l  
p l o t s  o f  a x i a l  l o a d  V S .  a x i a l  d e f o r m a t i o n  and l a t e r a l  d e f o r m a t i o n  
vs.  a x i a l  d e f o r m a t i o n .  The l o a d / d e f l e c t i o n  c u r v e  i s  n o n l i n e a r ,  
w i t h  an i n i t i a l  i n c r e a s e  i n  s t i f f n e s s  t o  an a p p r o x i m a t e l y  
l i n e a r  r e $ i o n ,  and t h e n  a d e c r e a s e  i n  s t i f f n e s s  as t h e  f a i l u r e  
l o a d  i s  app roached .  As w i l l  be  d i s c u s s e d ,  t h i s  same b e h a v i o r  
i s  seen i n  some o f  t h e  v e r i f i c a t i o n  t e s t s .  

T r i a x i a l  t e s t s  were p e r f o r m e d  a t  c o n f i n i n g  p r e s s u r e s  o f  
2000 p s i ,  4000 p s i ,  6000 p s i  , and 7500 p s i .  F o r  t h e s e  t e s t s ,  
t h e  a x i a l  s t r e s s  and c o n f i n i n g  p r e s s u r e s  were i n c r e a s e d  i n  
s t e p s  o f  2000 p s i  u n t i l  t h e  d e s i r e d  c o n f i n i n g  p r e s s u r e  was 
reached,  a t  w h i c h  p o i n t  t h e  c o n f i n i n g  p r e s s u r e  was h e l d  
c o n s t a n t  and t h e  a x i a l  d e v i a t o r  l o a d  i n c r e a s e d .  T e s t s  were  
p e r f o r m e d  o n l y  on specimens whose a x i s  was normal  t o  t h e  
b e d d i n g  p l a n e .  R e s u l t s  o f  t h e  t r i a x i a l  t e s t s  a r e  p r e s e n t e d  
i n  T a b l e  2 ,  i n c l u d i n g  f a i l u r e  s t r e s s ,  Young's  modu lus  and 
P o i s s o n ' s  r a t i o  a t  50% o f  peak l o a d ,  and t h e  f a i l u r e  s t r a i n ,  
T y p i c a l  p l o t s  o f  a x i a l  l o a d  vs.  a x i a l  d e f o r m a t i o n  and l a t e r a l  
d e f o r m a t i o n  vs .  a x i a l  l o a d  a r e  shown i n  F i g u r e  3 ,  The 
l o a d / d e f o r m a t i o n  p l o t  shows a c o n s t a n t  r e s i d u a l  s t r e n g t h  a f t e r  
f a i l u r e .  F i g u r e  4 shows p h o t o g r a p h s  o f  t y p i c a l  f a i l e d  spec imens  c 

a t  two c o n f i n i n g  p r e s s u r e s .  

L 



B r a z i l i a n  t e n s i l e  t e s t s  were made by  t e s t i n g  i n  a s p e c i a l  
a p p a r a t u s  h a v i n g  c u r v e d  s t e e l  l o a d i n g  p l a t e h s .  T h i s  d i a m e t r a l  
p o i n t  l o a d i n g  o f  a c y l i n d r i c a l  spec imen p r o v i d e s  an i n d i r e c t  
means o f  o b t a i n i n g  a t e n s i l e  f a i l u r e  s t r e s s .  Specimens 
c o r e d  p a r a l l e l  t o  t h e  Z d i r e c t i o n  were  l o a d e d  such  t h a t  t h e  
t e n s i l e  f a i l u r e  s u r f a c e  w o u l d  be i n  t h e  Y - Z  p l a n e .  Specimens 
c o r e d  i n  t h e  X and Y d i r e c t i o n s  were t e s t e d  such  t h a t  t h e  
t e n s i l e  f a i l u r e  s u r f a c e  o c c u r r e d  i n  t h e  X - Y  p l a n e ,  i .e . ,  
p a r a l l e l  t o  t h e  b e d d i n g  p l a n e .  R e s u l t s  o f  t h e  t e n s i l e  t e s t s  
a r e  g i v e n  i n  T a b l e  3 .  

The u n i a x i a l  t e s t s  show t h a t  t h e  c o m p r e s s i v e  s t r e n g t h  
no rma l  t o  t h e  b e d d i n g  p l a n e s  i s  a p p r o x i m a t e l y  30% g r e a t e r  
t h a n  t h a t  measured p a r a l l e l  t o  t h e  b e d d i n g  p l a n e s .  Mohr 
c i r c l e s  f o r  t h e  a v e r a g e  s t r e n g t h  v a l u e s  f r o m  t h e  u n i a x i a l  
t e s t s  and f r o m  t h e  f o u r  l e v e l s  o f  t r i a x i a l  c o n f i n i n g  p r e s s u r e  
a r e  p l o t t e d  i n  F i g u r e  5 .  The s t r e n g t h  i n c r e a s e s  w i t h  p r e s s u r e  
n o n l i n e a r l y ;  t h e  r a t e  o f  i n c r e a s e  i s  l e s s  a t  h i g h e r  p r e s s u r e s  
t h a n  a t  l o w  p r e s s u r e s .  

The Young's  Modu lus  ( E )  v a l u e s  d e t e r m i n e d  f r o m  t h e  
u n i a x i a l  t e s t s  show a d e g r e e  o f  a n i s o t r o p y  i t h  an  a v e r a g e  E 
v a l u e  i n  t h e  Y d i r e c t i o n  equ 1 t o  1.82 x 1 0  p s i ,  i n  t h e  
d i r e c t i o n  e q u a l  t o  1.99 x 1 0  p s i ,  and e q u a l  t o  2.21 x 1 0  
p s i  i n  t h e  Z d i r e c t i o n .  S t i f f n e s s  d a t a  f r o m  t h e  t r i a x i a l  
t e s t s  show a h i g h e r  v a l u e  o f  Young 's  Modu lus  and l o w e r  v a l u e s  
o f  P g i s s o n ' s  r a t i o  t h a n  t h o s e  measured f r o m  u n i a x i a l  t e s t s .  
The a v e r a g e  v a l u e  o f  P o i s s o n ' s  r a t i o  c a l c u l a t e d  f o r  u n i a x i a l  
d a t a  i n  t h e  X and Y d i r e c t i o n s  i s  i n f l u e n c e d  b y  s e v e r a l  
v a l u e s  i n  t h e  r a n g e  o f  0.50 t o  0.69. I t  i s  s p e c u l a t e d  t h a t  
t h e s e  h i g h  v a l u e s  may r e f l e c t  t h e  enhanced d e v e l o p m e n t  o f  
d i l a t a n c y  a l o n g  t h e  b e d d i n g  p l a n e  s u r f a c e s .  Where t h e  
e f f e c t  d i d  n o t  o c c u r ,  a base e l a s t i c  v a l u e  o f  P o i s s o n ' s  
r a t i o  (u) i n  t h e  r a n g e  0.20 t o  0.24 seems j u s t i f i e d .  

A n i s o t r o p y  i s  a l s o  e v i d e n t  f r o m  t h e  t e n s i l e  s t r e n g t h  
d a t a ,  where i t  i s  seen t h a t  t h e  t e n s i l e  s t r e n g t h  i n  a d i r e c t i o n  
p a r a l l e l  t o  t h e  b e d d i n g  p l a n e s  i s  a p p r o x i m a t e l y  13% g r e a t e r  
t h a n  t h e  s t r e n g t h  a c r o s s  t h e  b e d d i n g  p l a n e s .  

o f  peak l o a d .  To  i l l u s t r a t e  t h e  v a r i a t i o n  o f  t h e s e  p r o p e r t i e s  
as  a f u n c t i o n  o f  s t r e s s ,  v a l u e s  o f  E, v, and vo lume change 
were p l o t t e d  v e r s u s  n o r m a l i z e d  s t r e s s  i n  F i g u r e  6 f o r  t h e  
r e s p o n s e  o f  t r i a x i a l  Specimen Z-5-b t e s t e d  w i t h  a 4,000 p s i  
c o n f i n i n g  p r e s s u r e .  The P o i s s o n ' s  r a t i o  shows a s i g n i f i c a n t  
i n c r e a s e  a t  t h e  85% s t r e s s  l e v e l .  A p l o t  o f  vo lume change 
shows t h a t  t h e  change f r o m  e l a s t i c  r e s p o n s e  began a t  s t r e s s e s  
g r e a t e r  t h a n  55% o f  t h e  f a i l u r e  s t r e s s .  A t  a b o u t  85% o f  
peak s t r e s s  t h e  m a t e r i a l  began t o  e x h i b i t  vo lume i n c r e a s e  
w i t h  l o a d .  

f b 

I t  s h o u l d  be  n o t e d  t h a t  a l l ' v a l u e s  a r e  c a l c u l a t e d  a t  50% 
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3.0 - CONSTITUTIVE MODELS 

From t h e  p r e v i o u s  s e c t i o n ,  i t  i s  c l e a r  t h a t  t h e  b e h a v i o r  
o f  Berea s a n d s t o n e  i n  even r e l a t i v e l y  s i m p l e  u n i a x i a l  and 
t r i a x i a l  t e s t s  i s  complex and h i g h l y  n o n l i n e a r .  Any c o n s t i t u t i v e  
model w i l l  n e c e s s a r i l y  be  a s i m p l i f i c a t i o n  o f  t h e  t r u e  b e h a v i o r .  
The minimum r e q u i r e m e n t s  f o r  a model w h i c h  i n c l u d e s  c r a c k  
f o r m a t i o n  and c o m p r e s s i v e  f a i l u r e  a r e :  

U 

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

ii) A p r e s s u r e  dependen t  f a i l u r e  ( o r  y i e l d )  
c r i t e r i o n  i n  c o m p r e s s i o n .  

iii) A c r a c k i n g  c r i t e r i o n  i n  t e n s i o n .  

Two c o n s t i t u t i v e  mode ls  w e r e  d e v e l o p e d  w h i c h  mee t  t h e s e  
r e q u i r e m e n t s .  

B o t h  c o n s t i t u t i v e  mode ls  e x h i b i t  t h e  same b e h a v i o r  
i n  t e n s i o n ,  u s i n g  a s t r e s s  c r i t e r i o n  t o  f o r m  c r a c k s  normal  t o  
t h e  maximum p r i n c i p a l  s t r e s s  a t  t h e  e l e m e n t  i n t e g r a t i o n  p o i n t s .  
F a i l u r e  o c c u r s  i f  t h e  maximum t e n s i l e . s t r e s s  exceeds  a 
s p e c i f i e d  f r a c t u r e  s t r e n g t h  ( s e e  S e c t i o n  3.4 f o r  a d i s c u s s i o n  
o f  t h e  i m p l i c a t i o n s  o f  m o d e l i n g  f r a c t u r e  a t  t h e  c o n s t i t u t i v e  
l e v e l ) .  I n  s u b s e q u e n t  t i m e  s t e p s ,  t h e  normal  and s h e a r  
s t r e s s  on t h e  open c r a c k  f a c e s  a r e  s e t  e q u a l  t o  z e r o .  

m a t e r i a l .  T h i s  model ( w i t h o u t  c r a c k i n g )  was d e v e l o p e d  b y  
K r i e g  [3 ] .  The y i e l d  s u r f a c e  i n  p r i n c i p a l  s t r e s s  space i s  
d e s c r i b e d  by a s u r f a c e  o f  r e v o l u t i o n  w i t h  a p l a n a r  end cap.  
P l a s t i c i t y  i s  h a n d l e d  i n  two p a r t s ;  a v o l u m e t r i c  p a r t  and a 
d e v i a t o r i c  p a r t .  

The f i r s t  model a c t s  i n  c o m p r e s s i o n  as an e l a s t i c - p l a s t i c  

I n  corn r e s s i o n ,  t h e  second model uses  a Coulomb c r i t e r i o n  
t o  f o r m  exp P i c i t  shear  c r a c k s  a t  t h e  e l e m e n t  i n t e g r a t i o n  
p o i n t s .  I n  s u b s e q u e n t  t i m e  s t e p s ,  the  s t r a i n s  no rma l  t o  
b o t h  t h e  t e n s i l e  and s h e a r  c r a c k s  a r e  m o n i t o r e d  t o  d e t e r m i n e  
i f  t h e  c r a c k s  a r e  open or c l o s e d .  I f  a c r a c k  i s  open, t h e  
normal  and s h e a r  s t r e s s e s  on t h e  c r a c k  f a c e  a r e  s e t  e q u a l  t o  
z e r o .  I f  a c r a c k  i s  c l o s e d ,  a c o m p r e s s i v e  normal  s t r e s s  can  
be c a r r i e d ,  b u t  t h e  s h e a r  s t r e s s  i s  l i m i t e d  t o  a v a l u e  d e s c r i b e d  
b y  the Coulomb f r i c t i o n  mode l .  0 

L 

cli 
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c. 

The HONDO [ 4 ]  f i n i t e  e l e m e n t  p rog ram i n t o  w h i c h  t h e s e  
c o n s t i t u t i v e  mode ls  have been added i s  d e s i g n e d  t o  c a l c u l a t e  
t h e  l a r g e  d e f o r m a t i o n  e l a s t i c  and i n e l a s t i c  t r a n s i e n t  dynamic 
r e s p o n s e  o f  a x i s y m m e t r i c  s o l i d s .  The p rog ram does n o t  f o r m  a 
g l o b a l  s t i f f n e s s  m a t r i x ,  b u t  i n s t e a d  uses  an e x p l i c i t  t i m e  
i n t e g r a t i o n  scheme t o  s o l v e  t h e  p r o b l e m  d y n a m i c a l l y  so  t h a t  
o n l y  a l o c a l  s t i f f n e s s  i s  r e q u i r e d .  F o r  each t i m e  s t e p ,  t h e  
e l e m e n t  s t r e s s e s  a r e  used  t o  o b t a i n  n o d a l  a c c e l e r a t i o n s ,  t h e  
a c c e l e r a t i o n s  a r e  i n t e g r a t e d  t o  o b t a i n  d i s p l a c e m e n t s ,  t h e  
e l e m e n t  s t r a i n s  a r e  u p d a t e d ,  new s t r e s s e s  a r e  c a l c u l a t e d ,  and  
t h e  c y c l e  i s  t h e n  r e p e a t e d .  Because t h i s  a p p r o a c h  i s  v e r y  
e f f i c i e n t  f o r  s h o r t  t i m e  dynamic l o a d i n g  o f  a c o n t i n u u m ,  
mode ls  w i t h  a l a r g e  number o f  e l e m e n t s  c a n  be  a n a l y z e d  a t  a 
r e a s o n a b l e  c o s t .  

The f o l l o w i n g  t h r e e  s e c t i o n s  g i v e  a summary d e s c r i p t i o n  
o f  t h e  i m p l e m e n t a t i o n  o f  t h e s e  c o n s t i t u t i v e  mode ls ,  More 
d e t a i l e d  d i s c u s s i o n s  c a n  be f o u n d  i n  Swenson and T a y l o r  [ 5 1  
and Swenson [SI. The l a s t  s e c t i o n  g i v e s  a c o m p a r i s o n  o f  t h e  
t w o  mode ls  and d i s c u s s e s  some o f  t h e  s h o r t c o m i n g s  o f  t h e  
mode ls .  I am g r e a t l y  i n d e b t e d  t o  Lee T a y l o r  who a l l o w e d  me 
t o  base  t h e s e  s e c t i o n s  on d e s c r i p t i o n s  he had w r i t t e n  f o r  one 
o f  h i s  r e p o r t s  where h e  used  t h e  same two m a t e r i a l  mode ls .  

3 . 1  T e n s i l e  F a i l u r e  C r i t e r i o n  

m a t e r i a l  i s  c h e c k e d  f o r  a p o s s i b l e  t e n s i l e  f a i l u r e .  To do 
t h i s ,  t r i a l  e l a s t i c  s t r e s s  i n c r e m e n t s  a r e  c a l c l a t e d  f o r  t h e  
t i m e  s t e p  f r o m  t h e  s t r a i n  i nc remen ts ,AE b y  

A t  each  m a t e r i a l  ( i n t e g r a t i o n )  p o i n t  i n  t h e  e l e m e n t ,  t h e  

N 

where C i s  t h e  m a t r i x  o f  e l a s t i c  c o n s t a n t s  f o r  t h e  m a t e r i a l .  
O n l y  i s o t r o p i c  m a t e r i a l s  a r e  c o n s i d e r e d .  The t r i a l  s t r e s s e s  
a t  t h e  end  o f  t h e  t i m e  s t e p  a r e  t h e n  g i v e n  b y  

( 2 1  t + A t  = ut + U z t r i  a1 - t r i a l  - 
where a t  a r e  t h e  s t r e s s e s  i n  t h e  p r e v i o u s  t i m e  s t e p .  

N 
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L, 
Tensi le  f a i l u r e  i s  assumed t o  occur i f  the  maximum 

p r i n c i p a l  s t r e s s  ( t ens ion  i s  p o s i t i v e )  based on  the t r i a l  
s t r e s s e s  exceeds a spec i f i ed  t e n s i l e  s t r eng th .  

max 
t r i a i  Q ( 3 )  

1 

I f  f a i l u r e  occurs,  the crack plane i s  normal t o  the  o r i e n t a t i o n  
of  the maximum prqncipal s t r e s s .  Note t h a t  f a i l u r e  can 
occur e i t h e r  I n  a plane which i n t e r s e c t s  t h e  R - Z  plane (Figure 

p l a n e  d i r ec t ion  (Figure 7 . b ) .  
cracks as hoop cracks.  

After a crack forms, the shear a n d  normal s t r e s s e s  on 
the crack face a r e  s e t  equal t o  zero.  T h i s  i s  accomplished 
by r o t a t i n g  t h e  g l o b a l  t r i a l  s t r e s s e s  t o  the c rack  o r i e n t a t i o n ,  
mod i fy ing  the s t r e s s e s ,  a n d  t h e n  r o t a t i n g  the modified s t r e s s  
back t o  the g l o b a l  d i r e c t i o n s .  

t h e  crack i s  open o r  c losed .  The normal s t r a i n  i s  updated 
every time s t e p .  I f  a crack c loses  a n d  t h e  Coulomb model 
1 s  being used i n  compression, the crack can ca r ry  a compressive 
normal s t r e s s  a n d  the shear s t r e s s  i s  governed by the  Coulomb 
c r i t e r i o n .  I f  the p l a s t i c i t y  model i s  being used, when a 
crack c loses  i t  heals  a n d  a l l  memory o f  the crack i s  l o s t .  

I 

I 

I 7 . a )  or i n  a plane normal t o  the ci rcumferent ia l  o r  o u t - o f -  
We r e f e r  t o  the out-of-plane 

, 

I 

The s t ra in  normal t o  the crack i s  used t o  determine i f  

3.2 - P l a s t i c i t y  Model 

The s o i l s  p l a s t i c i t  model used here i s  a s t a n d a r d  
material  subrout ine i n  t e HONDO I 1  code. T h e  model was 
derived a n d  coded by Krieg C31. 

A y i e l d  sur face  i s  assumed f o r  t h e  mater ia l  which i s  a 
surface o f  revolut ion a b o u t  the  h y d r o s t a t  i n  p r inc ipa l  s t r e s s  
s ace,  as shown i n  Figure 8 .  The radius  o f  t h e  sur face  a b o u t  

I t e hydrostat  i s  t a k e n  t o  be a q u a d r a t i c  f u n c t i o n  of  the mean 
I p ressure ,  p ,  defined a s  

I R I 

The p l a s t i c i t y  model includes b o t h  dev ia to r i c  a n d  volumetric 
p l a s t i c i t y .  The volumetric p l a s t i c i t y  def ines  the pos i t ion  
of the end c a p  on t h e  normally open e n d  o f  the sur face  o f  
revolut ion.  , 

I 

I 
I 

I 

I 
l 
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The y i e l d  s u r f a c e  i s  m o s t  e a s i l y  d e s c r i b e d  as t w o  
&J f u n c t i o n s ,  one d e s c r i b i n g  t h e  p a r a b a l o i d  and I ,  one d e s c r i b i n g  a 

p l a n e  w h i c h  i s  no rma l  t o  t h e  h y d r o s t a t .  . 

t 

= P  f 

(5) 

where  p i s  a g a i n  t h e  mean p r e s s u r e  ( p o s i t i v e ) ,  80, a1, and a2 
a r e  m a t e r i a l  c o n s t a n t s  and  J 2  i s  t h e  second i n v a r i a n t  o f  t h e  
d e v i a t o r i c  s t r e s s e s ,  S.  The q u a n t i t y ,  f ,  i s  a f u n c t i o n  o f  
t h e  mean v o l u m e t r i c  s t r a i n  and d e f i n e s  t h e  v o l u m e t r i c  s t r e s s -  
s t r a i n  c u r v e  f o r  t h e  m a t e r i a l ,  as shown i n  F i g u r e  9 .  

The s t r a i n  i n c r e m e n t ,  w h i c h  i n c l u d e s  c o r r e c t i o n s  t o  
a c c o u n t  f o r  c r a c k  o p e n i n g  s t r a i n s ,  i s  decomposed i n t o  a mean 
v o l u m e t r i c  s t r a i n  i n c r e m e n t ,  AE,, and a d e v i a t o r i c  s t r a i n  
i n c r e m e n t ,  be,  

N 

The p l a s t i c i t y  t h e o r i e s  f o r  t h e  v o l u m e t r i c  and d e v i a t o r i c  
r p a r t s  a r e  now t a k e n  t o  be c o m p l e t e l y  i n d e p e n d e n t .  The 

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

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

t+At = e V  t + A e V  
E 

V 

i. A check  i s  t h e n  made t o  see i f  

where  
e x  e r  
(8P i 

t + A t  
V > c u  E 

( 7 )  

c U  i s  t h e  m o s t  n e g a t i v e  v o l u m e t r i c  s t r a i n  p r e v i o u s l y  
i e n c e d  b y  t h e  m a t e r i a l  ( i n i t i a l i z e d  t o  z e r o ) .  I f  e q u a t i o n  
s s a t i s f i e d ,  t h e  s t e p  i s  e l a s t i c  and, 

pt+At = p t  - k o  A c V  

where K O  i s  t h e  e l a s t i c  b u l k  m o d u l u s  f o r  t h e  m a t e r i a l .  
e q u a t i o n  ( 8 )  i s  n o t  s a t i s f i e d ,  

I f  

( 9 )  
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i 

and we s e t  

t+A t &u  = B V  

bi 

The d e v i a t o r i c  p a r t  uses  a l m o s t  c o n v e n t i o n a l  p l a s t i c i t y  
t h e o r y .  The d e v i a t o r i c  s t r e s s  r a t e  i s  w r i t t e n  as a f u n c t i o n  
o f  t h e  d e v i a t o r i c  s t r a i n  r a t e  i n  a manner w h i c h  i s  c o n s i s t e n t  
w i t h  t h e  c o n s t i t u t i v e  a s s u m p t i o n s  i n  t h e  p l a s t i c i t y  mode l .  
These i n c l u d e  t h e  a s s u m p t i o n  t h a t  t h e  t o t a l  s t r a i n  r a t e  i s  
decomposed i n t o  an e l a s t i c  and p l a s t i c  p a r t ,  t h a t  l i n e a r  
e l a s t i c i t y  i s  used  f o r  t h e  e l a s t i c  p a r t ,  and t h a t  t h e  p l a s t i c  
p a r t  i s  g i v e n  by  a n o r m a l i t y  c o n d i t i o n .  

c 

2 G S ' i  - ( a t  + 2a,p) 1; 
S ' S  

S = 2 G e -  
N 

N N 

Assuming t h a t  t h e  d e v i a t o r i c  s t r a i n  r a t e ,  e, i s  c o n s t a n t  
t h r o u g h o u t  t h e  t i m e  s t e p ,  e q u a t i o n  ( 1 2 )  can  be i n t e g r a t e d  
e x a c t l y  so t h a t  t h e  f i n a l  s t r e s s  s t a t e  l i e s  on t h e  y i e l d  
s u r f a c e .  The d e t a i l s  o f  t h i s  e x a c t  i n t e g r a t i o n  a r e  f o u n d  i n  
K r i e g  [ 3 ] .  

3 . 3  - Coulomb F a i l u r e  C r i t e r i o n  

I n  t h i s  c o m p r e s s i v e  f a i l u r e  mode l ,  e x p l i c i t  s h e a r  c r a c k s  
a r e  assumed t o  f o r m  a t  t h e  e l e m e n t  i n t e g r a t i o n  p o i n t s .  The 
Coulomb c r i t e r i o n  assumes t h a t  t h e  s h e a r  s t r e s s  t e n d i n g  t o  
cause  f a i l u r e  a c r o s s  a p l a n e  i s  r e s i s t e d  b y  a c o h e s i o n  o f  t h e  
m a t e r i a l ,  S o ,  and a l i n e a r  f u n c t i o n  o f  t h e  no rma l  s t r e s s  a c r o s s  
t h e  p l a n e  ( J a e g e r  and Cook l 7 1 ) .  

Where T and an a r e  t h e  s h e a r  s t r e s s  and n o r m a l  s t r e s s  
a c r o s s  t h e . f a i l u r e  p l a n e .  The c o e f f i c i e n t  o f  i n t e r n a l  f r i c t i o n  
f o r  t h e  m a t e r i a l  i s  d e n o t e d  b y  p. Only I.rl a p p e a r s  i n  e q u a t i o n  
( 1 3 )  because t h e  s i g n  o f  T o n l y  a f f e c t s  t h e  d i r e c t i o n  o f  
s l  i d i  ng. 

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

t h e  m a t e r i a l ,  C o ,  a r e  r e l a t e d  b y  

* 
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When s h e a r  f a i l u r e  o c c u r s ,  two  c r a c k s  f o r m  s i m u l t a n e o u s l y  
i n  t h e  t w o  e q u a l l y  p r o b a b l e  s h e a r  d i r e c t i o n s  i n c l i n e d  a t  a n g l e s  
?: a on e i t h e r  s i d e  o f  t h e  minimum ( m o s t  c o m p r e s s i v e )  s t r e s s  d i r e c t i o n  

F i g u r e  10 i l l u s t r a t e s  t h e  Coulomb c r i t e r i o n  p i c t o r i a l l y  
u s i n g  a Mohr c i r c l e  r e p r e s e n t a t i o n ,  The r a d i u s  o f  t h e  c i r c l e  
i s  t h e  p r i n c i p a l  (maximum) s h e a r  s t r e s s .  When t h e  s t r e s s  
s t a t e  changes so t h a t  t h e  Mohr c i r c l e  t o u c h e s  t h e  f a i l u r e  
l i n e ,  s h e a r  c r a c k s  fo rm.  I n  f a c t ,  t h e r e  a r e  t h r e e  d i f f e r e n t  
Mohr c i r c l e s  w h i c h  c a n  be  drawn w h i c h  c o r r e s p o n d  t o  p o s s i b l e  
f a i l u r e  i n  t h e  t h r e e  d i f f e r e n t  p l a n e s  shown i n  F i g u r e  11. 

A f t e r  a c r a c k  has  formed,  t h e  s t a t e  o f  s t r e s s  i s  m o d i f i e d  
a c c o r d i n g  t o  t h e  Coulomb s t r e s s  c r i t e r i o n .  C r a c k  o p e n i n g  
s t r a i n s  a r e  m o n i t o r e d  and  i f  t h e  c r a c k  i s  c l o s e d ,  t h e  Coulomb 
c r i t e r i o n  i s  used  t o  c a l c u l a t e  t h e  s h e a r  s t r e s s  on t h e  c r a c k  f a c e .  

3.4 Compar ison and L i m i t a t i o n s  o f  t h e  Two Models  

. 
( 5  

A t h r e e - d i m e n s i o n a l  r e p r e s e n t a t i o n  i n  r i n c i p a l  s t r e s s  
space o f  t h e  f a i l u r e  s u r f a c e s  f o r  b o t h  mode f s i s  shown i n  

v o l u m e t r  ii c r e s p o n s e  i s  used.  

F i g u r e  1 2 .  The s o i l s  p l a s t i c i t y  model i s  i d e n t i c a l  t o  a 
c l a s s i c a l  Von M i s e s  e l a s t i c - p l a s t i c  t h e o r y  i f  t h e  c o e f f i c i e n t s  
a 1  and a o f  e q u a t i o n  ( 5 )  a r e  s e t  t o  z e r o  and  an e l a s t i c  

a c y l i n d e r  p a r a l l e l  t o  t h e  h y d r o s t a t .  The Coulomb model 
becomes t h e  same a s  a T r e s c a  maximum s h e a r  s t r e s s  t h e o r y  
i f  P i s  z e r o  i n  e q u a t i o n  (13): 

A c o m p a r i s o n  o f  t h e  p o s t  f a i l u r e  r e s p o n s e  p r e d i c t e d  b y  
each model i s  e a s i l y  u n d e r s t o o d  i n  t h e  c o n t e x t  o f  a c o m p r e s s i o n  
t e s t .  F i g u r e  13.a i l l u s t r a t e s  ( s c h e m a t i c a l l y )  t h e  p o s t  
f a i l u r e  b e h a v i o r  p r e d i c t e d  b y  b o t h  m o d e l s  f o r  an u n c o n f i n e d  
c o m p r e s s i o n  t e s t .  F i g u r e  13.b i l l u s t r a t e s  ( s c h e m a t i c a l l y )  
t h e  p r e d i c t e d  p o s t  f a i l u r e  b e h a v i o r  a t  some c o n f i n i n g  p r e s s u r e ,  
p o w  As c a n  be seen, a f t e r  t h e  f a i l u r e  t h e  Coulomb model 
behaves  e s s e n t i a l l y  as a g r a n u l a r  m a t e r i  a1 c a p a b l e  o f  s u s t a i n -  
i n g  l o a d  o n l y  when c o n f i n e d .  

Then t h e  y i e l d  s u r f a c e  i s  j u s t  

15  



One l i m i t a t i o n  of the  model i s  the  use o f  a s t r e s s  
c r i t e r i o n  r a t h e r  than a f r a c t u r e  mechanics c r i t e r i o n  f o r  
crack propagation. For  many geol ogic materi  a1 s ,  1 i near 
e l a s t i c  f r a c t u r e  mechanics appears appl icable  ( s e e ,  f o r  example, 
Saouma, Ingraf fea ,  and Catalan0 [SI and Schmidt and Huddle [ 9 ] ) .  
Assuming  l i n e a r  e l a s t i c  f r a c t u r e  mechanics i s  appropr ia te  f o r  
t h i s  app l i ca t ion ,  so lu t ions  obtained u s i n g  a s t r e s s  c r i t e r i o n  
become mesh s i z e  dependent. T h i s  problem occurs because o f  t h e  
s t r e s s  s i n g u l a r i t y  a t  a crack t i p ,  where the  a n a l y t i c  e l a s t i c  
s o l u t i o n  p r e d l c t s  an i n f i n i t e  s t r e s s  f o r  a s h a r p  crack.  A s  
the  mesh s i z e  i s  reduced, t he  f i n i t e  element c a l c u l a t i o n  
captures  the  s t r e s s  s i n g u l a r i t y  b e t t e r  ( i . e . ,  t he  element s t r e s s e s  
a t  the  crack t i p  become l a r g e r  a s  t he  mesh s i z e  i s  reduced).  
A s  a r e s u l t ,  the  crack i s  pred ic ted  t o  grow under lower loads  
as the  mesh i s  reduced. In  the  l i m i t ,  the  s o l u t i o n  does n o t  
converge t o  the  t h e o r e t i c a l  s o l u t i o n ,  b u t  ins tead  p r e d i c t s  
the  crack will propagate under zero l o a d .  

Since b o t h  the  f r a c t u r e  mechanics a n d  s t r e s s  c r i t e r i o n  
approaches use the  same method t o  p r e d i c t  crack i n i t i a t i o n  
( f o r  t h e  f r a c t u r e  approach, t h e  i n i t i a t i o n  s t r e s s  i s  ca l cu la t ed  
by assuming a flaw s i z e )  the  d i f f e rence  i n  the  two approaches 
a r i s e s  during crack propagation. I t  can be argued t h a t  a 
s t r e s s  c r i t e r i o n  i s  adequate f o r  ma te r i a l s  which have 
universa l ly  d i s t r i b u t e d  f laws ( i . e . ,  many geolo i c  m a t e r i a l s ) .  
The t e n s i l e  s t r eng th  o f  these  ma te r i a l s  i s  low I because o f  
t he  inherent  f laws)  and, t h e r e f o r e ,  frOm a global perspec t ive ,  
t e n s i l e  s t r e s s e s  cannot car ry  s i g n i f i c a n t  loads and do n o t  
con t r ibu te  s i g n i f i c a n t l y  t o  t he  t o t a l  i n t e r n a l  energy o f  t he  
s t r u c t u r e .  As a r e s u l t ,  the  overa l l  response o f  t he  s t r u c t u r e  
can be predicted usingva s t r e s s  c r i t e r i o n ,  although the  
d e t a i l e d  loca t ion  and l e n g t h s  o f  t he  f r a c t u r e s  cannot be 
expected t o  be accura te ly  pred ic ted .  A s t r e s s  c r i t e r i o n  a l s o  
seems genera l ly  adequate f o r  geologic problems where a n  i n -  
s i tu  s t r e s s  e x i s t s .  F o r  t h i s  c l a s s  o f  problems, t he  energy 
required t o  propagate a crack i s  much l e s s  t h a n  the  energy 
required t o  open the  crack aga ins t  the  combining s t r e s s ,  a n d  
s o  t he  f r a c t u r e  c r i t e r i o n  becomes l e s s  important.  

I; 

A second l i m i t a t i o n  o f  t he  model i s  t h a t ,  because o f  
displacement con t inu i ty  i n  the f i n i t e  element formulat ion,  
f a i l u r e  a t  fewer i n t e g r a t i o n  p o i n t s  i s  needed f o r  a crack t o  
extend p a r a l l e l  t o  the mesh l i n e s  than t o  extend diagonal ly  
across  the  mesh. A s  a r e s u l t ,  cracks p r e f e r e n t i a l l y  extend 
p a r a l l e l  t o  the  element mesh l i n e s .  T h i s  does n o t  preclude 
the  p o s s i b i l i t y  o f  c racks  t u r n i n g  and r u n n i n g  diagonal ly  
across  the  mesh, a s  i s  seen i n  some o f  t he  analyzed cases ,  
b u t  the o r i e n t a t i o n  of the  f i n i t e  element d i s c r e t i z a t i o n  does 
have some e f f e c t  on t he  o r i e n t a t i o n  o f  the  r e s u l t i n g  crack 
pa t t e rn .  0 

ci 
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4.0 - I N D E N T I O N  VERIFICATION TESTS 

4.1 E x p e r i m e n t s  

s a n d s t o n e  t o  p r o v i d e  one me thod  o f  v e r i f y i n g  t h e  c o m p u t e r  model .  
I n d e n t i o n  t e s t s  were  chosen  based  on Hood 's  o b s e r v a t i o n  [lo] 
o f  a good c o r r e l a t i o n  be tween  a c t u a l  d r a g  b i t  c u t t i n g  and 
s i m u l a t i o n  b y  i d e n t i o n .  Thus, f a i l u r e  o f  r o c k  b y  i n d e n t i o n  
s h o u l d  be  s i m i l a r  t o  t h e  a c t u a l  c u t t i n g  f a i l u r e .  

I n d e n t i o n  t e s t s  were  p e r f o r m e d  on  b l o c k  samples o f  B e r e a  

I n  t h e  t e s t s ,  a f l a t  i n d e , n t o r  (1 i n c h  w i d e  and 6 i n c h e s  
l o n g )  l o a d e d  t h e  b l o c k  specimen ( 3 . 7 5  i n c h e s  x 3 .75  i n c h e s  x 
6 i n c h e s  l o n g )  w h i c h  r e s t e d  on  a f l a t  s u r f a c e .  A l l  spec imens 
were l o a d e d  w i t h  t h e  b e d d i n g  p l a n e  h o r i z o n t a l  ( p a r a l l e l  t o  
t h e  b o t t o m  s u p p o r t ) .  Two l e v e l s  o f  l a t e r a l  p r e - s t r e s s  were 
a p p l i e d  t o  t h e  specimens:  0.0 p s i  and -2100 p s i .  P r e l o a d  
s t r e s s e s  were a p p l i e d  b y  c l a m p i n g  t h e  specimen be tween  b o l t e d  
s t e e l  b l o c k s  and were i n t e n d e d  t o  s i m u l a t e  i n - s i t u  s t r e s s  
e f f e c t s .  

Measured d a t a  i n c l  uded t h e  1 oad  and d i  s p l  acement 
o f  t h e  i n d e n t o r ,  s t r a i n s  on t h e  end  s u r f a c e  o f  t h e  b l o c k  a t  
t h e  c e n t e r p o i n t ,  and a c o u s t i c  e m i s s i o n s  d u r i n g  t h e  t e s t s .  
T h r e e  t e s t s  were  p e r f o r m e d  a t  0.0 p s i  p r e - s t r e s s  and  two t e s t s  
were made w i t h  a p r e - s t r e s s  o f  -2100 p s i .  The i n d e n t o r  was 
d i s p l a c e d  s l o w l y ,  so t h a t  f a i l u r e  o c c u r r e d  a f t e r  s e v e r a l  
m i n u t e s .  

R e s u l t s  o f  t h e  u n c o n f i n e d  i n d e n t o r  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  14  t h r o u g h  17. F i g u r e  14 shows t h e  t e s t  c o n f i g u r a t i o n  
and  t y p i c a l  p o s t - t e s t  f r a c t u r e s  v i s i b l e  t o  t h e  naked  eye  ( s e e  
F i g u r e  25 f o r  a p h o t o g r a p h ) .  U n f o r t u n a t e l y ,  t h e  Berea  s a n d s t o n e  
was so  p o r o u s  t h a t  u s e  o f  p e n e t r a n t s  t o  o b s e r v e  f r a c t u r e s  
was i m p o s s i b l e .  V i s u a l  i n s p e c t i o n  o f  t h e  t o p  s u r f a c e  i n d i c a t e d  
a s m a l l  pe rmanen t  d e f o r m a t i o n  u n d e r  t h e  i ! n d e n t o r .  The asymmetry  
i n  f r a c t u r e s  was c a u s e d  b y  t h e  t e s t  mach ine .  A l t h o u g h  t h e  
l o a d i n g  p l a t e n s  ap e a r e d  p a r a l l e l  , f r a c t u r e  c o n s i s t e n t l y  

some n o n - u n i f o r m  l o a d i n g .  fi 
o c c u r r e d  f i r s t  on  P he same (@$de o f  t h e  machine,  i n d i c a t i n g  

The measured l o a d s  as  a f u n c t i o n  o f  i n d e n t o r  d i s  l a c e m e n t  
a r e  g i v e n  i n  F i g u r e  15. As was n o t e d  f o r  t h e  u n i a x i a  ! m a t e r i a l  
t e s t s ,  t h e  r e s p o n s e  i s  n o n l i n e a r  w i t h  an i n i t i a l  s t i f f e n i n g .  
I n  g e n e r a l ,  t h e  t e s t s  show good r e p e a t a b i l i t y ,  f a i l i n g  a t  
s i m i l a r  l o a d s .  The u n l o a d i n g  c u r v e s  s u p p o r t  t h e  c o n c l u s i o n  
t h a t  some pe rmanen t  d e f o r m a t i o n  o c c u r r e d  u n d e r  t h e  i n d e n t o r ,  
s i n c e  z e r o  l o a d  i s  r e a c h e d  f o r  a p o s i t i v e  i n d e n t o r  d i s p l a c e m e n t .  
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The s t r a i n s  measured a t  t h e  c e n t e r  o f  t h e  end o f  t h e  
specimen f o r  t e s t  #1 a r e  shown i n  F i g u r e  16. 
u n l o a d i n g  measurements a r e  c o n s i s t e n t  w i t h  some pe rmanen t  
d e f o r m a t i o n .  The l a g  i n  s t r a i n  when t h e  i n d e n t o r  was I n i t i a l l y  
d i s p l a c e d  w o u l d  appear  t o  i n d i c a t e  some i n i t i a l  " s e t t l i n g  i n "  o f  
t h e  i n d e n t o r .  
f o r  t h e  i n c r e a s i n g  s t i f f n e s s  i n  t h e  l o a d / d i s p l a c e m e n t  r e s p o n s e .  

A c o u s t i c  e m i s s i o n s  were a l s o  measured d u r i n g  t h e  t e s t s .  
F i g u r e  17  shows t h e  c o u n t  as t h e  i n d e n t o r  d i s p l a c e d  f o r  t e s t  
#1. A l a r g e  i n c r e a s e  i n  e m i s s i o n  r a t e  o c c u r r e d  j u s t  b e f o r e  
f a i l u r e .  T h i s  i s  c o n s i s t e n t  w i t h  v i s u a l  o b s e r v a t i o n s  d u r i n g  
t h e  t e s t ,  where no c r a c k s  were o b s e r v e d  u n t i l  a r a p i d  f a i l u r e  
o c c u r r e d  . 

C o r r e s p o n d i n g  d a t a  f o r  t h e  t e s t s  w i t h  p r e - s t r e s s  a r e  
p r e s e n t e d  i n  F i g u r e s  18  t h r o u g h  21. 
caused  by  p r e - s t r e s s  i s  t h e  e l i m i n a t i o n  o f  t h e  l o n g  f r a c t u r e s  
e x t e n d i n g  t h r o u g h  t h e  specimens (See F i g u r e  31 
p h o t o g r a p h ) .  I n s t e a d ,  f r a c t u r e s  were l i m i t e d  
p o r t i o n  o f  t h e  specimen and c r u s h i n g  o c c u r r e d  u n d e r  t h e  
i n d e n t o r .  P r e - s t r e s s  a l s o  i n c r e a s e d  t h e  f a i l u r e  l o a d  t o  
a p p r o x i m a t e l y  t w i c e  t h e  u n c o n f i n e d  case.  
i n c r e a s e ,  b u t  were s i m i l a r  t o  t h e  u n c o n s t r a i n e d  case.  f o r  
t h e  p r e - s t r e s s e d  case,  t h e  a c o u s t i c  e m i s s i o n  c o u n t  shows 
more i n i t i a l  a c t i v i t y  and a smoo the r  i n c r e a s e .  

A g a i n ,  t h e  

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

The m o s t  o b v i o u s  d i f f e r e n c e  

Peak s t r a i n s  d i d  n o t  

A l l  t h e  above o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i th  i n t u i t i o n .  
The peak l o a d  i n c r e a s e d  u n d e r  p r e s s u r e  and f r a c t u r e s  ( p r e s u m a b l y  
t e n s i l e )  were r e d u c e d  u n d e r  c o n f i n i n g  s t r e s s .  

4.2 - A n a l y s i s  

A n a l y s i s  o f  t h e  i n d e n t i o n  e x p e r  
u s i n g  b o t h  m a t e r i a l  m o d e l s  d e s c r i b e d  i n  S e c t i o n  3 .  
22  and 28 show t h e  f i n i t e  e l e m e n t  d i  c r e t i z a t i o n  0 
p r o b l e m  ( b e c a u s e  o f  symmetry,  t h e  c a l c u l a t i o n  was made u s i n g  
o n l y  o n e - h a l f  o f  t h e  spec imen) .  C o n t a c t  between t h e  r o c k  
(shown i n  r e d )  and t h e  s t e e l  components (shown i n  g r e e n )  was 
r e p r e s e n t e d  u s i n g  s l i d e  l i n e s  w i t h  a f r i c t i o n  c o e f f i c i e n t  o f  
0.6. P l a n e  s t r a i n  a s s u m p t i o n s  were used. The specimens were 
l o a d e d  by  d i s p l a c i n g  t h e  i n d e n t o r  downward a t  a c o n s t a n t  
v e l o c i t y  chosen  t o  be s l o w  enough t o  g i v e  an e s s e n t i a l l y  
s t a t i c  s o l u t i o n .  F o r  t h e  c a s e  w i t h  p r e - s t r e  
was g i v e n  an i n i t i a l  l a t e r a l  s t r e s s  and t h e n  
p l a t e s  were f i x e d  on t h e i r  o u t e r  s u r f a c e s .  

T a b l e  4.  These p r o p e r t i e s  a r e  based on  the  m a t e r i a l  d a t a  
M a t e r i a l  p r o p e r t i e s  used i n  t h e  a n a l y s i s  a r e  g i v e n  i n  
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obtained i n  Section 2 .  The-only value changed from the  
t e s t  d a t a  i s  the t e n s i l e  s t r e n g t h ,  which was increased from 

L the  measured value o f  approximately 400 ps i  t o  850 ps i .  The 
reasons f o r  t h i s  a r e  d i s c u s s e d  below. 

Calculated r e s u l t s  f o r  the unconfined t e s t  a re  given i n  
Figures 23 t h r o u g h  2 7 .  The ca l cu la t ed  f r a c t u r e  p a t t e r n s  a re  
shown i n  Figures 2 3  and 2 4  f o r  b o t h  material  models. F o r  
the  tensile/Coulomb model (Figure 2 3 1 ,  yellow f r a c t u r e s  
ind ica t e  t e n s i l e  cracks while magenta f r a c t u r e s  i n d i c a t e  
shear  cracks.  C o m p a r i n g  the ca l cu la t ed  f r a c t u r e s  t o  the  
p h o t o g r a p h  (F igure  2 5 )  shows a g o o d  c o r r e l a t i o n .  Before the  
t e s t  was r u n ,  i t  was hypothesized t h a t  a cen t r a l  f r a c t u r e  
w o u l d  form under the  indentor ,  r a the r  t h a n  the  two f r a c t u r e s  
extending from the indentor corners .  I n  the  a n a l y s i s ,  a 
cen t r a l  crack d i d  form i f  the t e n s i l e  s t rength  was reduced t o  
4 0 0  ps i .  E l a s t i c i t y  so lu t ions  f o r  an  indentor i nd ica t e  
t e n s i l e  s t r e s s e s  under the  indentor .  T h i s  was a l s o  ind ica ted  
i n  t h e  f i n i t e  element c a l c u l a t i o n .  The reason a cen t r a l  
f r a c t u r e  d i d  n o t  form i n  the  t e s t s  i s  l i k e l y  due t o  the  s h a r p  
corners  o f  the  indentor .  These probably i n i t i a t e d  small 
cracks which then propagated downward .  The f i n i t e  element 
model does n o t  have these  s h a r p  corners ,  t h u s  t he re  i s  the 
g rea t e r  tendency t o  form a cen t r a l  crack. T h i s  question i s  
a l s o  r e l a t e d  t o  the use o f  a s t r e s s  c r i t e r i o n  t o  form cracks 
r a the r  t h a n  a f r a c t u r e  mechanics c r i t e r i o n .  

Figure 26 compares the ca l cu la t ed  a n d  measured indentor  
l o a d / d i  spl acement curves.  As expected from the  1 inear  
a p p r o x i m a t i o n  t o  t he  nonlinear material  d a t a ,  the  i n i t i a l  
c a l cu la t ed  response i s  l i n e a r  a n d  does n o t  e x h i b i t  the 
s t i f f e n i n g  e f f e c t  observed i n  the  u n i a x i a l  t e s t s .  The calcu-  
l a t e d  curves have been s h i f t e d  t o  b r i n g  the  " l i n e a r "  regions 
c l o s e r  toge ther .  Once a s i g n i f i c a n t  amount  o f  f r a c t u r i n g  
occurs under the  indentor ,  the l o a d  predicted u s i n g  the 
t e n s i l e / C o u l o m b  model d r o p s  o f f  a s  m a t e r i a l  f l o w s  from under 
the  indentor  toward the  unconfined f r e e  sur face .  T h i s  does 
n o t  occur w i t h  the  t e n s i l e / p l a s t i c i t y  model, where the  l o a d  
cont inues t o  increase  w i t h  displacement.  The two models 
t h u s  provide upper a n d  lower es t imates  o f  t he  l o a d  (admit tedly 
very l a r g e  b o u n d s ) .  

A comparison o f  measured a n d  ca l cu la t ed  s t r a ins  i s  shown 
i n  Figure 2 7  ( s h i f t e d  t h e  same a m o u n t  a s  i n  Figure 2 6 ) .  The 
ca l cu la t ed  l a t e r a l  s t r a i n s  a r e  smaller  t h a n  measured, while 
the v e r t i c a l  s t r a i n s  a re  s i m i l a r  t o  those measured. I t  should 
be r eca l l ed  t h a t  s t r a i n s  were measured on  the  su r face ,  while 
the ca l cu la t ed  values represent  i n t e r i o r  va lues ,  The d i f f e r -  
ence between sur face  a n d  i n t e r i o r  s t r a ins  i s  n o t  k n o w n .  The 
tensile/Coulomb mater ia l  model r e s u l t s  r e f l e c t  the d r o p  
i n  l o a d  t h a t  occurs a f t e r  f a i l u r e .  
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F i g u r e s  29 t h r o u g h  33  show c o r r e s p o n d i n g  r e s u l t s  f o r  t h e  di 
p r e - s t r e s s e d  t e s t s .  The c o r r e l a t i o n s  w i t h  t e s t  r e s u l t s  a r e  

t h e  p r e - s t r e s s e d  c a s e  were n o t  s e n s i t i v e  t o  m a t e r i a l  p a r a m e t e r s ,  
s i m i l a r  r e s u l t s  ( i . e . ,  c r u s h i n g  u n d e r  t h e  i n d e n t o r )  were 
o b t a i n e d  f o r  a w i d e  r a n g e  o f  v a l u e s .  

4.3 - D i s c u s s i o n  

R e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n  show b o t h  t h e  s h o r t c o m i n g s  
and c a p a b i l i t i e s  o f  t h e  f i n i t e  e l e m e n t  a n a l y s i s .  The p r e d i c t e d  
f r a c t u r e s  c o r r e l a t e  f a i r l y  w e l l  w i t h  e x p e r i m e n t .  F o r  t h e  p r e -  
s t r e s s e d  case ,  t h e  r e s u l t s  a r e  n o t  s e n s i t i v e  t o  t h e  f r g c t u r e  
c r i t e r i o n ,  b u t  f o r  t h e  u n c o n f i n e d  case ,  t h e r e  i s  some s e n s i t i v -  
i t y .  Because t h e  c o r n e r s  o f  t h e  i n d e n t o r  d i d  n o t  s t a r t  s h a r p  
c r a c k s ,  f r a c t u r e  down t h e  c e n t e r  o f  t h e  specimen was p r e d i c t e d  
u s i n g  measured v a l u e s  o f  t e n s i l e  s t r e n g t h .  C a l c u l a t i o n s  
p e r f o r m e d  w i t h  a h i g h e r  t e n s i l e  s t r e n g t h  d i d  n o t  f o r m  a c e n t r a l  
c r a c k .  The p r e d i c t e d  l o a d s  bound t h e  measured v a l u e s ,  w i t h  
t h e  t e n s i l e / C o u l o m b  model u n d e r - p r e d i c t i n g  l o a d s  and  t h e  
t e n s i l e / p l a s t i c i  t y  model o v e r - p r e d i c t i n g  l o a d s .  The r e a s o n  
f o r  t h e  d i f f e r e n t  b e h a v i o r  i s  a r e s u l t  o f  t h e  p o s t - y i e l d  
( p o s t - f a i l u r e )  a s s u m p t i o n s  i n  t h e  two  mode ls .  The p l a s t i c i t y  
model m a i n t a i n s  a p o s t - y i e l d  s t r e n g t h ,  w h i l e  t h e  Coulomb 
model m a i n t a i n s  s t r e n g t h  a f t e r  f r a c t u r e  o n l y  as l o n g  as t h e  
m a t e r i a l  i s  c o n f i n e d .  

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

4 

I 

Based on t h e s e  r e s u l t s ,  i t  w o u l d  seem a p p r o p r i a t e  t o  use  
t h e  mode ls  f o r  a n a l y s i s  o f  d r a g  b i t  c u t t i n g .  However, we 
s h o u l d  n o t  e x p e c t  d e t a i l e d  c o r r e l a t i o n  be tween  t h e  a n a l y s i s  
and t e s t .  We can  e x p e c t  t h e  a n a l y s i s  t o  i n d i c a t e  s e n s i t i v i t i e s  
t o  p a r a m e t e r  changes i n  a manner s i m i l a r  t o  t h e  changes 
p r e d i c t e d  f o r  t h e  i n d e n t i o n  t e s t s  as t h e  p r e - s t r e s s  was v a r i e d .  
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5.0 -:.DRAG B I T  C U T T I N G  +, 

W 
.. The o b j e c t i v e  o f  d e v e l o p i n g  a n a l y t i c a l  t o o l s  i s  

t o  make p o s s i b l e  m o d e l i n g  o f  t h e  c u t t i n g ,  l e a d i n g  t o  a more 
r a t i o n a l  ( a n d  i m p r o v e d )  a p p r o a c h  t o  t h e  d e s i g n  o f  d r i l l s  and 
b i t s .  S a n d i a ' s  s p e c i f i c  i n t e r e s t  i s  t h e  d e v e l o p e m e n t  o f  
p o l y c r y s t a l l i n e  d iamond compact  ( P D C )  b i t s .  F i g u r e  3 4  
i l l u s t r a t e s  a s i n g l e  c u t t e r  c o n s i s t i n g  o f  a p o l y c r y s t a l l i n e  
diamond f a c i n g  on  a t u n g s t e n  c a r b i d e  s u b s t r a t e  a t t a c h e d  t o  a 
m o u n t i n g  s t u d .  S e v e r a l  c u t t e r s  a r e  t h e n  used  t o  f o r m  a d r i l l  
b i t  ( F i g u r e  3 5 ) .  

t e s t s  were  p e r f o r m e d  i n  t h e  l a b o r a t o r y  w i t h  c o r r e s p o n d i n g  
a n a l y s e s .  A n a l y s e s  have a l s o  been made f o r  i n - s i t u  s t r e s s  
c o n d i t i o n s  w h i c h  were  n o t  d u p l i c a t e d  i n  t h e  l a b o r a t o r y .  B o t h  
t h e  e x p e r i m e n t s  and a n a l y s e 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  
s e c t i o n s .  

3 

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

5 . 1  - E x p e r i m e n t s  

, 

c . 

S i n g l e  d r a g  b i t  c u t t e r  e x p e r i m e n t s  have been made u s i n g  
a m o d i f i e d  m i l l i n g  mach ine  ( F i g u r e  3 6 ) .  A s i n g l e  c u t t e r  i s  
mounted i n  t h e  m a c h i n e  head and f o r c e s  on t h e  c u t t e r  a r e  
measured i n  t h e  t h r u s t  ( p a r a l l e l  t o  c u t t e r  d i s p l a c e m e n t ) ,  
l a t e r a l ,  and v e r t i c a l  d i r e c t i o n s .  The t e s t s  a r e  c o n d u c t e d  b y  
m o u n t i n g  t h e  specimen on t h e  machine,  f i x i n g  t h e  c u t t e r  d e p t h  
o f  c u t  r e l a t i v e  t o  t h e  r o c k  s u r f a c e ,  and t h e n  f e e d i n g  t h e  r o c k  
p a s t  t h e  c u t t e r .  F i g u r e  37 shows t h e  c u t t e r  a c t u a l l y  u s e d  
f o r  t h e  t e s t s .  The r a k e  a n g l e  f o r  a l l  t e s t s  was -20 ' .  An 
a r t i f i c i a l  w e a r f l a t  was g r o u n d  on t h e  c u t t e r  t o  s i m u l a t e  
t y p i c a l  c o n d i t i o n s  a f t e r  some use .  D a t a  c o n s i s t s  o f  v i s u a l  
o b s e r v a t i o n s ,  h i g h  speed m o v i e s ,  c u t t i n g  f o r c e s ,  and p o s t - t e s t  
e x a m i n a t i o n  o f  t h e  specimen.  

A t y p i c a l  c h i p  f o r m a t i o n  sequence ( f o r  a worn c u t t e r )  
i s  i l l u s t r a t e d  i n  F i g u r e  38. As c u t t e r  moves i n t o  t h e  r o c k  
where a c h i p  has p r e v i o u s l y  been removed, i t  l e v e l s  t h e  
uneven r o c k  and  c r e a t e s  a l a r g e  amount o f  d u s t .  Some o f  t h e  
m a t e r i a l  i s  t r a p p e d  be tween  t h e  c u t t e r  and t h e  r o c k ,  l e a d i n g  
t o  r e l a t i v e l y  l a r g e  l o a d s  i n  f i x e d  c u t t i n g  d e p t h  e x p e r i m e n t s .  
A t  some p o i n t ,  t h e  t h r u s t  and v e r t i c a l  l o a d s  become l a r g e  
enough t h a t  h o r i z o n t a l  and  d i p p i n g  f r a c t u r e s  f o r m  ahead o f  
t h e  c u t t e r .  The h o r i z o n t a l  f r a c t u r e s  f o r m  a c h i p  w h i c h  f l y s  
away and t h e  c y c l e  i s  r e p e a t e d .  T h i s  g e n e r a l  sequence has  
a l s o  been o b s e r v e d  b y  Hood [ l o ] ,  F a i r h u r s t  [ l l ] ,  and F r i e d m a n  
n 2 1 .  
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i d  
The c y c l i c  n a t u r e  o f  t h e  c u t t i n g  p r o c e s s  i s  r e f l e c t e d  i n  

b o t h  t h e  p o s t - c u t t i n g  f r a c t u r e s  o b s e r v e d  i n  t h e  specimen and 
i n  t h e  measured c u t t i n g  f o r c e s .  F i g u r e  39 shows a p h o t o g r a p h  
o f  a Tennessee M a r b l e  specimen w h i c h  has been s l i c e d  and dye  
p e n e t r a t e d  t o  h i g h l i g h t  t h e  f r a c t u r e s  ( i n  o r d e r  t o  o b s e r v e  
f r a c t u r e s ,  i t  was n e c e s s a r y  t o  use  a l e s s  p o r o u s  r o c k  t y p e  . 
t h a n  s a n d s t o n e ) .  The s u b s u r f a c e  damage i s  c h a r a c t e r i z e d  b y  
numerous f r a c t u r e s  t h a t  c o n s i s t e n t l y  d i p  i n  t h e  d i r e c t i o n  o f  
c u t t e r  d i s p l a c e m e n t ,  a t  a n g l e s  r a n g i n g  f rom q u i t e  s h a l l o w  
t o  50'-60'. T h e r e  i s  no o b s e r v a b l e  s h e a r  d i s p l a c e m e n t  a c r o s s  
t h e  f r a c t u r e s ,  i n d i c a t i n g  t h a t  t h e y  a r e  t e n s i l e  i n  c h a r a c t e r .  
S e c t i o n s  made f rom W e s t e r l y  G r a n i t e  and Tennessee M a r b l e  
specimens show s i m i l a r  f r a c t u r e  p a t t e r n s .  I t  i s  b e l i e v e d  
t h a t  e s s e n t i a l l y  t h e  same mechanisms o p e r a t e  i n  Be rea  Sandstone.  

Measured c u t t i n g  f o r c e s  a r e  shown i n  F i g u r e s  40 t h r o u g h  
42. The f o r c e s  r e p r e s e n t  v a r i a t i o n s  i n  c u t t i n g  d e p t h  and 
r o c k  t y p e .  F i g u r e  40 g i v e s  f o r c e s  f o r  c u t t i n g  B e r e a  sand- 
s t o n e  a t  a d e p t h  o f  0.050 i n c h e s  w h i l e  F i g u r e  4 1  shows f o r c e s  
f o r  a c u t t i n g  d e p t h  o f  0.100 i n c h e s .  B o t h  t h e  peak and a v e r a g e  
f o r c e s  a p p r o x i m a t e l y  d o u b l e  when d e p t h  i s  d o u b l e d .  I t  i s  a l s o  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  v e r t i c a l  f o r c e s  a r e  t h e  same 
m a g n i t u d e  as t h e  t h r u s t  f o r c e .  T h i s  i n d i c a t e s  t h e  c u t t i n g  
i s  n o t  a c l e a n  k n i f e - l i k e  o p e r a t i o n ,  b u t  t h a t  t h e r e  i s  c o n s i d e r -  
a b l e  g r i n d i n g  o f  t h e  r o c k  u n d e r  t h e  c u t t e r .  T h i s  i s  c o n f i r m e d  
b y  v i s u a l  o b s e r v a t i o n  o f  t h e  specimens,  where f i n e  powder 
a p p e a r s  f o r c e d  i n t o  t h e  c u t t e r  p a t h .  The change t o  a s t r o n g e r  
r o c k  t y p e  (Tennessee M a r b l e )  i n c r e a s e s  t h e  c u t t i n g  l o a d s  
s i g n i f i c a n t l y .  F o r  t h e  m a r b l e ,  t h e  v e r t i c a l  l o a d s  even exceed  
t h e  t h r u s t  l o a d .  The measured l o a d s  f o r  b o t h  r o c k  t y p e s  
show a d e f i n i t e  p e r i o d i c i t y  w h i c h  a p p e a r s  r e l a t e d  t o  t h e  
f o r m a t i o n  o f  m a j o r  f r a c t u r e s .  T h e r e  i s  a r i s e  i n  l o a d  f o l l o w e d  
b y  a s h a r p  d e c r e a s e .  Compar ing t h e  d i s t a n c e s  be tween  f o r c e  
c y c l e s  ( F i g u r e  4 2 )  and t h e  d i s t a n c e  be tween  m a j o r  f r a c t u r e s  
( F i g u r e  39), t h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  w i t h  a c y c l e  
o c c u r r i n g  a b o u t  e v e r y  0.2 i n c h .  By v a r y i n g  t h e  c u t t e r  speed, 
we have shown t h a t  t h e  c y c l i c  r e s p o n s e  i s  n o t  r e l a t e d  s i g n i f -  
i c a n t l y  t o  t h e  s t i f f n e s s  o f  t h e  e x p e r i m e n t  f i x t u r e .  

To  summarize,  l a b o r a t o r y  t e s t s  a t  a t m o s p h e r i c  p r e s s u r e  
and f i x e d  c u t t i n g  d e p t h  show a d e f i n i t e  c y c l i c  p r o c e s s  o f  
c u t t e r  engagement, c h i p  f o r m a t i o n ,  and movement i n t o  t h e  
c l e a r e d  zone. 

5.2 - A n a l y s i s  

t i o n s  were  made o f  t h e  d r a g  b i t  c u t t i n g  p r o c e s s .  The mesh 
u s e d  t o  a n a l y z e  c u t t i n g  i s  shown i n  F i g u r e  43. The worn  
c u t t e r  c o n f i g u r a t i o n  was a p p r o x i m a t e d  i n  t h e  a n a l y s i s  w i t h  a 
r a k e  a n g l e  o f  -20'. The f r i c t i o n  c o e f f i c i e n t  on  t h e  s l i d e  

U s i n g  t h e  p r e v i o u s l y  d e v e l o p e d  m a t e r i a l  mode ls ,  c a l c u l a -  # 

.. 
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l i n e s  be tween  t h e  c u t t e r  and t h e  r o c k  w assumed e i t h e r  
z e r o  o r  0.25. W h i l e  p e r f o r m i n g  t h e  c a l c u l a t i o n s ,  i t  became 
o b v i o u s  t h a t  t h e  assumed c o n t a c t  p a t t e r n  be tween  t h e  c u t t e r  
and t h e  r o c k  was an i m p o r t a n t  p a r a m e t e r .  Two meshes were 
used, one i n  w h i c h  t h e  r o c k  s u r f a c e  was f l a t  and one where 
0.025 i n c h e s  o f  r o c k  was i n  d i r e c t  c o n t a c t  w i t h  t h e  c u t t e r ,  
w i t h  t h e  r e s t  o f  t h e  c u t t i n g  d e p t h  a n g l i n g  away f r o m  t h e  
c u t t e r .  P l a n e  s t r a i n  a s s u m p t i o n s  were used. T a b l e  4 g i v e s  
t h e  m a t e r i a l  p r o p e r t i e s  u s e d  i n  t h e  a n a l y s e s ,  and T a b l e  5 
g i v e s  t h e  d i f f e r e n t  c a s e s  examined.  

and t h e  c u t t e r  was d i s p l a c e d  f i r s t  downward, t h e n  f o r w a r d .  
T h i s  l o a d i n g  i s  s i m i l a r  t o  an i n d e n t i o n  t e s t .  The t e n s f l e / C o u l o m b  
model w i t h  s a n d s t o n e  p r o p e r t i e s  was used.  F i g u r e  44 shows 
t h e  s e q u e n t i a l  f r a c t u r e  p a t t e r n  f o r  0.001 i n c h e s  v e r t i c a l  
d i s p l a c e m e n t ;  t h e  r e s u l t s  f o r  0.002 i n c h e s  v e r t i c a l  d i s p l a c e m e n t  
a r e  g i v e n  i n  F i g u r e  4 5 .  The c a l c u l a t e d  f o r c e s  a r e  g i v e n  i n  
F i g u r e  4 6 .  F o r  t h e  0.002 i n c h  v e r t i c a l  d i s p l a c e m e n t  case,  
t h e  v e r t i c a l  l o a d s  d r o p  due t o  f r a c t u r i n g  u n d e r  t h e  c u t t e r  
b e f o r e  t h e  c u t t e r  i s  d i s p l a c e d  f o r w a r d .  B o t h  c a s e s  show a 
s i g n i f i c a n t  d r o p  i n  v e r t i c a l  l o a d  when f o r w a r d  d i s p l a c e m e n t  
s t a r t s .  

ment ,  t h e  v e r t i c a l  l o a d  becomes l a r g e  enough t o  cause  s i g n i f i c a n t  
f r a c t u r i n g .  I n  f a c t ,  t h e  f r a c t u r e d  r e g i o n  has many o f  t h e  
same c h a r a c t e r i s t i c s  as t h e  e x p e r i m e n t a l l y  o b s e r v e d  f r a c t u r e s  
d u r i n g  c u t t i n g ;  t h e  m a j o r  f r a c t u r e s  d i p  away f r o m  t h e  c u t t e r  
and t h e r e  i s  a r e g i o n  o f  c o n s i d e r a b l e  damage u n d e r  t h e  c u t t e r .  
T h i s  a1 s o  c o r r e l a t e s  w i t h  Hood 's  o b s e r v a t i o n s  [ l o ]  t h a t  
i n d e n t i o n  caused  f r a c t u r e s  s i m i l a r  t o  t h o s e  o b t a i n e d  i n  d r a g  
b i t  c u t t i n g .  Thus, i t  a p p e a r s  t h a t  t h e  v e r t i c a l  l o a d s  d u r i n g  
c u t t i n g  a r e  s u f f i c i e n t  t o  cause  f r a c t u r i n g  o f  t h e  r o c k  and 
s o  i n d e n t i o n  may a c t u a l l y  be a s i g n i f i c a n t  d r a g  b i t  c u t t i n g  
mechanism. The a c t u a l  c h i p  f o r m i n g  p r o c e s s  i s  t h e r e f o r e  
more comp lex  t h a n  t h e  i n t u i t i v e  n o t i o n  o f  d r a g  b i t s  f o r m i n g  
c h i p s  o n l y  as  a r e s u l t  o f  c o n t a c t  be tween  t h e  f r o n t  f a c e  o f  
t h e  c u t t e r  and t h e  r o c k .  

The n e x t  s t u d y  was an a t t e m p t  t o  s i m u l a t e  l a b o r a t o r y  
c u t t i n g  e x p e r i m e n t s  on s a n d s t o n e .  T h i s  s t u d y  mode led  i n  
i n c r e a s i n g  d e t a i l  t h e  assumed c o n t a c t  p a t t e r n  be tween  t h e  
c u t t e r  and t h e  r o c k .  

0.100 i n c h  c u t t i n g  d e p t h  was i n  c o n t a c t  w i t h  t h e  c u t t e r .  The 
c u t t e r  b o t t o m  was assumed f l a t  and i n  c o n t a c t  w i t h  t h e  r o c k .  
The c u t t e r  was d i s p l a c e d  w i t h  a c o n s t a n t  f o r w a r d  v e l o c i t y  o f  
10 i n / s e c ;  t h e  v e r t i c a l  d i s p l a c e m e n t  was z e r o .  T h i s  c a l c u l a t i o n  
was made w i t h  b o t h  t h e  t e n s i l e / C o u l o m b  m a t e r i a l  model ( F i g u r e  
4 7 )  and t h e  t e n s i l e / p l a s t i c i t y  model ( F i g u r e  4 8 ) .  

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

I t  i s  c l e a r  t h a t  be tween  0.001 and 0.002 i n c h e s  d i s p l a c e -  

The f i r s t  c a l c u l a t i o n  assumed t h a t  0.025 i n c h e s  o f  t h e  
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L d  
B o t h  mode ls  g i v e  s i m i l a r  p r e d i c t i o n s  o f  f r a c t u r e  l o c a t i o n .  

They b o t h  d r i v e  a l o n g  f r a c t u r e  ahead o f  t h e  c u t t e r  and a 
v e r t i c a l  f r a c t u r e  down f r o m  t h e  c u t t e r .  The m a t e r i a l  i n  f r o n t  
o f  t h e  c u t t e r  i s  f r a c t u r e d  i n  t h e  t e n s i l e / C o u l o m b  mode l ,  b u t  a 

r e m a i n s  u n f r a c t u r e d  ( b u t  p l a s t i c a l l y  d e f o r m i n g )  i n  t h e  t e n s i l e /  
p l a s t i c i t y  c a l c u l a t i o n .  The f o r c e s  f o l l o w  t h e  same p a t t e r n  
n o t e d  i n  t h e  i n d e n t o r  c a l c u l a t i o n s ;  t h e  t e n s i l e l p l a s t i c i t y  
model p r e d i c t s  f o r c e s  ( F i g u r e  4 9 )  t h a t  c o n t i n u e  t o  i n c r e a s e ,  
w h i l e  t h e  t e n s i l e / C o u l o m b  model shows a peak f o r c e  w h i c h  
t h e n  d r o p s  as  t h e  m a t e r i a l  i n  f r o n t  o f  t h e  c u t t e r  i s  c r u s h e d .  
B o t h  mode ls  p r e d i c t  a t e n s i l e  f r a c t u r e  e x t e n d i n g  downward 
f r o m  t h e  c u t t e r .  T h i s  f r a c t u r e  i s  a consequence o f  b o t h  t h e  
assumed c u t t e r / r o c k  c o n t a c t  and t h e  t e n d e n c y  o f  t h e  model t o  
p r o p a g a t e  f r a c t u r e s  a l o n g  mesh l i n e s .  A c c o r d i n g l y ,  i t  was 
d e c i d e d  t o  examine f u r t h e r  t h e  consequences o f  c h a n g i n g  t h e  
d e t a i l e d  a s s u m p t i o n s  o f  c o n t a c t  between t h e  c u t t e r  and t h e  
r o c k  u s i n g  t h e  t e n s i l e / C o u l o m b  model .  

Based on e x p e r i m e n t a l  o b s e r v a t i o n s ,  c r u s h e d  r o c k  i s  
smeared u n d e r  t h e  c u t t e r  as t h e  c u t t e r  d i s p l a c e s .  T h i s  
powdered r o c k  t e n d s  t o  d i f f u s e  t h e  c o n t a c t  be tween  t h e  c u t t e r  
and t h e  r o c k .  A l s o ,  t h i s  powdered r o c k  w o u l d  be  e x p e c t e d  t o  
be o f  l o w e r  s t r e n g t h  t h a n  t h e  i n t a c t  r o c k .  T h i s  e f f e c t  was 
a p p r o x i m a t e d  i n  t h e  model by  l o c a l l y  r e d u c i n g  t h e  f a i l u r e  
s t r e n g t h s  o f  t h e  e l e m e n t s  i n  c o n t a c t  w i t h  t h e  c u t t e r  (See 
F i g u r e  43 .b ) .  The s t r e n g t h  i n  t h e  f o u r  e l e m e n t s  ahead and 
u n d e r n e a t h  t h e  c u t t e r  were r e d u c e d  b y  a f a c t o r  o f  f i v e .  
F i g u r e  50  shows t h e  r e s u l t i n g  f r a c t u r e s .  Compar ing t h e s e  
r e s u l t s  t o  F i g u r e  47, t h e  m o s t  n o t i c e a b l e  e f f e c t  o f  t h e  
l o c a l  s o f t e n i n g  i s  t o  cause  a f r a c t u r e  d i p p i n g  a t  45" ahead 
o f  t h e  c u t t e r .  T h i s  i s  e x p e c t e d ,  s i n c e  t h e  l o c a l l y  weak 
m a t e r i a l  g i v e s  a p r e s s u r e - t y p e  l o a d i n g  between t h e  c u t t e r  
and t h e  r o c k ,  w h i c h  w o u l d  enhance t h e  4 5 "  f r a c t u r e .  

A t h i r d  s t e p  i n  t h e  s t u d y  was t o  impose a v e r t i c a l  
d i s p l a c e m e n t  on t h e  c u t t e r  b e f o r e  d i s p l a c i n g  t h e  c u t t e r  
f o r w a r d .  F i g u r e  5 1  shows t h e  f r a c t u r e s  f o r  an i n i t i a l  downward 
v e r t i c a l  d i s p l a c e m e n t  o f  0.001 i n c h ,  f o l l o w e d  b y  f o r w a r d  
m o t i o n .  Because o f  c o m p r e s s i o n  u n d e r  t h e  c u t t e r ,  t h e  v e r t i c a l  
f r a c t u r e  does n o t  f o rm,  b u t  b o t h  f o r w a r d  and d i p p i n g  f r a c t u r e s  
do f o r m .  A t r a i l i n g  f r a c t u r e  i s  a l s o  f o r m e d  by  i n d e n t i o n  o f  
t h e  r e a r  edge o f  t h e  c u t t e r .  

The f i n a l  s t e p  i n  m a k i n g  t h e  c o n t a c t  a s s u m p t i o n s  c l o s e r  
t o  t h e  a c t u a l  case  was t o  i n c l u d e  some s l o p e  i n  t h e  c u t t e r  
wear f l a t .  I t  was o b s e r v e d  t h a t  wear f l a t  o f  t h e  c u t t e r  used  
i n  t h e  e x p e r i m e n t s  was n o t  t r u l y  h o r i z o n t a l ,  b u t  was t i l t e d  
a t  an a n g l e  o f  = 7 "  w i t h  t h e  h o r i z o n t a l .  T h i s  c o r r e s p o n d s  t o  
a p p r o x i m a t e l y  a 0.022 i n c h  r e l i e f  f r o m  f r o n t  t o  back  o v e r  t h e  
0.18 i n c h  l o n g  wear f l a t .  I n  t h e  a n a l y s i s ,  a s m a l l e r  t i l t  o f  
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0.001 inch f r o n t  t o  b a c k  was u s e d .  This smaller t i l t  provided 
q u a l i t a t i v e l y  b e t t e r  answers t h a n  t h e  measured t i l t .  Figures 
5 2  a n d  53 show the r e s u l t s  o f  these c a l c u l a t i o n s  fo r  b o t h  
mater ia l  models. I n  genera l ,  t he re  i s  q u a l i t a t i v e  agreement 
w i t h  the f r a c t u r e s  observed i n  p o s t - t e s t  examination (F igure  
3 9 ) .  F i r s t ,  f r a c t u r e s  extend ahead o f  the c u t t e r  i n  a manner 
t h a t  w o u l d  be expected t o  form a c h i p .  Second, there  i s  a 
d i p p i n g  t e n s i l e  f r a c t u r e  ahead o f  the b i t  a t  a n  angle o f  
approximately 4 5 ' .  Third,  there  i s  considerable  damage  
l o c a l l y  under the b i t .  The v e r t i c a l  f r a c t u r e  i s  the o n l y  
f r a c t u r e  t h a t  does n o t  correspond t o  observat ions,  a n d  i s  
probably a r e s u l t  o f  t h e  tendency o f  the model t o  p red ic t  
f r a c t u r e s  p a r a l l e l  t o  mesh l i n e s .  

Figure 54 shows t h e  t h r u s t  a n d  v e r t i c a l  forces  fo r  t h e  
above cases .  In genera l ,  the  t h r u s t  force d i d  n o t  change 
f rom case t o  case ,  b u t  the ve r t i ca l  forces  increased f o r  the  
cases  w i t h  a downward v e r t i c a l  c u t t e r  displacement.  

A comparison o f  the forces  f o r  b o t h  material  models i n  
the  f i n a l  l o a d i n g  configurat ion i s  given i n  Figure 5 5 .  The 
magnitudes o f  the v e r t i c a l  forces  a re  approximately the same 
a s  the horizontal  fo rces .  The ca l cu la t ed  forces  a re  
approximately one-half measured values.  Note t h a t  i n  Figure 
55, the  forces  a re  represented fo r  a c u t t e r  w i d t h  o f  1 i n c h .  
N o r m a l i z i n g  t h i s  t o  the  measured c u t t e r  w i d t h  o f  0 . 3  inches 
r e s u l t s  i n  peak forces  o f  180 t o  240  l b s .  This compares 
w i t h  peak measured values o f  approximately 550 l b  (Figure 40). 
The tensile/Coulomb model shows a drop i n  horizontal  force 
a s  f r a c t u r e s  form while the t e n s i l e / p l a s t i c i t y  model p red ic t s  
forces  t h a t  continue t o  increase w i t h  displacement ( a l t h o u g h  
a t  a reduced s l o p e ) .  

Using t h i s  f i n a l  c o n f i g u r a t i o n ,  th ree  s e n s i t i v i t y  s tud ie s  
were made  u s i n g  t h e  t e n s i l e / C o u l o m b  model : 

1. Changing t h e  rock type t o  Tennessee Marble. 

2 .  C h a n g i n g  t h e  sandstone c u t t i n g  d e p t h  t o  0 .050  i n c h .  

3. A p p l y i n g  a u n i f o r m  pressure on the rock  surface o f  
3000 psi w i t h  corresponding uniform i n i t i a l  hydros ta t ic  
i n - s i t u  s t r e s s e s  o f  -3000 p s i .  

The f r a c t u r e  p a t t e r n s  f o r  Tennessee Marble a re  shown i n  
Figure 5 6 .  They a r e  s i m i l a r  t o  the sandstone f r a c t u r e s ,  b u t  
w i t h  a reduced dip f r a c t u r e  a n d  a n  enhanced v e r t i c a l  f r a c t u r e .  
The fo rces  f o r  marble (F igure  5 7 )  a r e  approximately twice a s  
l a rge  as the  sandstone fo rces .  This t rend i s  i n  the r i g h t  
d i r e c t i o n ,  however, the observed r a t i o  o f  marble t o  sandstone 
t h r u s t  forces  i s  a p p r o x i m a t e l y  th ree  a n d  one-half .  Thus, the 
model underestimates t h e  e f f e c t  o f  c h a n g i n g  ma te r i a l s .  

25 



T h e  e f f e c t  of  v a r y i n g  c u t t i n g  d e p t h  i s  shown i n  F igure  
58. The f r a c t u r e s  a r e  s i m i l a r  t o  t h e  0.100 i n c h  c u t t i n g  d e p t h .  
The c a l c u l a t e d  f o r c e s  a r e  a l s o  s i m i l a r  ( F i g u r e  5 9 1 ,  w i t h  a 
0.050 i n c h  d e p t h  peak f o r c e  o f  500 l b  compared t o  a 600 l b  
peak f o r c e  f o r  a c u t t i n g  d e p t h  o f  0.100 i n c h e s .  T h i s  change  
i n  c u t t i n g  f o r c e  i s  l e s s  t h a n  t h a t  o b s e r v e d  e x p e r i m e n t a l l y ,  
where t h e  f o r c e  dropped  a p p r o x i m a t e l y  i n  h a l f  f o r  a f a c t o r  o f  
two r e d u c t i o n  i n  d e p t h .  

I n c l u d i n g  i n - s i tu  s t r e s s e s  w i t h  a c o n f i n i n g  pressure has  
a marked e f f e c t  on t h e  r e s u l t s .  F i r s t ,  a l l  t e n s i l e  f r a c t u r e s  
a r e  i n h i b i t e d  and o n l y  s h e a r  f r a c t u r e s  o c c u r  ( F i g u r e  6 0 ) .  
T h i s  i n d i c a t e s  a change  i n  t h e  d r i l l i n g  p r o c e s s  w h e n  t h e  rock  
i s  c o n f i n e d .  T h i s  t y p e  of  change i n  b e h a v i o r  from a b r i t t l e  
r e s p o n s e  t o  a p l a s t i c  r e s p o n s e  was n o t e d  by Maurer C131 f o r  
i n d e n t i o n  t e s t s .  S e c o n d l y ,  c u t t i n g  f o r c e s  a p p r o x i m a t e l y  
doubled  f o r  t h e  c o n f i n e d  c a s e  ( F i g u r e  6 1 ) .  T h i s  change  i n  
r e s p o n s e  seems r e a s o n a b l e  and c o u l d  have s i g n i f i c a n t  i m p l i c a t i o n s  
f o r  t e s t i n g .  I f  t h e  f r a c t u r e  mechanisms change  w i t h  c o n f i n e m e n t ,  
t e s t s  per formed a t  a t m o s p h e r i c  p r e s s u r e  p r o b a b l y  have l i t t l e  
c o r r e l a t i o n  w i t h  a c t u a l  d r i l l i n g  c o n d i t i o n s .  T h u s ,  we s h o u l d  
be c a u t i o u s  a b o u t  a p p l y i n g  a t m o s p h e r i c  t e s t  d a t a  t o  t h e  d e s i g n .  

5.3 - D i s c u s s i o n  

From t h e  p r e v i o u s  r e s u l t s ,  i t  i s  c l e a r  t h a t  d e t a i l e d  
f r a c t u r e  p r e d i c t i o n s  a r e  s e n s i t i v e  t o  t h e  assumed c o n t a c t  
between t h e  c u t t e r  and t h e  r o c k .  Because o f  t h i s  s e n s i t i v i t y ,  
i t  i s  n o t  a p p r o p r i a t e  t o  e x p e c t  the  model t o  c o r r e c t l y  p r e d i c t  
i n d i v i d u a l  f r a c t u r e s .  The model i s  useful p r e d i c t i n g  o v e r a l l  
b e h a v i o r  and t h e  e f f e c t s  o f  major  changes  i n  l o a d i n g  c o n d i t i o n s .  

The most  s i g n i f i c a n t  r e s u l t  w i t h  r e s p e c t  t o  o v e r a l l  
b e h a v i o r  i s  t h e  a b i l i t y  of  t h e  v e r t i c a l  l o a d s  t o  form f r a c t u r e s .  
T h i s  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  i n d e n t i o n - t y p e  l o a d i n g  i s  
p robab ly  one of  t h e  main d r a g  b i t  c u t t i n g  mechanisms,  and 
n o t  o n l y  c o n t a c t  between the  f r o n t  of  t h e  c u t t e r  and the  
r o c k .  Note t h a t  t h e  a n a l y s i s  and e x p e r i m e n t s  were per formed 
w i t h  a worn c u t t e r .  For  s h a r p  c u t t e r s ,  i t  i s  n o t  c l e a r  t h a t  
t h e  same i n d e n t i o n  f r a c t u r e s  w i l l  form.  O n  one hand,  t he  
o b s e r v e d  v e r t i c a l  a n d  t h r u s t  f o r c e s  a r e  l o w e r ,  on t he  o t h e r  
hand,  f r a c t u r e s  w i l l  form a t  lower  l o a d s  a s  one a p p r o a c h e s  a 
p o i n t  l o a d .  

W i t h  r e s p e c t  t o  t h e  e f f e c t s  of  chang ing  l o a d i n g  c o n d i t i o n s ,  
the  most i m p o r t a n t  r e s u l t  i s  the  e f f e c t  o f  i n - s i t u  s t resses  
and p r e s s u r e  on t h e  rock  s u r f a c e .  The model p r e d i c t s  a change  
i n  t h e  c u t t i n g  p r o c e s s  from a t e n s i l e  f r a c t u r e  p r o c e s s  t o  a 
s h e a r  ( p l a s t i c i t y )  p r o c e s s  when c o n f i n e d .  T h i s  change  i n  
b e h a v i o r  a p p e a r s  c o r r e c t  i n t u i t i v e l y  and i s  a l s o  s u p p o r t e d  by 
t h e  s u c c e s s f u l  a p p l i c a t i o n  of  t h e  model t o  t h e  c o n f i n e d  
i n d e n t i o n  t e s t .  

a 
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6'.0 - CONCLUSIONS 

I n  t h i s  r e p o r t ,  I have a t t e m p t e d  t o  p r e s e n t  a f a i r l y  
c o m p l e t e  p i c t u r e  o f  a n a l y t i c a l  work t o  d a t e .  The a n a l y s i s  
has me t  w i t h  m i x e d  success ,  b e i n g  a b l e  t o  c a p t u r e  some f e a t u r e s  
o f  t h e  c u t t i n g  p r o c e s s ,  b u t  n o t  a l l .  

P a r t  o f  t h e  d i f f i c u l t y  l i e s  w i t h  m o d e l i n g  t h e  m a t e r i a l  
b e h a v i o r .  As shown i n  S e c t i o n  2.0, t h e  r e s p o n s e  o f  Be rea  
Sands tone  i n  even r e l a t i v e l y  s i m p l e  u n i a x i a l  and t r i a x i a l  t e s t s  
i s  comp lex  and h i g h l y  n o n l i n e a r .  The " e l a s t i c "  p r o p e r t i e s  a r e  
l o a d  dependen t  and  f a i l u r e  i s  p r o g r e s s i v e ,  b e g i n n i n g  a t  
r e l a t i v e l y  l o w  l o a d s .  

The c o n s t i t u t i v e  mode ls  used  t o  r e p r e s e n t  t h e  m a t e r i a l  a r e  
n e c e s s a r i l y  s i m p l i f i c a t i o n s  o f  a c t u a l  b e h a v i o r  ( S e c t i o n  3.0). 
They a l s o  i n c l u d e  some t h e o r e t i c a l  s h o r t c o m i n g s ,  such as u s e  o f  
a s t r e s s  c r i t e r i o n  f o r  c r a c k  p r o p a g a t i o n .  However, d e s p i t e  
t h e s e  1 i m i t a t i o n s ,  v e r i f i c a t i o n  a n a l y s e s  o f  i n d e n t i o n  t e s t s  
c o r r e l a t e d  f a i r l y  w e l l  w i t h  o b s e r v a t i o n s  ( S e c t i o n  4 .0 ) .  
F r a c t u r e  p a t t e r n s  ma tched  t h o s e  o b t a i n e d  e x p e r i m e n t a l l y  and  
c a l  c u l  a t e d  1 oads bounded t h e  measured Va l  ues.  

The a n a l y s i s  o f  d r a g  b i t  c u t t i n g  has t h e  added c o m p l i c a -  
t i o n  o f  r e q u i r i n g  a s s u m p t i o n s  a b o u t  c o n t a c t  between t h e  
c u t t e r  and t h e  r o c k  ( S e c t i o n  5 .0 ) .  I t  was shown t h a t  t h e  
r e s u l t s  were s e n s i t i v e  t o  t h i s  a s s u m p t i o n .  T h i s  n e c e s s i t y  
o f  assuming  c o n t a c t  a p p e a r s  t o  be t h e  m a j o r  s t u m b l i n g  b l o c k  
t o  d e v e l o p i n g  a n a l y s i s  methods w h i c h  can  model t h e  c u t t i n g  
p r o c e s s  i n  d e t a i l .  Even i f  a l l  t h e  o t h e r  l i m i t a t i o n s  o f  t h e  
model were removed, t h i s  p r o b l e m  w o u l d  s t i l l  r e m a i n .  The 
o n l y  a p p a r e n t  way t o  e l i m i n a t e  t h e  need t o  assume c o n t a c t  i s  
t o  have t h e  c u t t e r  move a s i g n i f i c a n t  d i s t a n c e  ( s e v e r a l  i n c h e s )  
i n  t h e  a n a l y s i s .  T h i s  r e q u i r e s  t h e  a b i l i t y  t o  f o r m  and e j e c t  
c h i p s  and t o  i n c l u d e  t h e  c r u s h i n g  o f  t h e  r o c k  u n d e r  t h e  c u t t e r .  
C o n c e p t u a l l y  t h i s  i s  a c h i e v a b l e  w i t h  e i t h e r  a remesh c a p a b i l i t y  
or  E u l e r i a n  approach ,  b u t  t h e  p r o b l e m  s i z e  and r e q u i r e d  
c o m p u t i n g  t i m e  i s  f o r m i d a b l e .  

model has t h e  c a p a b i l i t y  t o  p r e d i c t  o v e r a l l  b e h a v i o r  and t h e  
e f f e c t s  o f  m a j o r  changes i n  l o a d i n g .  

The p r e s e n t  a n a l y s i s  i s  n o t  w i t h o u t  v a l u e ,  however .  The 

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

n o t  o n l y  c o n t a c t  be tween  t h e  f r o n t  o f  t h e  c u t t e r  and t h e  r o c k .  
I t  t h u s  a p p e a r s  t h a t  c u t t e r  l i f e  c o u l d  be  e x t e n d e d  b y  i m p r o v i n g  
t h e  c a p a b i l i t y  o f  c u t t e r s  t o  w i t h s t a n d  s i g n i f i c a n t  v e r t i c a l  
a n d  b o t t o m  s h e a r  l o a d s ,  w i t h  a r e d u c e d  emphasis  on t h e  f r o n t  
f a c e  o f  t h e  c u t t e r .  

. t h e  m a j o r  f r a c t u r e  f o r m i n g  mechanisms d u r i n g  d r a g  b i t  c u t t i n g ,  

9 
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W i t h  r e s p e c t  t o  t h e  e f f e c t s  o f  c h a n g i n g  l o a d i n g  c o n d i t i o n s ,  ir 
t h e  mos t  i m p o r t a n t  r e s u l t  i s  t h e  e f f e c t  o f  i n - s i t u  s t r e s s e s  and . 
p r e s s u r e  on t h e  r o c k  s u r f a c e .  The model p r e d i c t s  a change i n  t h e  
c u t t i n g  p r o c e s s  f r o m  a t e n s i l e  f r a c t u r e  p r o c e s s  t o  a s h e a r  
( p l a s t i c i t y )  p r o c e s s  when c o n f i n e d .  T h i s  change i n  b e h a v i o r  
appears  i n t u i t i v e l y  c o r r e c t  and I s  a l s o  s u p p o r t e d  by  t h e  
d e m o n s t r a t e d  s u c c e s s f u l  a p p l i c a t i o n  o f  t h e  model t o  t h e  c o n f i n e d  
i n d e n t i o n  t e s t .  The change i n  c u t t i n g  p r o c e s s  has  i m p l i c a t i o n s  
f o r  b o t h  t e s t i n g  and d e s i g n .  I f  t h e  c u t t i n g  p r o c e s s  a t  
a t m o s p h e r i c  p r e s s u r e  i s  n o t  t h e  same as  when c o n f i n e d ,  t h e  
a p p T i c a b i l i t y  o f  a t m o s p h e r i c  t e s t  d a t a  i s  q u e s t i o n a b l e .  T e s t s  
u n d e r  c o n f i n e d  c o n d i t i o n s  w o u l d  m o s t  c l o s e l y  r e p r e s e n t  a c t u a l  
c o n d i t i o n s .  
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7.0 - R E C O M M E N D A T I O N S  F O R  FUTURE WORK 

Many a r e a s  o f  r e s e a r c h  h o l d  t h e  p o t e n t i a l  o f  i m p r o v i n g  
r p o l y c r y s t a l l i n e  diamond compact  c u t t e r s  p e r f o r m a n c e .  I n  

a d d i t i o n  t o  t h e  l o n g - t e r m  t y p e  o f  r e s e a r c h  d e s c r i b e d  i n  t h i s  
k e p o r t ,  work on f a i l u r e  o r i e n t e d  d e s i g n  improvemen ts  s h o u l d  b e  
( a n d  i s  b e i n g )  p u r s u e d .  Such a r e a s  i n c l u d e  i m p r o v i n g  s t u d  
d e s i g n  t o  w i t h s t a n d  peak l o a d s ,  d e v e l o p i n g  b e t t e r  methods o f  
c o o l i n g  c u t t e r s ,  and i n c r e a s i n g  t h r  wear r e s i s t a n c e  o f  t h e  s t u d s .  

W i t h  r e s p e c t  t o  r e s e a r c h  i n t o  t h e  mechan ics  o f  c u t t i n g ,  
r e s e n t  s i t u a t i o n  i s  such  t h a t  l a b o r a t o r y  t e s t s  do n o t  

s imu  the P a t e  a c t u a l  c u t t i n g  c o n d i t i o n s ,  and t h e  model i s  l e a s t  
r e l i a b l e  a t  l a b o r a t o r y  t e s t  c o n d i t i o n s  ( a t m o s p h e r i c  p r e s s u r e ) .  
I t  i s  e x p e c t e d  t h a t  t h e  p r e s e n t  model i s  m o s t  a p p l i c a b l e  t o  
a c t u a l  d r i l l i n g  c o n d i t i o n s ,  where t h e  r o c k  i s  c o n f i n e d  b y  
d r i l l i n g  mud. T h e r e f o r e ,  a p r i m a r y  o b j e c t i v e  s h o u l d  be t o  
b r i n g  t h e  l a b o r a t o r y  t e s t  c o n d i t i o n s  c l o s e r  t o  a c t u a l  d r i l l i n g  
c o n d i t i o n s .  Compar isons s h o u l d  t h e n  be made be twen  t h e  model 
and t e s t s  u n d e r  s i m u l a t e d  c u t t i n g  c o n d i t i o n s .  I t  w o u l d  a l s o  
be  u s e f u l  t o  g a t h e r  d a t q  on  s u c c e s s f u l  a p p l i c a t i o n s  o f  P D C  
c u t t e r s  and t h e n  r e l a t e  l a b o r a t o r y  t e s t s  and a n a l y s i s  t o  
t h e s e  c o n d i t i o n s .  I w o u l d  recommend p o s t p o n i n g  f u r t h e r  model  
d e v e l o p m e n t s  u n t i l  c o n f i n e d  c u t t i n g  d a t a  i s  a v a i l a b l e  and 
c o m p a r i s o n s  a r e  made u s i n g  t h e  p r e s e n t  model .  
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SPECIMEN 

X-l-a 

X-2-a 

X-3-a 

X- 3-b 

X-4-a 

Avg . 

Y-l-a 

Y-l-b 

Y-2-a 

Y-2-b 

Y-3-a 

Avg . 

Z-8-a 

Z-9-a 

Z-9-b 

Z-lO-a 

Z-10-b 

Avg 

FAILURE 
STRESS-ps i 

7500 

7290 

7640 

7170 

7290 

7 380 

6960 

6810 

7430 

7510 

7520 

7250 

10190 

9440 

8970 

9310 

9850 

9550 

MODULUS 
E, x 10 psi 6 

1.98 

1.98 

2.02 

1.94 

2.01 

1.99 

1.74 

1.76 

1.84 

1.87 

1.93 

1.82 

2.26 

2.17 

2.09 

2.22 

2.33 

2 ;21 

POISSON* s FAILURE 
RATIO 

0.20 

0.33 

0.65 

- 
0.61 

0.45 

0.36 

0.69 

0.24 

0.22 

0.50 

0.40 

0.22 

0.23 

0.30 

0.11 

0.29 

0.23 

STRAIN, % 

0.53 

0.54 

0.56 

0.54 

0.54 

0.54 

0.52 

0.49 

0.51 

0.54 

0.55 

0.52 

0.68 

0.70 

0.76 

0.64 

0.63 

0.68 

h; 

. 
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T a b l e  1: U n i a x i a l  T e s t  R e s u l t s  [ 2 ]  



t 

SPECIMEN a3 FAILURE YOUNG'S POISSON ' S FAILURE 
STRESS-psi MOD US RATIO STRAIN, % 9 P s i  

r x 10 p s i  

Z-7-a 2000 23890 2.69 0.27 1.35 

Z-7-b 2000 23190 2.73 0.24 1.30 

Z-8-b 2000. 23210 2.54 0.28 1.28 

Avg . 23430 2.65 0.26 1.31 

Z-l-b 4000 32390 3.37 0.21 1.54 

Z-5-b 4000 31350 3.06 0.21 1.63 

Z-6-a 4000 32430 3.04 0.23 1.53 

Avg . 32060 3.16 0.22 1.57 

Z-l-a 6000 38850 2.71 0.10 1.73 

Z-2-b 6000 38990 3.05 0.21 1.92 

Z-3-b 6000 38130 2.92 0.22 1.77 

Avg . 38660 2.89 0.18 1.81 

Z-3-a 7500 43140 2.74 0.10 1.96 
* 

Z-4-a 7500 42920 2.17 0.20 1.91 

Z-4-b 7500 43540 3.08 0.21 1.97 

Avg . 43200 2.99 0.17 1.95 

- 
T a b l e  2:  T r i a x i a l  Test Results [ 2 ]  

- - 
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L, 
DIAM. LENGTH FAILURE FAILURE 
inch 

SPECIMEN 
inch LOAD-lbs. STRESS-psi 

s 

X-1-b 2.140 1.062 1440 403 

x-1-c 2.141 1.017 1185 346 

X-1-d . 2.140 .963 1265 391 

X-2-b 2.140 1.052 1235 

x-2-c 2.140 1.013 1140 

349 

335 

X-2-d 2.139 1.056 1232.5 347 

A v ~  362 

2.140 1 028 1402.5 406 Y-1-c 

Y-1-d 2.140 .958 1012: 5 314 

1 1165 340 
~ Y- 2-c 2.140 1.018 

Y-2-d 2.140 

Y-3-c 2.141 I 

.995 1135 

1.038 1265 

339 

362 

Y-3-d 2.141 1.026 1560 45 2 

Avg . 369 
- 

2.143 1.033 1422.5 409 z-1-c 

2-1-d 2.143 1.021 1467.5 42 7 

z-2-c 

Z-2-d 

2.141 

2.141 

1.022 

1.007 

1315 383 

516 

350 

1747.5 

1172.5 2-3-c 2.142 ,996 

405 

Avg. 415 

Z-3-d 2.142 1.025 1397.5 

Table 3: T e n s i l e  T e s t  ‘Resu l t s  [ 2 ]  
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B E R E A  T E N N E S S E E  
P R O P E R T Y  SAND STONE M A R B L E  

-- 

Y O U N G ' S  N O D U L U S  ( p s i )  2 . 5  x lo6 9.0 x 106 

P O I S S O N ' S  R A T I O  0 . 2 0  0 .316  
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LOCAL 
SOFTENING 

UNDER 
CUTTER 

No 

No 

N o  

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

T a b l e  5 :  C a s e s  Examined  i n  Drag B i t  C a l c u l a t i o n s  

CUTTER CONFINING 
BOTTOM PRESSURE 

T I L T  ( p s i  1 

0.0 0.0 

0 .o 0 .o 

0 . 0  0.0 

0 .o 0 .o 
0.0 0.0 

0 .o 0 .o 
0.001 0.0 
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Figure 1: Rock Coring P l a n  C2l 
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Length - 4.210 

Axial Deformation 

F i g u r e  2 :  T y p i c a l  U n c o n f i n e d  L o a d - D e f o r m a t i o n  Response [ 2 1  
i 
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Figure 3 :  Typical Confined Load-Deformation R e s p o n s e  [ e ]  



a. 2-3-a 
a3 = 7500 p s i  
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b. 2-7-a , a3 = 2000 p s i  

Figure 4: P h o t o g r a p h s  o f  Typical Failed Specimens [ 2 ]  
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,r i c C o o r d i n a t e s  

43 



Figure 8 :  

HYDROSTAT 

P l a s t i c i t y  Yield Surface i n  Principal  Stress Space 

t 

. 

U 

Figure 9 :  The Pressure vs F i n i t e  Volume Strain  Behavior o f  
the  Pl a s t i c f  t y  Model 
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Figure 10: Mohr Circ le  Representation o f  Coulomb 
Fai 1 ure Cri ter ion 
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F i g u r e  11: S h e a r  C r a c k  O r i e n t a t i o n s  i n  A x i s y m m e t r i c  C o o r d i n a t e s  
Qir” 
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4 a. Unconfined Compression T e s t  

4 

b. Confined Compression T e s t  

0 

MODEL 

Figure 13: Post-Failure Response o f  t h e  Two Models 
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F i g u r e  1 5 :  L o a d / D i s p l a c e m e n t  Response o f  Unconf  
I n d e n t i o n  T e s t  

'i ned 
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Figure 1 6 :  S tra in  Measurements f o r  Unconfined 
Indention Test  #1 

INDENTOR DISPLACEMENT (in) 

Figure 1 7 :  Accoustic Emission Counts  f o r  Unconfined 
Indention Test #1 
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F i g u r e  20 :  S t r a i n  Measurements f o r  C o n f i n e d  
I n d e n t i o n  T e s t  #1 

F i g u r e  2 1 :  A c c o u s t i c  Emiss i 'on Coun ts  f o r  C o n f i n e d  W I n d e n t i o n  T e s t  #2 
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F i g u r e  2 2 :  F i n i t e  E l e m e n t  Mesh Used f o r  A n a l y s i s  
o f  U n c o n f i n e d  I n d e n t i o n  J e s t s  

F i g u r e  2 3 :  Pred ic ted  Fracture Pattern f o r  Unconfined 
I n d e n t i o n  T e s t ,  T e n s i l e / C o u l o m b  M o d e l  
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F i q u r e  2 4 :  P r e d i c t e d  F r a c t u r e  P a t t e r n  f o r  Unconf ined  " 
I n d e n t i o n  T e s t , T e n s i l e / P l a s t i c i t y  Model 

* 

F i g u r e  2 5 :  P o s t - T e s t  P h o t o g r a p h  
I n d e n t i  on Specimen W 

o f  a T y p i c a l  Unconf ined  
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F i g u r e  2 8 :  F i n i t e  E l e m e n t  Mesh Used f o r  A n a l y s i s  
o f  C o n f i n e d  I n d e n t i o n  T e s t s  

I 2 9 :  P r e d i c t e d  F r a c t u r e  P a t t e r n  f o r  Co 
I n d e n t i Q n  T e s t ,  T e n s i l e / C o u l o m b  Mo 
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F i g u r e  30: P r e d i c t e d  F r a c t u r e  P a t t e r n  f o r  C o n f i n e d  
I n d e n t i o n  Tes t ,  T e n s i l e / P l a s t i c i t y  Model  

F i g u r e  3 1 :  P o s t - T e s t  P h o t o g r a p h  o f  a T y p i c a l  
C o n f i n e d  I n d e n t i o n  Specimen 
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F i g u r e  3 2 :  Compar ison o f  P r e d i c t e d  and Measured I n d e n t o r  
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F i g u r e  3 3 :  Compar ison o f  P r e d i c t e d  and Measured S t r a i n s  
f o r  C o n f i n e d  T e s t s  ( C a l c u l a t e d  S t r a i n s  
S h i f t e d  0.015 i n )  
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F i g u r e  34: Polycrystalline Diamond Cutter 

I F i g u r e  35: Drill Bits M a d e  U s i n g  Polycrystalline Diamond I Cutters 
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F i g u r e  3 6 :  M i l l i n g  Machine U s e d  f o r  S i n g l e  C u t t e r  T e s t s  

i g u r e  37: P h o t o g r a p h  o f  S i n g l e  C u t t e r  Used i n  T e s t s  

60 



TYPICAL CHIP FORMATION 

DOWNWARD FORCE 
I 
I 

DIRECTION I 7 ,ROCK POWDER 

CHIP 

F i g u r e  3 8 :  Observed  F r a c t u r e  P r o c e s s  

F i g u r e  3 9 :  P h o t o g r a p h  o f  S e c t i o n e d  T e n n e s s e e  Marble  
Specimen Impregna ted  w i t h  F l u o r e s c e n t  Dye 

W (Specimen l e n g t h  i s  3.85 i n )  
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F i g u r e  4 0 :  C u t t i n g  F o r c e s  f o r  B e r e a  S a n d s t o n e  
0 . 0 5 0  i n c h  C u t t i n g  D e p t h  
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F i g u r e  4 1 :  C u t t i n g  Fo rces  f o r  Berea S a n d s t o n e  
0 . 1 0 0  i n c h  C u t t i n g  D e p t h  
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a .  E n t i r e  Mesh 

b .  D e t a i l  o f  R o c k / C u t  ; e r  I n t e r f a c e  
( *  In some c a s e s ,  m a t e r i a l  p r o p e r t i e s  
o f  t h e s e  e l e m e n t s  w e r e  s o f t e n e d )  

F i g u r e  4 3 :  F i n i t e  E l e m e n t . M e s h  Used f o r  A n a l y s i s  o f  
S i n g l e  C u t t e r  
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a .  I n i t i a l  Condit ions 
bd 
t 

* 

b .  After  0 . 0 0 1  inch Vert ica l  
Displacement 

c .  A f t e r  0 . 0 0 1  inch Horizontal d .  Af ter  0 . 0 0 2  inch Horizontal 
Displacement ( V e r t i c a l  Di s- Displacement ( V e r t i c a l  Dis-  
placement Held a t  0 . 0 0 1  inch)  placement Held a t  0 . 0 0 1  inch)  

* 

Figure 4 4 :  Predi i o n  of  Fractures i n  Berea Sandstone f o r  a 
c c k  Surface ( 0 . 0 0 1  inch Vert i ca l  Displacement) 
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a .  I n i t i a l  C o n d i t i o n s  
b. A f t e r  0.002 i n c h  V e r t i c a l  

D i  s ~ 1  a c e m e n t  

d .  A f t e r  0 .002 i n c h  H o r i z o n t a l  
D i s p l a c e m e n t  ( V e r t i c a l  D i s -  
p l a c e m e n t  H e l d  a t  0 .002 i n c h )  

c .  A f t e r  0 .001 i n c h  H o r i z o n t a l  
D i s p l a c e m e n t  ( V e r t i c a l  D i s -  
p l a c e m e n t  H e l d  a t  0 .002 J n c h )  
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a .  I n i t i a l  Condit ions  
A I  

b .  After  0 . 0 0 1  inch Horizontal 
Di spl  acement 

b i d  
- 

d .  Af ter  0 . 0 0 3  inch Horizontal 
Di spl  acement Af ter  0 . 0 0 2  inch Horizontal 

Di spl  acement 

I 

gure 5 0 :  Predic ac tures  i n  Berea Sandstone f o r  a 0 . 1 0 0  
inch Cutt ing Depth, Tensile/Coulomb Model, Local 
S o f t  Region Under Cut ter ,  Case # 5  

72 



a.  I n i t i a l  C o n d i t i o n s  
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b .  A f t e r  0.001 i n c h  V e r t i c a l  
D i s p l a c e m e n t  

c .  A f t e r  0.001 i n c h  H o r i z o n t a l  d .  A f t e r  0.002 i n c h  H o r i z o n t a l  
D i  s p l  acement  ( V e r t i c a l  D i  s-  D i s p l a c e m e n t  ( V e r t i c a l  D i s -  
p l a c e n i e n t  H e l d  a t  0.001 i n c h ' )  p l a c e m e n t  H e l d  a t  0.001 i n c h )  

I 

F i g u r e  5 1 :  P r e d i c t e d  F r a c t u r e s  i n  B e r e a  S a n d s t o n e  f o r  a 0.100 
inch C u t t i n g  D e p t h ,  T e n s i l e / C o u l o m b  M o d e l ,  L o c a l  

D i  s p l  acement ,  Case #6 
1 S o f t  R e g i o n  Under  C u t t e r ,  0.001 i n c h  V e r t i c a l  

73 



a.  I n i t i a l  C o n d i t i o n s  

C .  A f t e r  0.001 i n c h  H o r i z o n t a  
D i s p l a c e m e n t  ( V e r t i c a l  D i s  
p l a c e m e n t  H e l d  a t  0.001 i n  

b.  A f t e r  0 .001 i n c h  V e r t i c a l  
D i s p l a c e m e n t  

I 

.1 d .  
, -  

ICh) 

A f t e r  0.002 i n c h  H o r i z o n t  
D i s p l a c e m e n t  ( V e r t i c a l  D i  
p l a c e m e n t  H e l d  a t  0.001 i 

i 

F i g u r e  5 2 :  P r e d i c t e d  F r a c t u r e s  i n  B e r e a  S a n d s t o n e  f o r  a 0.100 
i n c h  C u t t i n g  D e p t h ,  T e n s i l e / C o u l o m b  M o d e l ,  L o c a l  

D i  s p l  acement  ,O  .001 i n c h  C u t t e r  B o t t o m  S 1  ope , 
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Figure 5 3 :  Pred ic ted  Fractures  in Berea Sandstone f o r  a 0 .100  
6 inch Cutt ing Depth, T e n s f l e l P l a s t i c i t y  Model, Local 

S o f t  Region Under Cut ter ,  0 . 0 0 1  inch Vert ica l  
Displacement ,0 .001  inch Cutter  Bottom S l o p e ,  Case # 8  u 
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Figure 5 4 :  E f f e c t  o f  Changing Rock/Cutter In ter face  D e t a i l s  

on Predicted Cutter Loads f o r  Berea Sandstone 
0 . 1 0 0  inch Cutting Oepth ( l o a d s  given f o r  a 
1 inch wide c u t t e r )  Cases # 3 ,  # 5 ,  # 6 ,  #7 
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a .  I n i t i a l  C o n d i t i o n s  

A f t e r  0 .001  i n c h  H o r i z o n t a l  

b .  A f t e r  0.001 i n c h  V e r t i c a l  
D i  s p l  aceinent  
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D i s p l a c e m e n t  ( V e r t i c a l  D i s -  
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b .  A f t e r  0 .001  i n c h  H o r i z o n t a l  
Di s p l  aceinent ( V e r t i c a l  D i  s- 
p lacement  Held a t  0 .001 i n c h )  

a .  After 0.001 inch  V e r t i c a l  
D i sp lacemen t  

c .  A f t e r  0,002 i nch  H o r i z o n t a l  
D i sp lacemen t  ( V e r t i c a l  Dis-  
p l acemen t  Held a t  0 .001  i n c h )  

d .  A f t e r  0 .003  inch  H o r i z o n t a l  
D i sp lacemen t  ( V e r t i c a l  Dis -  
p l acemen t  Held a t  0.001 i n c h )  

F i g u r e  5 8 :  P r e d i c t e d  tone  f o r  a 
0 .050 inch  h ,  T e n s i l e  Coulomb Model, 
Local S o f t  C u t t e r ,  0 .001  inch  
V e r t i c a l  D i sp lacemen t ,  0 .001  inch  C u t t e r  B o t t o m  
S l o p e ,  Case #IO 
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b .  After  0 . 0 0 1  inch Horizontal 
Displacement ( V e r t i c a l  Dis- a .  ~ f t e r  0 . 0 0 1  inch Vert i ca l  
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c .  A f t e  0 . 0 0 2  inch Horizontal 
Dispracement ( V e r t i c a l  Dis- 
placement Held a t  0 .001 inch)  
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Dfsplacement ( V e r t i c a l  D f s -  
placement Held a t  0.001 inch)  
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