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T h e s i s  A d v i s o r

G o ld e n ,  C o l o r a d o

11



T - 1 4 7 4

A B S T R A C T

A s tu d y  h a s  b e e n  m a d e  of the  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  
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B a s e d  on the r e s u l t s  f r o m  an  e x p e r i m e n t a l  p r o g r a m  an d  a f in i te  

e l e m e n t  s tu d y  a s e t  of e q u a t i o n s  fo r  the  s t r e s s  c o n c e n t r a t i o n  

f a c t o r s  w h ic h  a r e  a  func t ion  of P o i s s o n ’s r a t i o  a r e  p r o p o s e d .  

A c c u r a c y  of the  e x p e r i m e n t a l  w o r k  w a s  c o n f i r m e d  b y  the  u s e  of 

the  U n i ted  S t a t e s  B u r e a u  of M in e s  b o r e h o l e  d e f o r m a t i o n  gage  in 

the  s a m e  b o r e h o l e  a s  the  d o o r s t o p p e r  g a g e .
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c =  - 0 . 4 8 - 1 , 2 % /  

w h e r e  7/ i s  P o i s s o n ’s r a t i o .  The  fu n c t io n s  o b ta in e d  f r o m  the  

f in i te  e l e m e n t  s tu d y  w e r e  p a r t i a l l y  m o d i f i e d  to  f i t  the  e x p e r i ­

m e n t a l  d a t a ,  r e s u l t i n g  in the e q u a t i o n s  a b o v e .
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1; IN T R O D U C T IO N

O v e r  th e  p a s t  s e v e r a l  y e a r s  the  i n t e r e s t  in  i n - s i t u  s t r e s s  

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

e x p e r i e n c e d  a  r e m a r k a b l e  g r o w th .  M an y  n ew  t e c h n i q u e s  a n d  

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

r e s e a r c h  in  t h i s  f i e ld .  Of the  m a n y  i n s t r u m e n t s  d e v e l o p e d  f o r  

s t r e s s  d e t e r m i n a t i o n s ,  on ly  a  few  a r e  in  w i d e s p r e a d  u s e .  The  

o t h e r s ,  owing to i n h e r e n t  d r a w b a c k s  i n  a c c u r a c y ,  e a s e  of 

o p e r a t i o n ,  o r  p o s s i b l y  u n f a m i l i a r i t y  a r e  u s e d  b y  on ly  a  few .

In Sou th  A f r i c a  the  s o - c a l l e d  d o o r s t o p p e r  gage  d e v e l o p e d  b y

th e  C o u n c i l  f o r  S c i e n t i f i c  a n d  I n d u s t r i a l  R e s e a r c h  (CSIR) h a s

b e c o m e  a  w i d e l y  a c c e p t e d  d e v ic e  f o r  s t r e s s  d e t e r m i n a t i o n s .  W ith

th e  CSIR d o o r s t o p p e r ,  a  BX b o r e h o l e  i s  d r i l l e d  to  the  p o i n t  w h e r e

s t r e s s  m e a s u r e m e n t s  a r e  d e s i r e d .  The c o r e  i s  b r o k e n  off a n d  the

e n d  of the  ho le  i s  g r o u n d  s m o o t h  w i th  a f l a t  f a c e d  d i a m o n d  b i t .

The  d o o r s t o p p e r ,  a n  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gage  r o s e t t e

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

of  th e  b o r e h o l e .  A f t e r  a n  i n i t i a l  r e a d i n g ,  the  gage  i s  o v e r c o r e d

w i t h  the  s a m e  BX b i t  u s e d  to  d r i l l  the  ho le  i n i t i a l l y .  T h i s  r e l i e v e s

th e  s t r e s s  on the  e n d  of the  b o r e h o l e  a n d  the  d o o r s t o p p e r  m e a s u r e s  
%

t h e  i n d u c e d  s t r a i n s .  K now ing  the  e l a s t i c  c o n s t a n t s  of the  r o c k ,  one 

m a y  th e n  c a l c u l a t e  the  s e c o n d a r y  p r i n c i p a l  s t r e s s e s  on the  

b o r e h o l e  e nd .

The  r e l a t i o n s h i p  b e t w e e n  the  m e a s u r e d  s e c o n d a r y  p r i n c i p a l
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s t r e s s e s  on the b o r e h o l e  e n d  a n d  the a c t u a l  p r i n c i p a l  s t r e s s e s  in 

the  s u r r o u n d i n g  r o c k  m a s s  i s  a  p r o b l e m  of m u c h  c o n c e r n .  The  

o b j e c t  of th i s  r e s e a r c h  h a s  b e e n  to  i n v e s t i g a t e  t h i s  r e l a t i o n s h i p .

The d o o r s t o p p e r  gage  i s  of i n t e r e s t  due to i t s  i n h e r e n t  

s i m p l i c i t y ,  low c o s t  a n d  e a s e  of u s e .  The d e v ice  c a n  be  c o n s t r u c ­

t e d ,  i n e x p e n s i v e l y ,  by  n e a r l y  an y o n e ,  a n d  i t s  u s e  i s  n o t  c o m p l i ­

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

e q u i p m e n t  fo r  c o r i n g  o v e r  a n  e l e c t r i c a l  c a b l e .

Since  the U ni ted  S t a t e s  B u r e a u  of M in es  (USBM) b o r e h o l e  

d e f o r m a t i o n  gage  h a s  won wide  a c c e p t a n c e  t h r o u g h o u t  t h i s  c o u n t r y ,  

i t  w a s  d e c id e d  to u s e  t h i s  d e v ice  a s  a  s t a n d a r d  a g a i n s t  w h ic h  

d o o r s t o p p e r  r e a d i n g s  cou ld  be  c o m p a r e d .  The  USBM gage  i s  

d e s i g n e d  f o r  u s e  in a 1 - 1 / 2  in c h  d i a m e t e r  ho le .  Th u s  i t  w a s  

n e c e s s a r y  to  d e s ig n  a n d  b u i ld  d o o r s t o p p e r  g a g e s  fo r  t h i s  ho le  

s i z e .  To  c a r r y  out the  t e s t  w o r k ,  a p o ly a x ia l  t e s t i n g  m a c h i n e  w a s  

c o n s t r u c t e d ,  w h ic h  a l l o w e d  b o th  the d o o r s t o p p e r  a n d  b o r e h o l e  

d e f o r m a t i o n  g a g e s  to be  u s e d  in  the s a m e  h o le .  D e ta i l s  of d e s ig n ,  

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

a r e  d e s c r i b e d  in a p p e n d i c e s  to  th is  w o rk .
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2. L I T E R A T U R E  R E V IE W

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

Since  m a n y  s y s t e m s  of s t r e s s  n o t a t io n  a r e  in  u s e  in the  r o c k  

m e c h a n i c s  f i e ld ,  i t  wi l l  be h e lp fu l  to  def ine  the  s y s t e m  t h a t  i s  

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

d i f f e r e n t  n o t a t i o n s .  T h e s e  d i v e r s e  s y s t e m s  have  b e e n  c o n v e r t e d  

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

s y m b o l s  a p p e a r  s o m e w h a t  d i f f e r e n t  th a n  in  the  o r i g i n a l  w o r k .

F i e l d  s t r e s s e s ,  o r  v i r g i n  s t r e s s e s ,  in the  r o c k  s u r r o u n d i n g  

a  b o r e h o l e  w i l l  be d o n a ted  by:

Sj  ̂ in  the  p lan e  of the  b o r e h o l e  end  

S2 in  the  p lan e  of the  b o r e h o l e  end  

Sg p a r a l l e l  to  the  b o r e h o l e  

T h e s e  a r e  the  n o r m a l  c o m p o n e n t s  of the  p r i n c i p a l  s t r e s s e s  

a c t i n g  in  the  r o c k  m a s s  a n d  a r e  the s t r e s s e s  of i n t e r e s t  in  i n - s i t u  

m e a s u r e m e n t s .  S h e a r  s t r e s s e s  a r e  u s u a l l y  of l i t t l e  i n t e r e s t  i n  

t h i s  type  of w o r k  an d  w i l l  no t  be  d e a l t  w i th  h e r e .  T e n s i o n  i s  

c o n s i d e r e d  to be  p o s i t i v e  an d  c o n v e r s e l y  c o m p r e s s i o n  i s  n e g a t i v e .

S e c o n d a r y  p r i n c i p a l  s t r e s s e s  on the  b o r e h o l e  en d  w i l l  be 

d o n a te d  by:

0*m ax  the  r a d i a l  s t r e s s  of g r e a t e s t  m a g n i tu d e  

(Tm in  the  r a d i a l  s t r e s s  of l e a s t  m a g n i tu d e  

( r e g a r d l e s s  of s ign)

The s t r e s s  c o n c e n t r a t i o n  f a c t o r s  (SCF) fo r  the b o r e h o l e  end
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a s  o r i g i n a l l y  d e f in ed  by  L e e m a n  (1) w il l  be  u sed :

S C F  a  The c o n t r i b u t i o n ,  to  the  s t r e s s  c o n c e n t r a t i o n

on the b o r e h o l e  en d ,  f r o m  the p r i n c i p a l  f i e ld

s t r e s s  in  the  p lan e  of a n d  p a r a l l e l  to  the 

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

S C F  b The  c o n t r ib u t io n ,  to  the  s t r e s s  c o n c e n t r a t i o n

on the  b o r e h o l e  en d ,  f r o m  the  p r i n c i p a l  f i e ld

s t r e s s  in  the  p lan e  of an d  p e r p e n d i c u l a r  to  the 

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

S C F  c The  c o n t r ib u t io n ,  to the  s t r e s s  c o n c e n t r a t i o n

on the  b o r e h o l e  e nd ,  f r o m  the p r i n c i p a l  f i e ld

s t r e s s  p a r a l l e l  to the  a x i s  of the  b o r e h o l e .  

T h u s  a s  a  g e n e r a l  co n d i t io n  we m a y  w r i t e :

(T m ax  =  aS j - f -bS ^ -h  cS^ ( 2 .1 )

(Tm in  — a S 2 - h b s 2 4- cSg ( 2 , 2 )

A m a t h e m a t i c a l  so lu t io n  f o r  the  d e t e r m i n a t i o n  of c o n s t a n t s  

a ,  b & c do es  n o t  e x i s t .  D e t e r m i n a t i o n s  h av e  b e e n  m a d e

e x p e r i m e n t a l l y  and  b y  the  m e t h o d  of f in i te  e l e m e n t  a n a l y s i s .

T h e r e  i s  w ide  d i s a g r e e m e n t  t h r o u g h o u t  the  l i t e r a t u r e  f o r  the 

v a lu e  of t h e s e  c o n s t a n t s .

2.  2 D e t e r m i n a t i o n  of SC F  a a n d  b

The f i r s t  w o r k  done b y  L e e m a n  (1) w a s  to  p l a c e  c u b e s  of 

g r a n i t e ,  s t e e l  a n d  a r a l d i t e ,  f i t t e d  w i th  d o o r s t o p p e r  g a g e s ,  in 

u n i a x i a l  c o m p r e s s i o n  in  a  t e s t i n g  m a c h i n e .  The  m e a s u r e d  s t r e s s
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on the  b o r e h o l e  end  in the  d i r e c t i o n  of the  a p p l i e d  s t r e s s  w a s  n e a r  

1 ,5 3  t i m e s  the a p p l i e d  s t r e s s  f o r  a l l  t h r e e  s p e c i m e n s .  T he  m a g n i ­

tu d e  of the m e a s u r e d  s t r e s s  p e r p e n d i c u l a r  to the  a p p l i e d  s t r e s s  

w a s  l e s s  th a n  8% of t h a t  m e a s u r e d  p a r a l l e l  t o  the  a p p l i e d  s t r e s s ,  

L e e m a n  c o n c lu d e d  th a t  t h i s  w a s  due to  f r i c t i o n a l  e f f e c t s  f r o m  the 

m a c h i n e  p l a t e n s ,  a n d  th a t  in  a  p u r e l y  u n ia x i a l  f i e ld  the  s t r e s s  

p e r p e n d i c u l a r  to the  a p p l i e d  s t r e s s  w ou ld  be  z e r o .  T h u s  he 

d e t e r m i n e d  th a t  c o n s t a n t  a  =  1, 53 a n d  c o n s t a n t  b =  0.

G a l le  (2) an d  l a t e r  G a l le  a n d  W i lh o i t  (3) m a d e  t h r e e  d i m e n ­

s i o n a l  p h o t o e l a s t i c  s tu d i e s  of the  s t r e s s e s  on a  b o r e h o l e  e n d ,  p r i o r  

to  L e e m a n ’s w o r k ,  u s in g  ep o x y  r e s i n  m o d e l s .  T h e y  a l s o  r e p o r t e d  

t h a t  a = 1 .  53 an d  l a t e r  1 ,5 6  a n d  th a t  b = 0 .  In a d d i t i o n .  G a l le  

p l o t t e d  the  v a r i a t i o n  of s t r e s s  a lo n g  the d i a m e t e r  of the  b o r e h o l e  

e n d  an d  found th a t  i t  w a s  u n i f o r m  f o r  a b o u t  0 , 4  t i m e s  the  r a d i u s  

f r o m  the c e n t e r .  See fig.  2 .1 ,

H o s k i n s  (4) , u s i n g  t r a c h y t e  cu b es  in  b i a x i a l  c o m p r e s s i o n ,  

d e t e r m i n e d  t h a t  a  — 1 .5 6  a n d  b-= 0,

B o n n e c h e r e  (5), u s i n g  6 i n c h  p l e x i g l a s s  c u b e s  in  u n i a x i a l  

c o m p r e s s i o n ,  d e t e r m i n e d  v a l u e s  of a  = 1 .  56 an d  b =  0.

B o n n e c h e r e  a n d  F a i r h u r s t  (6), a l s o  u s in g  6 in c h  p l e x i g l a s s  

c u b e s  in u n ia x ia l  c o m p r e s s i o n ,  d e t e r m i n e d  th a t  a =  1. 26 f o r  the  

cube  t e s t e d  b e t w e e n  s t e e l  p l a t e n s ,  an d  a — 1 .2 3  f o r  the  cube 

t e s t e d  b e tw e e n  two o th e r  p l e x i g l a s s  c u b e s .  F o r  b o th  c o n d i t i o n s ,  

t h e y  found  the  s t r e s s  p e r p e n d i c u l a r  to  the  a p p l i e d  s t r e s s  to  be
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n e g l ig a b le  an d  thus  b =  0. T hey  a l s o  s tu d i e d  the e f f e c t  of a s h e a r  

s t r e s s  a c t i n g  p a r a l l e l  to the  a x i s  of the  b o r e h o l e  by  lo a d in g  p l e x i ­

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

o r  p e r p e n d i c u l a r  to the  a p p l i e d  s t r e s s .  The  r e s u l t s  s h o w e d  the  

e f f e c t  of the  s h e a r  s t r e s s  to  be  n e g l i g a b l e ,  s u p p o r t i n g  w h a t  w ou ld  

be  p r e d i c t e d  by  e l a s t i c  t h e o r y .  T h i s  co n f i rnas  the  a s s u m p t i o n  

th a t  s h e a r  s t r e s s e s  n e e d  no t  be c o n s i d e r e d  in  s t r e s s  m e a s u r e m e n t s  

m a d e  by  d o o r s t o p p e r s .

P a l l i s t e r ,  (7), u s i n g  s t e e l  a n d  a l u m i n u m  c y l i n d e r s  lo a d e d  

b i a x i a l l y  by  m e a n s  of qua  d r  a n t e d  j a c k s ,  r e p o r t e d  v a l u e s  of a  =  1. 1 

a n d  b — 0.

V an  H e e r d e n  (8) p o s t u l a t e d  t h a t  i t  w a s  n o t  p o s s i b l e  to ob ta in  

u n i f o r m  s t r e s s  f i e ld s  in c u b es  a n d  m a d e  a  s e r i e s  of t e s t s  u s in g  

b l o c k s  a n d  c y l i n d e r s  w i th  a 2:1 h e ig h t  to  w id th  r a t i o .  He f i r s t  

i n v e s t i g a t e d  the  s i t u a t io n  p h o t o e l a s t i c a l l y  u s in g  ep o x y  r e s i n  

m o d e l s .  The m o d e l s  w e r e  l o a d e d  uni a x i a l l y  in  the  d i r e c t i o n  of the  

l o n g e r  d i m e n s i o n .  The s t r e s s e s  w e r e  f r o z e n  in an d  the  m o d e l  

s l i c e d  in to  th in  w a f e r s  fo r  a n a l y s i s  in the  p o l a r i s c o p e .  B y  tak ing  

s l i c e s  in  the  p r o p e r  d i r e c t i o n ,  he w a s  ab le  to  a n a ly z e  the s t r e s s  

c o n c e n t r a t i o n  f a c t o r s  a  a n d  b in d e p e n d e n t ly .  F r o m  th i s  s tu d y  

he c o n c lu d e d  t h a t  a =  1. 25 a n d  b =  071. N ex t  he c o n d u c te d  

u n ia x i a l  c o m p r e s s i o n  t e s t s  on an  a l u m i n u m  c y l i n d e r  a n d  on b l o c k s  

of s t e e l ,  s a n d s to n e  and  n o r i t e .  The b o r e h o l e s  w e r e  p l a c e d  a t  the 

m i d - h e i g h t  of the  s p e c i m e n s  an d  f i t t e d  w i th  s t r a i n  gage  r o s e t t e s
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on the b o r e h o l e  e n d s .  Van H e e r d e n  m e a s u r e d  v a l u e s  of S C F  a 

r a n g in g  f r o m  1 .2 2  f o r  n o r i t e  to  1. 31 fo r  s a n d s t o n e .  He m e a s u r e d  

v a l u e s  of SC F  b r a n g in g  f r o m  -0. 022 f o r  a l u m i n u m  to -0 .  19 f o r  

s a n d s t o n e .  A c o m p le t e  t a b u la t i o n  of h i s  r e s u l t s  w i l l  be  found  in 

t a b l e  2. 5. Van H e e r d e n  a l s o  c o n f i r m e d  the  e a r l i e r  w o r k  b y  G a l l e ,  

showing  th a t  the  s t r e s s  d i s t r i b u t i o n  i s  u n i f o r m  a c r o s s  the  c e n t e r  

0 . 4  of the  b o r e h o l e  end .  See fig .  2 . 2 .

H i r a m a t s u  an d  Oka (9) u s in g  p h o t o e l a s t i c i t y  w e r e  p e r h a p s  the 

f i r s t  to e s t a b l i s h  a def in i te  r e l a t i o n s h i p  b e tw e e n  the s t r e s s  

c o n c e n t r a t i o n  f a c t o r s  a  a n d  b an d  P o i s s o n ' s  r a t i o .  T h e y  s h o w e d  

t h a t  t h e r e  i s  a  def in ite  t r e n d  of i n c r e a s e  in  a  a n d  b w i th  an  i n ­

c r e a s e  in  P o i s s o n ' s  r a t i o .  T h e y  i n v e s t i g a t e d  m a t e r i a l s  w i th  a 

r a n g e  of P o i s s o n ' s  r a t i o  f r o m  0 . 2 4  to 0 .4 4  a n d  d e t e r m i n e d  SC F  

a  f r o m  1 ,3 6  to  1 .4 2  r e s p e c t i v e l y .  F o r  the  s a m e  s p r e a d  in  P o i s s o n ' s  

r a t i o  t h e y  d e t e r m i n e d  S C F  b to  r a n g e  f r o m  -0 .  304 to  -0. 060.

See t a b le  2. 5. T h i s  w o r k  r e s u l t e d  in  s e v e r a l  o th e r  r e s e a r c h e r s  

i n v e s t i g a t i n g  the  e f f e c t  of P o i s s o n ' s  r a t i o .

C r o u c h  (10) u s in g  the f in i te  e l e m e n t  t e c h n i q u e ,  a s s u m e d  th a t  

S C F  b w a s  e q u a l  to  z e r o  a n d  s e t  up a n  a x i s y m m e t r i c  p r o g r a m  

fo r  the  d e t e r m i n a t i o n  of SC F  a  fo r  v a lu e s  of P o i s s o n ' s  r a t i o  

f r o m  0 to  0 . 4 .  The r e s u l t s  of th i s  w o r k  i n d i c a t e  v e r y  l i t t l e  d e p e n ­

d ence  on P o i s s o n ' s  r a t i o ,  the  v a lu e s  of S C F  a  g ro u p in g  v e r y  c lo s e  

to  1 .2 3 .  See fig.  2 . 3 .

In a n o t h e r  f in i te  e l e m e n t  s tu d y ,  C o a t e s  a n d  Yu (11) u s e d  b o th
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f ig ,  2, 3 S t r e s s  c o n c e n t r a t i o n  f a c t o r  a a s  a func t ion  of P o i s s o n ' s  
r a t i o ,  (C ro u ch )
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a x i s y m m e t r i c  an d  n o n - a x i s y m m e t r i c  p r o g r a m s  to ob ta in  the 

s t r e s s  c o n c e n t r a t i o n  f a c t o r s  a  an d  b i n d e p e n d e n t ly  an d  in 

c o m b in a t io n .  With  the  ax i  s y m m e t r i c  p r o g r a m  on ly  the  s u m  of 

a an d  b cou ld  be d e t e r m i n e d  s in c e  an  e q u a l  p r e s s u r e  i s  a p p l i e d  

in  a l l  d i r e c t i o n s  a r o u n d  the b o r e h o l e .  H o w e v e r ,  w i th  the non- 

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

cou ld  be  a p p l i e d  a n d  S C F  a  an d  b cou ld  be  d e t e r m i n e d  i n d e ­

p e n d e n t ly .  C o m p a r i s o n  of r e s u l t s  b e tw e e n  the two ty p e s  of 

p r o g r a m s  i s  e x c e l l e n t .  The  r e s u l t s  in d i c a t e  v a l u e s  of S C F  a 

w h ic h  fa l l  a b o u t  m i d w a y  b e t w e e n  the  e a r l y  m e a s u r e m e n t s  by 

L e e m a n  an d  Gal le  a n d  l a t e r  m e a s u r e m e n t s  b y  B o n n e c h e r e  a n d  

V an  H e e r d e n .  C o a t e s  a n d  Yu a l s o  d e t e r m i n e ,  a s  d id  H i r a m a t s u  

a n d  Oka , t h a t  S C F  b h a s  s m a l l  f in i te  v a lu e s  w h ic h  a r e  a func t ion  

of P o i s s o n ' s  r a t i o .  H o w e v e r ,  the  v a lu e s  of the  f o r m e r  a r e  m u c h  

d i f f e r e n t  th a n  th a t  of the  l a t t e r .  B y  r e g r e s s i o n  a n a l y s i s ,  C o a te s  

an d  Yu d e t e r m i n e  the  fo l low ing  func t ions :

a =  1, 366 + 0. 0 2 5 V +0. 502V^ (2. 3)

b = -0 .  125 + 0. 1 5 4 V +0. 3 9 0 ( 2 . 4 )  

w h e r e  1 /  i s  P o i s s o n ' s  r a t i o .  See f ig s .  2 . 4  a n d  2. 5. A t a b u la t i o n  

of t h e i r  r e s u l t s  w i l l  be  found  in  t a b le  2. 1. C o a t e s  an d  Yu a l s o  

p l o t t e d  the v a r i a t i o n  of the  r a d i a l  s t r e s s  a c r o s s  the  d i a m e t e r  of 

the  b o r e h o l e  end . See fig.  2. 6.

2.  3 D e t e r m i n a t i o n  of S C F  c

E a r l y  r e s e a r c h e r s  r e c o g n i z e d  t h a t  S C F  c w ou ld  be s e n s i t i v e
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to  P o i s s o n ’s r a t i o  s in c e  the  a x i a l  s t r e s s  on the  b o r e h o l e  i s  

a p p l i e d  p e r p e n d i c u l a r  to the  s u r f a c e  on w h ic h  s t r a i n s  a r e  m e a s u r e d .  

H o w e v e r ,  l i t t l e  w o r k  w as  done in d e t e r m i n i n g  a fu n c t io n  f o r  c 

a s  i t  w a s  a s s u m e d  th a t  i t s  e f f e c t  w ould  be n e g l ig a b le  if  w a s  

th e  l e a s t  p r i n c i p a l  s t r e s s .  F o r  th i s  r e a s o n  i t  h a s  b e e n  c o m m o n  

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

t h i s  d i r e c t i o n .

L e e m a n  (1) d e c id e d  f r o m  s o m e  e a r l y  t e s t s  t h a t  i f  w a s  

s m a l l  c o m p a r e d  to S j , the  e r r o r  i n t r o d u c e d  b y  n e g l e c t i n g  i t  

w o u ld  be  s m a l l .  As an  e x a m p l e ,  he s t a t e d  t h a t  if  1 /3  S j ,  

th e  e r r o r  in c o m p u t in g  w i l l  be  on the o r d e r  of 5% f o r  r o c k s  

h a v in g  a  P o i s s o n ’s r a t i o  of 0. 15.

G a l le  an d  W ilho i t  (3) u s in g  p h o t o e l a s t i c i t y  a n d  l a t e r  H o s k i n s  

(4) t e s t i n g  t r a c h y t e  c u b es  in  b i a x i a l  c o m p r e s s i o n  b o th  r e p o r t e d  

a  v a lu e  of c = -1 .  04. The e p o x y  r e s i n  m o d e l s  u s e d  b y  G a l le  a n d  

W i lh o i t  h a d  a  P o i s s o n ' s  r a t i o  of 0 . 4 7 .  H o s k i n s '  t r a c h y t e  h a d  a 

P o i s s o n ' s  r a t i o  of 0 . 2 2 ,

E x t e n d in g  the  w o r k  of B o n n e c h e r e  (5), B o n n e c h e r e  a n d  

F a i r h u r s t  (6) found a v a lu e  of c =  -0 .  685 fo r  the  p l e x i g l a s s  

cube  t e s t e d  b e t w e e n  two s t e e l  p l a t e n s  a n d  c =  -0 .  661 fo r  the 

cube  t e s t e d  b e tw e e n  two o t h e r  p l e x i g l a s s  c u b e s .  T h e y  d e c id e d  

on a  m e a n  v a lu e  of c — -0 .  67 f o r  a p l e x i g l a s s  w i th  P o i s s o n ' s  

r a t i o  of 0. 38. T h u s  th e y  s u g g e s t e d  a func t ion :

c zz -O .  75 (0. 5 f V )  (2. 5)
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f ig .  2, 4 V a r i a t i o n  of S C F  a  w i th  
P o i s s o n ’s r a t i o ,
(C o a te s  a n d  Yu)

0.2

-Û

Ll
u
œ

- 0.1

- 0.2

f ig .  2. 5 V a r i a t i o n  of S C F  b w i th  
P o i s s o n ' s  r a t i o .
(C o a te s  a n d  Yu)

20 V -  .4

0 0.2 0.4 0.6 0.8 1.0
R / R i

fig.  2. 6 V a r i a t i o n  of S C F  a a s  d i s t a n c e  f r o m  b o r e h o l e  a x i s  (R) 
a lo n g  the b o r e h o l e  r a d i u s  (R^). (C o a te s  an d  Yu)
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P a l l i s t e r  (7) u s in g  s t e e l  a n d  a l u m i n u m  c y l i n d e r s  l o a d e d  

b i a x i a l l y  r e p o r t e d  a  v a lu e  of c =  -0 .  75 f o r  a  P o i s s o n ' s  r a t i o  of 

0 . 2 9 .

V an  H e e r d e n  (8) in  h i s  s tu d y  u s in g  b lo c k s  w i th  a  2:1 h e ig h t  

to  w id th  r a t i o  m e a s u r e d  3 d i f f e r e n t  v a l u e s  of c a t  3 d i f f e r e n t  

v a l u e s  of P o i s s o n ' s  r a t i o .  U s in g  b l o c k s  of a l u m i n u m ,  s t e e l  a n d  

n o r i t e ,  he m e a s u r e d  v a l u e s  of c = - 0 .  74,  -0 .  72,  - 0 . 6 9  r e s p e c ­

t i v e l y .  T h e s e  v a l u e s  c o r r e s p o n d  to  P o i s s o n ' s  r a t i o s  of l / = 0 .  352 ,

0, 308 , 0 . 2 7 3 .  F r o m  t h e s e  d a ta  he s u g g e s t e d  the  r e l a t i o n s h i p :  

c =  -0 .  75 (0 .645+ % /)  ( 2 .6 )

w h ic h  i s  r e a s o n a b l y  c l o s e  to  t h a t  s u g g e s t e d  b y  B o n n e c h e r e  an d  

F a i r h u r s t .  See fig .  2. 7.

The  p h o t o e l a s t i c  s t u d i e s  b y  H i r a m a t s u  a n d  Oka (9) show  a 

g r e a t e r  i n c r e a s e  in  c w i t h  i n c r e a s i n g  P o i s s o n ' s  r a t i o  t h a n  do 

th e  s t u d i e s  b y  V an  H e e r d e n .  H i r a m a t s u  a n d  Oka s t u d i e d  m a t e r ­

i a l s  w i th  a  P o i s s o n ' s  r a t i o  r a n g e  of 0 . 2 4  to  0 . 4 4  a n d  m e a s u r e d  

c o r r e s p o n d i n g  v a l u e s  of c f r o m  - 0 . 6 9  to  -1 .  10. T h i s  c o m p a r e s  

f a v o r a b l y  w i th  Van  H e e r d e n ' s  v a l u e s  a t  the  l o w e r  v a l u e s  of U 
b u t  i s  m u c h  d i f f e r e n t  a t  th e  h i g h e r  v a l u e s .  C o m p a r e  the  c o m p l e t e

l i s t i n g  in  t a b le  2. 5.
%

C r o u c h  (10) h a s  d e t e r m i n e d  v a l u e s  of c w i th  h i s  a x i s y m m e t -  

r i c  f in i t e  e l e m e n t  a n a l y s i s  f o r  7/=0, 0. 1, 0 . 2 ,  0. 3 a n d  0 . 4 .  T h e s e  

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

p o s e d  b y  V an  H e e r d e n  in  e q u a t i o n  (2. 5) a b o v e .  See t a b l e  2.  2.



T - 1 4 7 4 15

- 0.2

^ - 0 . 6

0)
“ 0.8

- 1.0

% /

fig .  2. 7 C o m p a r i s o n  of f u n c t io n s  fo r  S C F  c a s  d e t e r m i n e d  by  
B o n n e c h e r e  ( A) a n d  V an  H e e r d e n  (o ) .

0.5 %/= O
0.8

Ll

u  -0.5
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f ig ,  2 , 8  V a r i a t i o n  of S C F  c a s  d i s t a n c e  f r o m  b o r e h o l e  a x i s  (R) 
a lo n g  the b o r e h o l e  r a d i u s  ( R . ). (C o a te s  an d  Yu)
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fig .  2 , 9  S t r e s s  c o n c e n t r a t i o n  f a c t o r  c a s  a f iinction of P o i s s o n ' s  

r a t i o .  ( C o a te s  an d  Yu)
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The f in i te  e l e m e n t  s tu d y  b y  C o a t e s  a n d  Yu (11) shows  a 

t r e n d  in c s i m i l i a r  to th o s e  p r o p o s e d  b y  Van H e e r d e n  a n d  

H i r a m a t s u  a n d  Oka. H o w e v e r ,  t h e r e  i s  no r e a l  a g r e e m e n t  in 

the  ex ' -c t  v a l u e s .  C o a t e s  a n d  Yu d e t e r m i n e d  v a l u e s  of c w i th  

b o th  a x i s y m m e t r i c  an d  n o n - a x i s y m m e t r i c  p r o g r a m s  a n d  a g a i n ,  

a s  w i th  f a c t o r s  a an d  b go t  e x c e l l e n t  c o m p a r i s o n s ,  A r e g r e s ­

s ion  a n a l y s i s  of the  da ta  s u g g e s t s  the  r e l a t i o n s h i p :

c = - 0 . 5 2 0  -1 .  3311/4-0.8861/^  ( 2 .7 )

The s p e c i f i c  v a l u e s  a r e  t a b u l a t e d  in t a b le  2 . 3 .

T h e r e  i s  one i n t e r e s t i n g  m a t h e m a t i c a l  a n a l y s i s  w h ic h  m a y  

be  c o m p a r e d  to  the  s t r e s s  c o n c e n t r a t i o n s  a t  the  end  of a b o r e h o l e .  

T e r z a g h i  an d  R i c h a r t  (12) have  p u b l i s h e d  the a n a l y t i c a l  so lu t io n  

f o r  a  s p h e r o i d a l  ( e l l i p s o id  of r e v o lu t io n )  c a v i t y  u n d e r  s t r e s s  

p a r a l l e l  to  the  a x i s  of r e v o l u t i o n .  The  t a n g e n t i a l  s t r e s s  in a  r a d i a l  

p l a n e ,  a t  the  s u r f a c e  of s p h e r o i d  w i th  50:1 m a j o r  to m i n o r  a x i s  

r a t i o  w a s  c a l c u l a t e d  fo r  d i f f e r e n t  v a lu e s  of P o i s s o n ’s r a t i o .  The 

c a l c u l a t e d  s t r e s s e s  a r e  c o n s t a n t  o v e r  r o u g h ly  the  c e n t e r  0 . 4  of 

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

done b y  G al le  an d  Van H e e r d e n .  The v a l u e s  of the  s t r e s s  c o n c e n ­

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

s u r p r i s i n g l y  c lo se  to the  v a l u e s  o b ta in e d  b y  C o a t e s  and  Yu.

C o m p a r e  the  v a l u e s  in tab le  2 . 4 .

C o m p a r i n g  the r a d i a l  s t r e s s  c o n c e n t r a t i o n s  on a f l a t  e n d ed  

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

th e  s i m i l a r i t y  of r e s u l t s  i s  i n t e r e s t i n g .  See  f ig .  2 , 1 0 .

2 , 4  S o m e  F i e l d  M e a s u r e m e n t s

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

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

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

c o m p a r e d  to  the  USBM b o r e h o l e  d e f o r m a t i o n  g a g e .  The  l i t e r a t u r e

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

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

U n f o r t u n a t e l y  a  d e t a i l e d  a n a l y s i s  of how the  r e s u l t s  w e r e  o b ta in e d

i s  m i s s i n g  in  m o s t  of t h e s e  p u b l i c a t i o n s .  F o r  t h i s  r e a s o n  the

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

f o r  s u m m a r y  h e r e ,

L e e m a n  (13) in  s o m e  e a r l y  w o r k  u s e d  d o o r s t o p p e r s  to  m e a s u r e

s t r e s s  in  the  s i d e w a l l s  of a  h o i s t  c h a m b e r  5800 f e e t  u n d e r g r o u n d .

U s in g  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  of a  =  1 . 5 3 ,  b =  0,  a n d

a s s u m i n g  the  e f f e c t  of c i s  n e g l i g a b l e  (w h ich  i s  a  r e a s o n a b l e

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

f a c e )  he  o b t a in e d  v e r t i c a l  s t r e s s  v a l u e s  of r o u g h l y  tw ice  the  g r a v i t y

o v e r b u r d e n  s t r e s s .  L e e m a n  c o n c lu d e d  t h a t  th e  h ig h  v a lu e  of 
%

v e r t i c a l  s t r e s s  w a s  p r o b a b l y  due to  s t r e s s  c o n c e n t r a t i o n s  c a u s e d  

b y  the  h o i s t  c h a m b e r  i t s e l f .  He a l s o  m e a s u r e d  a  v e r t i c a l : h o r i z o n ­

t a l  s t r e s s  r a t i o  of 2:1 w h i c h  i s  c lo s e  to  w h a t  w o u ld  be  p r e d i c t e d  

b y  e l a s t i c  t h e o r y  a s s u m i n g  c o m p l e t e  l a t e r a l  r e s t r a i n t .  T h e  u s e  of
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T A B L E  2. 5

I n v e s t i g a t o r P o i s s o n ' s S t r e s s ç o n c e n t r a t i c
r a t i o f a c t o r

a b c

G a l le 0 .4 8 1. 53 0 -----

G al le  & W ilho i t 0 .4 7 1 .5 6 0 -1 .  04

L e e m a n 0 . 2 6 1. 53 0
0 . 2 9 1 .51 0 . . .

0 .4 8 1 .5 5 0 . . .

H o s k i n s 0. 22 1. 56 0 -1 .  04

P a l l i s t e r 0 .2 9 1. 10 0 - 0 .  75

B o n n e c h e r e 0. 38 1 .2 5 0 . . .

B o n n e c h e r e  & F a i r h u r s t 0 .3 8 L, 25 0 - 0 .6 7

V an  H e e r d e n 0 .2 5 1. 31 -0 .  19
0 .2 6 1 1 .2 2 -0 .  098 . . . .

0 .2 7 3 — — . . . -0 .6 9
0 . 2 8 7 1 .2 4 - 0 .0 6 5 . . .

0. 308 - — - . . . -0. 72
0 . 3 5 1 .2 8 -0 .  022 . . .

0 .3 5 2 . . . . . . . -0. 74
0 .4 8 1 .2 5 -0. 071 .  -  -

H i r a m a t s u  & Oka 0. 24 1. 36 ■ 0. 304 - 0 . 6 9
0 . 2 9 1. 32 - 0 . 2 8 9 -0. 82
0. 37 1 .3 9 -0. 204 -0 .  98
0. 44 1 .4 2 -0 .  060 -1 .1 0

C r o u c h 0 1 .2 2 0 - 0 . 4 5 5
0. 1 1 .2 3 0 -0 .  540
0 .2 1 .2 5 0 -0 .  620
0 . 3 1 .2 5 0 - 0 . 7 0 0
0 . 4 1 .21 0 -0 .  780

C o a t e s  & Yu 0 1 36 -0. 12 -0. 52
0 . 2 1 .4 0 -0. 08 -0. 75
0. 3 1 .41 -0 .  04 - 0 . 8 4
0 . 4 1 .4 5 0 -0 .91
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a l o w e r  va lue  of SC F  a would  have  r e s u l t e d  in an  e v e n  h i g h e r  

v a lu e  of the  v e r t i c a l  s t r e s s .  L e e m a n ’s c o n c lu s io n  w a s  p r o b a b l y  

a c c u r a t e ,  and  he w as  in f a c t  m e a s u r i n g  a s t r e s s  c o n c e n t r a t e d  by  

the  m in e  h o i s t  c h a m b e r .

Van H e e r d e n  a n d  G r a n t  (14) have  m a d e  an  e x h a u s t i v e  c o m p a r ­

i s o n  of d o o r s t o p p e r  v s .  USBM b o r e h o l e  d e f o r m a t i o n  gage  m e a s u r e ­

m e n t s  a t  a dep th  of 1400 f e e t  in  an  a b a n d o n e d  a r e a  of a  l a r g e  m i n e .  

M e a s u r e m e n t s  w e r e  m a d e  in  two a r e a s :  A r e a  1 w a s  in  the  w a l l  

of a n  e x t e n s i o n  d r i f t  r e m o t e  f r o m  an y  o t h e r  o p en in g s  a n d  a p p r o a c h e d  

v i r g i n  r o c k  c o n d i t io n s .  A r e a  2 m e a s u r e m e n t s  w e r e  m a d e  in 

p i l l a r s .  In b o th  a r e a s ,  m e a s u r e m e n t s  w e r e  t a k e n  in  b o r e h o l e s  

d r i l l e d  p a r a l l e l  an d  c lo s e  to  one a n o t h e r .  The  two g a g e s  w e r e  

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

f o r  the  b o r e h o l e  end  w e r e  a s s u m e d  to  be  the  s a m e  a s  u s e d  b y  

L e e m a n  (13) a b o v e .

C o m p a r i s o n  of r e s u l t s  f r o m  the two g a g e s  w a s  g e n e r a l l y  v e r y  

good ,  on the  a v e r a g e .  The  b o r e h o l e  d e f o r m a t i o n  gage  i n d i c a t e d  

the  p r i n c i p a l  s t r e s s e s  to  be c o n s i s t e n t l y  h i g h e r  th a n  th o s e  i n d i c a t e d  

b y  the d o o r s t o p p e r s .  V an  H e e r d e n  an d  G r a n t  d i s c u s s e d  a  n u m b e r  

of r e a s o n s  why th i s  cou ld  have  h ap p en e d .  I t  i s  the  a u t h o r ' s  

op in ion ,  h o w e v e r ,  t h a t  the  m o s t  l i k e l y  r e a s o n  fo r  the  d i f f e r e n c e  

in  r e a d i n g s  i s  the  u s e  of the  s t r e s s  c o n c e n t r a t i o n  f a c t o r  a  =  1 ,5 3 .

The u s e  of a l o w e r  v a lue  fo r  a would  b r i n g  the v a lu e s  of the 

p r i n c i p a l  s t r e s s e s  v e r y  c lo s e  to  t h o s e  i n d i c a t e d  by  the  b o r e h o l e
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d e f o r m a t i o n  g age .  The u s e  of a s t r e s s  c o n c e n t r a t i o n  f a c t o r  of 

a  =  1, 30 w o u ld  r a i s e  the  va lue  of the  m a j o r  p r i n c i p a l  s t r e s s  b y  

a b o u t  18%, b r i n g i n g  the r e s u l t s  f r o m  the  two g a g e s  v e r y  c l o s e  

t o g e t h e r .

M e a s u r e m e n t s  t a k e n  f r o m  the e x t e n s i o n  d r i f t  w e r e  done a t  

2 - 5  foot i n t e r v a l s  f o r  30 f e e t  in to  the s id e w a l l .  If one c o m p a r e s  

the  in d iv id u a l  d e t e r m i n a t i o n s  of the  p r i n c i p a l  s t r e s s e s  a t  v a r i o u s  

d e p th s  in to  the  s id e w a l l  a  c u r i o u s  th ing  a p p e a r s .  M e a s u r e m e n t s  

of the  m a x i m u m  p r i n c i p a l  s t r e s s  a r e  f a i r l y  c o n s i s t e n t  f o r  b o th  

g a g e s ,  hav ing  a  m a g n i tu d e  change  on the o r d e r  of 2:1.  M e a s u r e ­

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

h o w e v e r ,  a r e  e x t r e m e l y  i n c o n s i s t e n t ,  hav ing  a  m a g n i tu d e  change  

of a s  m u c h  a s  30 :1 ,  See tab le  2, 6, T h i s  i n d i c a t e s  t h a t  a n y  one 

m e a s u r e m e n t  m a d e  b y  the  d o o r s t o p p e r  can  give a  r e a s o n a b l e  

e s t i m a t e  of the  v e r t i c a l  s t r e s s ,  bu t  the  i n d i c a t io n  of h o r i z o n t a l  

s t r e s s  m a y  be  a b s o l u t e l y  m e a n i n g l e s s .  The  a u t h o r  h a s  no 

e x p l a n a t i o n  fo r  th i s  s i t u a t i o n ,  b u t  e x p e r i e n c e d  the  s a m e  p r o b l e m  

in  h i s  own w o rk .  See f i g s .  2 . 1 1 ,  2 , 1 2  a n d  2. 13,

S te p h e n so n  a n d  M u r r a y  (15) have  m a d e  a c o m p a r a t i v e  s tu d y  

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

c o n d i t io n s  a t  a d ep th  of 1200 f e e t .  The f i e ld  t e s t s  w e r e  qu i te  

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

the  1200 foot l e v e l  of the  m i n e .  M e a s u r e m e n t s  w e r e  t a k e n  in  t h r e e  

o r th o g o n a l  d i r e c t i o n s  so  t h a t  the  c o m p le t e  s t r e s s  t e n s o r  c o u ld  be
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d i s t a n c e  in to  the  so l id ,  (Van H e e r d e n  an d  G r a n t )  
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D ep th  of 
ho le  (ft, )

T A B L E  2 , 6

P r i n c i p a l  s t r e s s e s  
(ps i )
Si

Angle
( d e g r e e s  f r o m  v e r t i c a l )  

0
U, S . B , M ,  D e f o r m a t i o n  M e t e r  r e s u l t s  - B o r e h o l e  No, 1

5 5542 2580 84
10 4469 1573 95
12 3497 940 101
14 3220 1307 88
16 3457 1209 70
18 4017 1427 69
20 4806 2448 80
25 5514 3543 86
30 5060 3540 70

C , S . I , R . S tra in  G age S tra in  C e l l B o r e h o le  N o, 2

4 4700 1000 82
6 3300 340 83
8 3300 380 70

11 3000 530 83
14 2200 80 90
18 3070 320 74
21 2800 1200 79
25 3140 900 92
30 5100 2000 90

C , S , I , R ,  S t r a i n  Gage  S t r a i n  C e l l  - B o r e h o l e  No, 3

4 6800 2900 90
6 ft. 11 in . 5000 2200 110

10 ft . 1 in. 3200 145 98
12 ft. 5 in . 3400 185 103
13 ft . 2 in . 2900 670 90
15 3400 600 102
19 2950 -1 1 0 84

R e s u l t s  o b ta in e d  in  t h r e e  b o r e h o l e s  d r i l l e d  in  14 e x t e n s i o n  d r i f t ,  
(Van H e e r d e n  an d  G ra n t )
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c a l c u l a t e d .  The r e s u l t s  w e r e  e v a l u a t e d  u s in g  s t a t i s t i c a l  t e c h n i q u e s  

w i th  a c o m p u t e r  p r o g r a m .  A s  m i g h t  be  e x p e c t e d ,  the f l a t  j a c k  

s t r e s s  v a l u e s  w e r e  m o r e  th an  tw ice  t h a t  found b y  the d o o r s t o p p e r s  

s i n c e  the  f l a t  j a c k s  cou ld  only  be  u s e d  v e r y  n e a r  the  m i n e  open ing .  

The d o o r s t o p p e r s  c o n v e r s e l y  w e r e  u s e d  a t  s o m e  d e p th ,  w h ic h  

sh o u ld  h av e  a p p r o a c h e d  v i r g i n  r o c k  c o n d i t io n s .  The r a t i o  of 

S i : S 2 :S^ f o r  the  two m e t h o d s  w a s  in  v e r y  good a g r e e m e n t .  The 

v a lu e  of S^ ( v e r t i c a l  s t r e s s )  found  w i th  the  d o o r s t o p p e r  i s  c lo s e  to 

the  g r a v i t y  o v e r b u r d e n  s t r e s s .  F o r  t h e s e  s t u d i e s  S te p h e n s o n  and  

M u r r a y  u s e d  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  a = 1, 53 ,  b = 0,  a n d  

c =  -1 ,  0, I t  i s  i n t e r e s t i n g  to no te  t h a t  the  m e a s u r e d  h o r i z o n t a l  

s t r e s s e s  a r e  h i g h e r  th a n  the  v e r t i c a l  s t r e s s e s .  The  f in a l  s t a t i s ­

t i c a l l y  a v e r a g e d  s t r e s s  v a l u e s  a r e  g iven  in  t a b le  2, 7,

C a p o z z a ,  M a r t i n e t t i  a n d  R i b a c c h i  (16) m a d e  m e a s u r e m e n t s  

in  p i l l a r s  of an  I t a l i a n  m a r b l e  q u a r r y  u s in g  b o th  d o o r s t o p p e r s  

a n d  the  USBM b o r e h o l e  d e f o r m a t i o n  g ag e .  C o m p a r a t i v e  m e a s u r e ­

m e n t s  w e r e  m a d e  in one p i l l a r  by  p l a c i n g  the  two g a g e s  in p a r a l l e l  

h o l e s  a b o u t  2 m e t e r s  a p a r t .  F o r  s t r e s s  c o n c e n t r a t i o n  f a c t o r s ,  the  

r e s u l t s  g iv e n  by  H i r a m a t s u  a n d  Oka (9) a n d  th o s e  g iven  b y  Van  

H e e r d e n  (8) w e r e  u s e d  s e p a r a t e l y  to  y i e l d  two d i f f e r e n t  s e t s  of 

s t r e s s  v a l u e s .  The c o m p o n e n t  of s t r e s s  p a r a l l e l  to  the  b o r e h o l e  

a x i s  w a s  a s s u m e d  to  be  z e r o .  The  c o m p a r i s o n  of r e s u l t s  i s  r a t h e r  

p o o r ,  C a p o z z a  p o s t u l a t e d  th a t  the d i f f e r e n c e  w a s  p r o b a b l y  due to 

a s s u m i n g  th a t  the  s t r e s s  p a r a l l e l  to  the  b o r e h o l e  a x i s  w a s  z e r o ,



T - 1 4 7 4

o o O
o o o
00 Nco CO N

h- O
N v£> vû
vO vO r— f

rH

H

(0
CO
d)u•M(0

0 g

o înJ *Hh
4 ^ 0 0 0  O
n j  O  O  O  r d

'O
§

•1-1
co n}

■s î ;
;  f  S

.  I

I I 1h- 1—I O o 0
N ” (SJ v£> vû }4 O
ri  B . p  COW C Q  1— 4 I-H rH CO ^ ̂ a X̂i
5 B &«  ïï D,

rM COOccJ

1 1

§ 4i
o o

I I gd
I  I  I
S ° g

§ a
co co 0d) ‘rt ^J-4 h r44J -H fsj CO ( t i nCO CO CO CO a, ^J I

28



T - 1 4 7 4  29

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

g a g e s .  It i s  f e l t  u n l ik e ly  t h a t  t h i s  a r g u m e n t  i s  v a l id ,  s in c e  m e a s u r e  

m e n t s  t a k e n  so n e a r  to the  f r e e  face  of the  p i l l a r  sh o u ld  n o t  be  

a f f e c t e d  b y  a n y  s ig n i f i c a n t  s t r e s s  p a r a l l e l  to the  b o r e h o l e .  O b s e r v e  

the  r e s u l t s  in  t a b le  2, 8.

B o n n e c h e r e  a n d  F a i r h u r s t  (17) c o m p a r e d  a n u m b e r  of s t r e s s  

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

m e t h o d  w a s  to  cu t  a  4 - 1 / 2  foo t  s q u a r e  b lo c k  of g r a n i t e  lo o s e  f r o m  

a  q u a r r y  f l o o r  b y  d r i l l i n g  o v e r l a p p in g  h o le s  a lo n g  i t s  p e r i p h e r y .  

F l a t  j a c k s  w e r e  th en  i n s t a l l e d  on a l l  f o u r  s i d e s  of the  b l o c k  to 

s i m u l a t e  a  f i e ld  s t r e s s .  The  v a r i o u s  i n s t r u m e n t s  w e r e  i n s t a l l e d  

on the  s u r f a c e  of the  b lo c k  a n d  in to  b o r e h o l e s  d r i l l e d  in to  i t .

A m o n g  the v a r i o u s  d e v i c e s  t e s t e d  w e r e  s e v e r a l  d o o r s t o p p e r  g a g e s  

a n d  a  b o r e h o l e  d e f o r m a t i o n  gage  d e s ig n e d  by  C r o u c h ,  T h i s  b o r e ­

h o le  d e f o r m a t i o n  gage  i s  v e r y  s i m i l a r  to  the  USBM g a g e ,  bu t  

m e a s u r e s  d e f o r m a t i o n s  on f o u r  d i a m e t e r s  r a t h e r  th an  t h r e e .  F o r  

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

b y  e a c h  i n s t r u m e n t  w a s  c a l c u l a t e d .  Using  the m e a s u r e d  s t r a i n s  

a n d  the  known a p p l i e d  s t r e s s .  Y o ung 's  m o d u lu s  w a s  c a l c u l a t e d .  

T ab le  2 . 9  shows  the r e s u l t s  of s e v e r a l  u n i a x i a l  c o m p r e s s i o n  t e s t s .  

D o o r s t o p p e r s  m o u n te d  on b o r e h o l e  b o t t o m s  an d  the  b o r e h o l e  

d e f o r m a t i o n  gage  on ly  a r e  c o n s i d e r e d .

B o n n e c h e r e  an d  F a i r h u r s t  u s e d  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  

f o r  the  bo  r e  hoi b o t to m  of a = 1 , 2 5 ,  b = 0 a n d  a s s u m e d  the  a x i a l
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s t r e s s  to  be z e r o .  As  c a n  be  s e e n ,  t h e r e  i s  q u i te  a  b i t  of s p r e a d  

i n  the  d a t a ,  a n d  e v en  b e t w e e n  the  two d o o r s t o p p e r s .  I t  i s  of 

i n t e r e s t  to  no te  t h a t  the  a v e r a g e  v a l u e s  of the  two d o o r s t o p p e r s  

in  the  E - W  d i r e c t i o n  i s  n e a r l y  the  s a m e  a s  f o r  the  N -S  d i r e c t i o n .  

Bonne  c h e r  r e  a n d  F a i r h u r s t  c o n c lu d e  b y  s ay in g  th a t  the  r e s u l t s  of 

th e  e x p e r i m e n t  show t h a t  a n y  one r e a d i n g  by  a  s t r e s s  d e t e r m i n i n g  

i n s t r u m e n t  sh o u ld  n o t  be  t r u s t e d  b y  m o r e  than  20-30% ,
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3. F I N I T E  E L E M E N T  STUDY

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

A f in i te  e l e m e n t  s tu d y  of the  s t r e s s e s  on a  f l a t  b o r e h o l e  end  

w a s  m a d e  fo r  the  p u r p o s e  of c o m p a r i n g  the  r e s u l t s  w i th  the e x ­

p e r i m e n t a l  d a t a  o b t a i n e d  in  the C o lo r a d o  School  of M in e s  e x p e r ­

i m e n t a l  m i n e .

The  f in i te  e l e m e n t  su d y  i s  b a s e d  on a n  ax i  s y m m e t r i c  p r o g r a m  

f o r  p u r p o s e s  of s i m p l i f i c a t i o n .  W ith  t h i s  t e c h n i q u e ,  the  b o r e h o l e  

a n d  s u r r o u n d i n g  r o c k  a r e  c o n s i d e r e d  to  be  c o n c e n t r i c  c y l i n d e r s  of 

f in i te  s i z e .  T h i s  a l lo w s  the  c o n s t r u c t i o n  of a n o d a l  p o in t  a r r a y  on 

a  s in g le  a x i a l  p la n e  ( a c tu a l l y  a h a l f  p la n e ) .  P r e s s u r e  i s  a p p l i e d  on 

t h i s  p la n e  a x i a l l y  fo r  the  d e t e r m i n a t i o n  of SC F  c a n d  r a d i a l l y  f o r  

the  d e t e r m i n a t i o n  of S C F  a  a n d  b .  The  c o m p u t e r  p r o g r a m  then  

r o t a t e s  the  a p p l i e d  p r e s s u r e  a n d  n o d a l  p o in t  a r r a y  a b o u t  the  a x i s  

of the  b o r e h o l e ,  g e n e r a t i n g  a  u n i f o r m  r a d i a l  o r  a x i a l  p r e s s u r e  an d  

a  s y s t e m  of n o d a l  c i r c l e s  an d  r i n g  e l e m e n t s .

S ince  the ax i  s y m m e t r i c  p r o g r a m ,  w i th  a p p l i e d  r a d i a l  p r e s s u r e ,  

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

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

b .  Only  t h e i r  s u m  m a y  be  d e t e r m i n e d .  T h i s  f a c t  w a s  p o in te d  out 

b y  C o a t e s  (11,  18). If one a s s u m e s  th a t  b i s  e q u a l  to z e r o ,  a s  

d id  C r o u c h ,  th e n  a m a y  be  d e t e r m i n e d .  T h e r e  i s  m u c h  j u s t i f i ­

c a t i o n  f o r  t li is  a s s u m p t i o n  a s  m o s t  r e s e a r c h e r s  have  found b 

to  be  z e r o  o r  v e r y  n e a r  to z e r o .  If b i s  n o t  e q u a l  to z e r o  then
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the  v a l u e s  of SCF a p u b l i s h e d  by  C r o u c h  a r e  m o s t  l i k e l y  the 

s u m  of a-l-b, s in ce  he u s e d  an  a x i s y m m e t r i c  p r o g r a m .

3 . 2  P r e s e n t a t i o n  of R e s u l t s

To c a l c u l a t e  v a lu e s  of the  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  f o r  

the  f l a t  b o r e h o l e  e nd ,  the  r a d i a l  s t r e s s  in the e ig h t  e l e m e n t s  

f o r m i n g  the  r a d i u s  of the  b o r e h o l e  end  a r e  c o n s i d e r e d .  T h e s e  

r a d i a l  s t r e s s e s  w e r e  d iv id e d  b y  the a p p l i e d  p r e s s u r e  to  y i e ld  

the  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  fo r  v a lu e s  of P o i s s o n ' s  r a t i o  

of 0 . 1 ,  0 . 2 ,  0 , 3 ,  a n d  0 , 4 .  The v a r i a t i o n s  of the  s t r e s s  c o n c e n ­

t r a t i o n  f a c t o r s  a c r o s s  the  b o r e h o l e  end  a r e  p l o t t e d  in  f i g s ,  3. 1 

a n d  3, 2.

The s t r a i n  gage  r o s e t t e  u s e d  in the e x p e r i m e n t a l  p a r t  of 

t h i s  r e s e a r c h  w ould  m e a s u r e  r a d i a l  s t r a i n s  o v e r  on ly  the  a r e a  

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

The a v e r a g e  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  of t h e s e  two e l e m e n t s  

i s  u s e d  f o r  c o m p a r i s o n  w i th  e x p e r i m e n t a l  d a ta .  T a b le  3, 1 l i s t s  

the  r e s u l t s  o b ta in e d .  T h e s e  v a l u e s  a r e  a l s o  p lo t t e d  in f i g s . 3 . 3  

a n d  3 , 4  a long  w i th  v a l u e s  p u b l i s h e d  by  C o a t e s  a n d  Yu (11) an d  

C r o u c h  (10).

3, 3 D i s c u s s i o n  of R e s u l t s

The f in i te  e l e m e n t  t e c h n iq u e  i s ,  of c o u r s e ,  only  a n  a p p r o x ­

i m a t i o n ,  Th is  f a c t  i s  p o in te d  out by  the d i v e r s e  r e s u l t s  o b ta in e d  

f r o m  the f in i te  e l e m e n t  s t u d i e s  of C r o u c h ,  C o a t e s  a n d  the a u t h o r  

in  a n a ly z in g  the s a m e  r e l a t i v e l y  s im p le  p r o b l e m .
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COATES

BOYER+
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CO CROUCH

f ig ,  3. 3 V a r i a t i o n  of S C F  a + b  w i th  P o i s s o n ' s  r a t i o  (%/). F in i t e  
e l e m e n t  s t u d i e s .

0 2  03  0.4

02

0.4
u

0.6
Ll
Uin CROUCH

BOYER
COATES

U 8

fig .  3 . 4  V a r i a t i o n  of S C F  c w i th  P o i s s o n ' s  r a t i o  (V), F i n i t e  
e l e m e n t  s t u d i e s .
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A m ong  o t h e r  t h i n g s ,  the  r e s u l t s  f r o m  a f in i te  e l e m e n t  s tu d y  

a r e  a f f e c t e d  by  the c o m p l e x i t y  of the  e l e m e n t  a r r a y ,  the  c o m p u t e r  

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

r e s t r i c t i o n s  p l a c e d  on the  m o d e l  an d  b y  i n t e r p r e t a t i o n  of the  

p r i n t - o u t .

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

w i th  the  e x c e p t io n  of the  m e t h o d  of p r i n t - o u t  i n t e r p r e t a t i o n .  The 

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

e l e m e n t  of the  a r r a y ,  a n d  t h e s e  s t r e s s e s  a r e  c o n s i d e r e d  to  be  a t  

the  e l e m e n t ’s c e n t r o i d .  S ince  the f l a t  end  of the  b o r e h o l e  i s  f o r m e d  

b y  the  e d g e s  of a r o w  of e l e m e n t s ,  the  s t r e s s e s  on the  b o r e h o l e  

e n d  a r e  n o t  n e c e s s a r i l y  th o s e  a t  the c e n t r o i d  of the  e l e m e n t s  

f o r m i n g  the  b o r e h o l e  end .  B e c a u s e  of t h i s ,  i t  i s  n e c e s s a r y  to 

e x t r a p o l a t e  the  s t r e s s e s  to  the  b o r e h o l e  end .

The  e x t r a p o l a t i o n  w a s  a c c o m p l i s h e d  b y  p lo t t in g  the  r a d i a l  

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

a n d  i m m e d i a t e l y  b e y o n d  the  b o r e h o l e  end .  F o r  a  r a d i a l  a p p l i e d  

b o u n d a r y  p r e s s u r e ,  the  s t r e s s  g r a d i e n t  in  t h e s e  e l e m e n t  c o lu m n s  

w a s  v e r y  s m a l l .  I t  w a s  found t h a t  a c c e p t i n g  the  r a d i a l  s t r e s s  

v a lu e  in the  e l e m e n t s  f o r m i n g  the b o r e h o l e  en d  a s  the  s t r e s s  on 

the  b o r e h o l e  en d  w ou ld  r e s u l t  in  an  e r r o r  of l e s s  th a n  1%. Thus  

no  e x t r a p o l a t i o n  w a s  n e c e s s a r y  in th i s  c a s e .

F o r  an  a x i a l  a p p l i e d  b o u n d a r y  p r e s s u r e ,  h o w e v e r ,  the  s i t ­

u a t io n  w a s  v e r y  d i f f e r e n t .  The  r a d i a l  s t r e s s  in e l e m e n t  c o lu m n s
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p a r a l l e l  a n d  n e a r  to  the  b o r e h o le  a x is  d e c r e a s e d  e x p o n e n t i a l ly  

b ey o n d  the  b o re h o le  end . T h u s  i t  w as  r e q u i r e d  to  e x t r a p o la t e  the  

d i s ta n c e  of 1 /2  e l e m e n t  f r o m  the  c e n t r o id  of the  ro w  of e l e m e n t s  

f o r m in g  the  b o re h o le  end  to  the  b o re h o le  en d . T h is  w as  done b y  

p lo t t in g  the  r a d i a l  s t r e s s e s  on s e m i - l o g  p a p e r  an d  e x t r a p o la t in g  

g r a p h ic a l l y .  The r a d i a l  s t r e s s e s  in  the  e l e m e n t  c o lu m n s  n e a r  the  

b o r e h o le  a x is  p lo t te d  to  a  s t r a i g h t  l in e  on s e m i - l o g  p a p e r ,  an d  

i t  w as  a s s u m e d  th a t  the  fu n c t io n  w as  c o n t in u o u s  to the  b o r e h o le  

en d . C o m p a re  f ig s ,  3 ,2  a n d  3 .5  fo r  the  d i f f e r e n c e  in  s t r e s s  c o n ­

c e n t r a t i o n  b e tw e e n  b o r e h o le  en d  an d  the  ro w  of e l e m e n t s  f o r m in g  

th e  b o r e h o le  end .

B y  m e th o d s  of c u rv e  f i t t in g ,  m a th a m a t i c a l  r e l a t i o n s h ip s  

b e tw e e n  the  s t r e s s  c o n c e n t r a t io n  f a c t o r s  a n d  P o i s s o n 's  r a t i o  

w e r e  d e t e r m in e d .  T h e se  e q u a t io n s  a r e :

c =  -0 .  39 - l.zy
I t  i s  i n t e r e s t i n g  to  n o te  th a t  v a lu e s  of a4- b p r e d i c t e d  b y  the  

th r e e  f in i te  e l e m e n t  s tu d ie s  u n d e r  d i s c u s s io n  a r e  s i m i l i a r  fo r  

y — 0, b u t  d iv e rg e  w id e ly  f r o m  t h e r e .  F o r  c o m p a r i s o n  s a k e ,  

th e s e  v a lu e s  a r e  r e  - t a b u la te d  in  ta b le  3 ,2 ,
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fig , 3 ,5  Variation of SCF c a cro ss  the row of elem ents adjacent 

to the borehole end.
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4 . E X P E R IM E N T A L  R E S U L T S

4. 1 In t ro d u c t io n

The u s e  of a  d o o r s to p p e r  gage  p e r m i t s  the  c a lc u la t io n  of 

s t r e s s  b y  m e a s u r i n g  s t r a i n s  on the  en d  of a  b o r e h o le .  T h e s e  

m e a s u r e d  s t r a i n s  a r e  r e d u c e d  to  the p r i n c i p a l  s t r e s s e s  on the  

b o r e h o le  en d  b y  e q u a t io n s  d e r iv e d  f r o m  e l a s t i c  th e o r y .  The s t r a i n  

r o s e t t e s  u s e d  h e r e  w e re  the  e q u ia n g u la r  ty p e ,  m e a s u r i n g  r a d ia l  

s t r a i n s  a t  60 d e g r e e  i n t e r v a l s .  T h e se  s t r a i n s  a r e  d e s ig n a te d :

G. 0®

e  60°

G 120°

G

w ith  the  G^ s t r a i n  b e in g  a l ig n e d  w ith  so m e  f ix e d  r e f e r e n c e .  In 

t h i s  c a s e  G^ i s  a l ig n e d  w ith  one of the  a p p l ie d  f l a t  ja c k  lo a d s .  T h is  

d i r e c t i o n  is  d e s ig n a te d  the  X d i r e c t io n .  The Y d i r e c t i o n  i s  p e r ­

p e n d ic u l a r  to  X a n d  in  the  p lan e  of the  b o r e h o le  en d . The Z a x is  

i s  down the  c e n te r  of the  b o r e h o le .

To o b ta in  the  p r in c ip a l  s t r e s s e s  on the  b o r e h o le  e n d ,  the  

p r in c ip a l  s t r a i n s  a n d  th e i r  o r i e n ta t io n  a r e  c a lc u la te d  by:

_ e,+ €2 + 6 3  \fz I---------r----------- 2----------- ;
 r  ‘‘T  V ‘ ®1 -®2 > +
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G i+ G 2 + € 3  ][2 ! 2 2 :
® m in      + ( 6 2 - 6 3 ) + ( 6 3 - 6 ^)

1 _j / 3 ( G 2 - 6 3 )
TAN ------------------

2

w h e re  0 i s  the  c o u n te r - c lo c k w is e  a n g le  f r o m  Gj  ̂ to  The

p r in c ip a l  s t r e s s e s  on the  b o r e h o le  en d  m a y  th e n  be  c a lc u la te d  by;

E

_  .2 (^m in"^^^m ax^
1

w h e re  E  i s  Y oung’s m o d u lu s  a n d  %/is P o i s s o n ’s r a t i o .

The e x p e r im e n t a l  w o rk  in  th i s  p r o j e c t  c o n s i s t e d  of ap p ly in g  

know n u n ia x ia l  a n d  u n i fo r m  b ia x ia l  lo a d s  to  a  b lo c k  of In d ian a  

l im e s to n e  e q u ip p e d  w i th  a  d o o r s to p p e r  g a g e .  The e q u ip m e n t  an d  

te c h n iq u e s  u s e d  a r e  d e s c r i b e d  in  a p p e n d ic ie s  A a n d  B of th i s  w o rk .  

The a p p l ie d  s t r e s s e s  a r e  a s s u m e d  to be the  p r in c i p a l  s t r e s s e s  

in  the  ro c k .  The p r in c ip a l  s t r e s s e s  on the  b o r e h o le  en d  a r e  c a l ­

c u la te d  f r o m  d o o r s to p p e r  m e a s u r e d  s t r a i n s  a n d  a r e  d iv id e d  by  

the  know n a p p l ie d  s t r e s s e s  to  o b ta in  s t r e s s  c o n c e n t r a t io n  f a c t o r s .  

P r e l i m i n a r y  t e s t s  w e re  c a r r i e d  out in s m a l l  b lo c k s  of In d ian a  

l im e s t o n e ,  h y d ro s to n  t , an d  p le x ig la s s  to d e t e r m in e  r e l i a b i l i t y  of 

the  g a g e .  A lso  d e t e r t  in e d  in  p r e l i m i n a r y  e x p e r i m e n t s  w e r e  s u c h
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f a c t o r s  a s  bond ing  p r e s s u r e ,  gage  a l ig n m e n t  an d  m e th o d  of 

t e s t i n g .

In i t i a l  t e s t s  w e r e  m a d e  w i th  u n ia x ia l  c o m p r e s s i o n  in  a 

T in iu s  O ls e n  te s t in g  m a c h in e ,  In d ia n a  l im e s to n e  w a s  c h o s e n  fo r  

th e  r e s e a r c h  p r o g r a m  b e c a u s e  of i t s  h o m o g e n e i ty ,  f ine  g r a in  

s t r u c t u r e  an d  a p p a r e n t  i s o t r o p y .  S e v e r a l  s ix  in c h  c u b e s  of l i m e ­

s to n e  w e r e  p r e p a r e d  b y  d r i l l in g  a 1 - 1 /2  in c h  d i a m e t e r  h o le ,  3 

in c h e s  d e ep  in to  the  c e n t e r  of one fa c e  w ith  a  th in  w a l l  c o r in g  

b i t .  The b o t to m s  of the  b o r e h o le s  w e r e  g ro u n d  s m o o th  w i th  a  f l a t  

f a c e d  d ia m o n d  b i t .  A f te r  s e v e r a l  t r i a l s  i t  w as  found  th a t  the  u s e  

of B L H  E P Y - 1 5 0  c e m e n t  a n d  a  bon d in g  p r e s s u r e  of 10 p s i  gave  a 

s a t i s f a c t o r y  bond  b e tw e e n  gage  an d  r o c k .

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

c r e e p  sh o w ed  up in the  s t r a i n  r e a d in g s .  I t  a p p e a r s  th a t  th i s  c r e e p  

w a s  in  the  l im e s to n e  i t s e l f  o r  in  the  c e m e n t  bond  a n d  n o t  in  the  

lo a d in g  s y s t e m ,  a s  i t  a p p e a r e d  in  the  m in e  te s t in g  a s  w e l l  a s  the 

p r e l i m i n a r y  l a b o r a t o r y  t e s t s .  A f te r  m u c h  t r i a l  a n d  e r r o r  i t  w as  

found  th a t  the  e f fe c t  of the c r e e p  cou ld  be n e a r l y  e l im in à t e d  b y  

p re lo a d in g  the s p e c im a n  fo r  a b o u t  5 m in u te s ,  r e m o v in g  th e  lo a d  

a n d  q u ic k ly  z e r o in g  the s t r a i n  i n d i c a t o r ,  ap p ly in g  the  lo a d  an d  

r e c o r d in g  the s t r a i n  r e a d i n g s ,  a n d  r e tu r n in g  the  lo a d  to  z e r o  fo r  

a  f in a l  c h e c k .  W ith  th is  m e th o d  the  s t r a i n  r e a d in g s  co u ld  be  b r o u g h t  

b a c k  to  z e r o  a n d  the  i n e l a s t i c  s t r a i n s  e l im in a te d .  It w a s  n e c ­

e s s a r y  to  fo llow  th i s  p r o c e d u r e  th ro u g h o u t  the  p r o j e c t ,  r e s u l t -
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ing  in  a  g r e a t  n u m b e r  of lo a d - u n lo a d  c y c le s .

4 , 2 D e te r m in a t io n  of SC F  a a n d  b

Two s e p a r a t e  g ro u p s  of t e s t s  w e re  p e r f o r m e d  f o r  th i s  s e c t io n .  

G ro u p  I w as  a  s e t  of u r i a x i a l  c o m p r e s s i o n  t e s t s  a p p l ie d  in  the  

d i r e c t io n .  G ro u p  II w a s  a  s e t  of u n i fo rm  b ia x ia l  c o m p r e s s i o n  t e s t s  

a p p l ie d  in  the  d i r e c t i o n  of an d  p e r p e n d i c u l a r  to  G ^ . E a c h  g ro u p  

c o n s i s t e d  of 10 s e p a r a t e  r u n s ,  e a c h  ru n  c o n s i s t in g  of 5 in d iv id u a l  

s e t s  of s t r a i n  r e a d in g s .  T h is  r e s u l t e d  in  50 c y c le s  of lo a d in g  a n d  

u n lo a d in g  fo r  e a c h  g ro u p  of t e s t s .

The b ia x ia l  t e s t s  w e re  p e r f o r m e d  f i r s t .  P r i o r  to  t h e s e  t e s t s ,  

the  l im e s to n e  b lo c k  h a d  b e e n  u n s t r e s s e d ,  a n d  a  l a r g e  a m o u n t  of 

n o n - r e c o v e r a b l e  c r e e p  a p p e a r e d  in  the  f i r s t  few  s t r e s s  c y c l e s .

F o r  th i s  r e a s o n ,  the  f i r  t  two r u n s  in  G ro u p  II w e r e  d i s c a r d e d  

a s  b e in g  a n o m a lo u s .

R e s u l t s  of the  G ro u p  I t e s t s  a r e  p r e s e n t e d  in  ta b le  4 , 1. The 

s t r e s s e s  i n d ic a te d  a r e  the p r in c ip a l  s t r e s s e s  on the b o r e h o le  end . 

A s c an  be s e e n  f r o m  ta b le  4 , 1 ,  the  r e s u l t s  of G ro u p  I t e s t s  a r e  

f a i r l y  u n i f o r m  and  r e p r o d u c i b l e .  The t e s t s  in d ic a te  a  SC F  a  of 

1 .2 9  f o r  the  In d ia n a  l im e s to n e  b lo c k  w h ich  h a s  a  P o i s s o n ’s r a t i o  

of 0 ,2 2 4 ,  The va lu e  of (j) sh o u ld  be z e r o  u n d e r  id e a l  c o n d i t io n s .

I ts  m a g n i tu d e  p r o v id e s  a ch ec k  on the  a c c u r a c y  of m e a s u r e m e n t s .  

The low  a n g le  of 2 ^ 4 5 ’ in d ic a te s  a  good l e v e l  of a c c u r a c y .

The d i f f ic u l t  th ing  to  i n t e r p r e t  in the  G ro u p  I t e s t s  i s  t h e .u n ­

e x p e c te d  h ig h  v a lu e  of O m in , P r e v i o u s  r e s e a r c h  in  the  d o o r s to p p e r
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f ie ld  i n d ic a te s  th a t  the va lu e  of O m in  sh o u ld  be n e a r  z e r o  in  a  

t r u l y  u n ia x ia l  s t r e s s  f ie ld .  A p p a r e n t ly ,  so m e  d e g r e e  of l a t e r a l  

r e s t r a i n t  w as  d e v e lo p e d  in  the  s y s t e m  r e s u l t i n g  in  the  g e n e r a t io n  

of a  s t r e s s  a c r o s s  the  b o r e h o le  end . The r e s t r a i n t  co u ld  have  

c o m e  f r o m  f r i c t i o n  b e tw e e n  the  b lo c k  a n d  lo a d in g  s y s t e m  o r  

co u ld  have  b e e n  the  r e s u l t  of n o n - u n i f o r m i ty  in  the  lo a d in g .  T h is  

p r o b le m  is  d i s c u s s e d  m o r e  th o ro u g h ly  in  s e c t io n  4 , 5. The  r a t i o  

of O m in  to  O m ax  i s  a b o u t  -0 ,  31 w h ich  co u ld  in d ic a te  a  u n ia x ia l  

lo a d  w ith  a  good d e a l  of l a t e r a l  r e s t r a i n t .  T h e o r e t i c a l ly ,  c o m p le te  

l a t e r a l  r e s t r a i n t  in  the  s y s t e m  w ould  r e s u l t  in  a  r a t i o  of — j 
o r  -0 ,  29. The h ig h  v a lu e  of O m in  co u ld  a l s o  be i n t e r p r e t e d  to  

be  the  e f f e c t  of a  S C F  b — - 0 ,4 ,  B u t th i s  h ig h  v a lu e  of b i s  i n ­

c o n s i s t e n t  w ith  a l l  p r e v io u s  r e s e a r c h  a n d  the  a u th o r  f e e l s  s u c h  a  

c o n c lu s io n  i s  u n ju s t i f ie d .

S ince  the  d e g r e e  of e r r o r  in f l i c te d  b y  the  p o o r  lo a d in g  s y s t e m  

c a n n o t  be  d e t e r m in e d ,  s t r e s s  c o n c e n t r a t io n  f a c to r  b c o u ld  n o t  

b e  d e te r m in e d .

The r e s u l t s  of G ro u p  II t e s t s  a r e  t a b u la te d  in  ta b le  4, 2, As 

c a n  be  s e e n  f r o m  ta b le  4 , 2 ,  the  r e s u l t s  f r o m  the b ia x ia l  t e s t s  

w e r e  n o t  a s  u n i fo r m  a n d  r e p r o d u c i b l e  a s  the  u n ia x ia l  t e s t s .  The 

m u c h  h ig h e r  an d  so m e w h a t  s c a t t e r e d  v a lu e s  of 0 in d ic a te  a  m o r e  

s e r i o u s  e r r o r .  The v a lu e s  of .m in  a r e  so  v a r i e d  a s  to  be  m e a n ­

i n g l e s s ,  I t  i s  d if f ic u l t  to  u n d e r s t a n d  how the v a lu e s  of '^ m a x  can  

be r e a s o n a b ly  u n i fo r m  a n d  the  v a lu e s  of m in  so  v a r i e d .  O th e r
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r e s e a r c h e r s  have  e x p e r i e n c e d  th is  p r o b le m  (14),

The b ia x ia l  t e s t s  in d ic a te  th a t  the  a v e r a g e  su m  of s t r e s s  

c o n c e n t r a t io n  f a c t o r s  a 4- b i s  1 ,2 8  fo r  the  In d ia n a  l i m e s to n e  

b lo c k .  T h is  i s  so  n e a r  to  the  v a lu e  of a  =  1 ,2 9  in d ic a te d  b y  the  

u n ia x ia l  t e s t s  th a t  S C F  b c an  p r o b a b ly  be  a s s u m e d  to  be  z e r o ,  a t  

l e a s t  f o r  a  P o i s s o n 's  r a t i o  of 0 .2 2 4 ,  The f in i te  e l e m e n t  s tu d y  

d e s c r i b e d  in  s e c t io n  3, of th i s  t h e s i s  p r e d i c t s  a  v a lu e  of a - t-b  

a s :

a  +  b  =  1 . 2 e '3 8 5 3 /

J 3 8 5 ( .2 2 4 )

1 .3 1

T h is  i s  a  f a i r l y  good  a g r e e m e n t .

4, 3 D e te r m in a t io n  of S C F  c

T e s t s  f o r  the  d e t e r m in a t io n  of S C F  c w e r e  p e r f o r m e d  in  a  

s i m i l a r  m a n n e r  to  th o s e  f o r  S C F  a a n d  b .  F o r  the  G ro u p  III 

t e s t s ,  a n  a x ia l  lo a d  w as  a p p l ie d  to  the  l im e s to n e  b lo c k  c o n ta in in g  

the  d o o r s to p p e r .  T h e o r e t i c a l l y ,  th i s  a x ia l  lo a d  sh o u ld  r e s u l t  in  a 

u n i fo r m  r a d i a l  s t r e s s  on the  b o r e h o le  end . P r o b l e m s  in  the  l o a d ­

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

e x a c t ly  u n i fo r m .  To o b ta in  the  S C F  c , the  a v e r a g e  r a d i a l  s t r e s s  

on the  b o re h o le  b o t to m  h ad  to  be d e te r m in e d .  T h is  c o u ld  be  done 

b y  e i t h e r  of two m e th o d s :  (1) A v e ra g e  the  v a lu e s  of C ^ , a n d

Gg an d  u se  th is  a v e r a g e  v a lu e  f o r  G m a x  a n d  G m in .  T h en  c o m p u te  

the  u n i fo r m  r a d ia l  s t r e s s  m a x  (o r m in )  a s  a v e ,  (2) Use the
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actu a l v a lu e s  of G2 and G3 to com pute the actu a l p r in c ip a l 

s t r e s s e s ,  O m ax and Cm  in . U se the a v era g e  of the p r in c ip a l 

s t r e s s e s  a s  the un iform  ra d ia l s t r e s s ,  (Cave,

B o th  m e th o d s  r e s u l t  in  th e  s a m e  v a lu e  of the  a v e r a g e  r a d i a l  

s t r e s s ,  w ith in  a  few  p e r c e n t .  G ro u p  III t e s t s  c o n s i s t e d  of 12 r u n s ,  

w i th  5 in d iv id u a l  s e t s  of s t r a i n  r e a d in g s  in  e a c h  ru n .  T a b le  4, 3 

t a b u la t e s  the  r e s u l t s .  A s c an  be  s e e n  f r o m  ta b le  4 , 3 ,  the  G ro u p  

i n  t e s t s  h a d  e x c e l l e n t  u n i f o r m i ty  a n d  r e p r o d u c ib i l i t y .  T h is  i s  m o s t  

l i k e ly  a  r e s u l t  of the  a x ia l  t e s t s  b e in g  f r e e  of the  en d  c o n d i t io n s  

im p o s e d  b y  the  f la t  j a c k s  in  the  G ro u p  I a n d  II t e s t s .  T h ick  

s e c t io n s  of a c o u s t i c  f i b r e b o a r d  w e r e  u s e d  a t  b o th  e n d s  of the  

l im e s t o n e  b lo c k  f o r  s t r e s s  d i s t r ib u t io n .  S pace  l im i t a t i o n s  p r e ­

v e n te d  th i s  in  the  G ro u p  I a n d  G ro u p  II t e s t s .

The f in i te  e l e m e n t  s tu d y  p r e d i c t s :  

c =  - 0 . 3 9 - 1 . 2 1 /

- 0 .  3 9 -1 .  2(. 224)

- 0. 66

a s  c o m p a r e d  to the  m e a s u r e d  v a lu e  of -0 ,  75. T h is  d i s a g r e e m e n t  

i s  p r o b a b ly  a  r e s u l t  of h av in g  to  in t e r p o la t e  the  r a d i a l  s t r e s s e s  in  

th e  f in i te  e l e m e n t  s tu d y .  See s e c t io n  3. 3,

4 , 4  R e s u l t s  of USBM B o re h o le  D e fo rm a t io n  Gage

4 , 4 .  1 B r i e f  T h e o r y  of the  Gage - - The USBM b o r e h o le  d e f o r ­

m a t io n  gage  m e a s u r e s  d e f o r m a t io n s  of a  c i r c u l a r  b o re h o le  

r a t h e r  th an  s t r a i n s  a s  d o es  the  d o o r s to p p e r  g a g e .  T h is  i s  a
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T A B L E  4. 3

A p p lie d  lo a d  
p s i

(Tave
p s i

S C F
c

-5 0 0 373 -0 .  746

-5 0 0 367 - 0 .  734

-5 0 0 375 -0 .  750

-5 0 0 376 -0 .  752

-5 0 0 368 -0 .  736

-5 0 0 368 -0 .  736

-1 0 0 0 739 -0 .  739

-1 0 0 0 765 -0 .  765

-1 0 0 0 753 - 0 .  753

-1 0 0 0 759 - 0 .  759

-1 0 0 0 758 -0 .  758

-1 0 0 0 757 - 0 .  757

A v e r a g e s

- 0 .  749

52

G ro u p  III t e s t s  - a x ia l  lo a d .
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h ig h ly  c o n v e n ie n t  m e th o d  of s t r e s s  d e t e r m in a t io n  a s  the  d e f o r m a ­

t io n s  can  be c o m p le te ly  p r e d i c t e d  by  e l a s t i c  th e o r y ,  m a k in g  a 

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

The b o r e h o le  d e f o r m a t io n  gage  m e a s u r e s  d e f o r m a t io n s  of the  

b o r e h o le  on 3 d i a m e t e r s  in  an  e q u ia n g u la r  p a t t e r n .  T h e s e  d e f o r ­

m a t io n s  a r e  d e s ig n a te d :

u

U l 0°
^ 2 -

^ 2 60°

U 3 120°

u

u

u,
E q u a t io n s  have  b e e n  d e r iv e d  w h ic h  c a lc u la te  the  p r in c ip a l  s t r e s s e s  

d i r e c t l y  f r o m  the  v a lu e s  of , U2 a n d  U^. See r e f e r e n c e s  19 a n d  

20 , The p r in c i p a l  s t r e s s e s  a n d  t h e i r  o r i e n ta t io n  a r e  c a l c u l a t e d  by:

crm a x

E  r  \/2

6d

r

1 \ / 3 ( U - U )
0 = — t a n  — —* i—

2  2 U j - U  - U j

w h e r e  d i s  the b o re h o le  d i a m e t e r  a n d  p lan e  s t r e s s  i s  a s s u m e d .  

P la n e  s t r a i n  m  y a l s o  be a s s u m e d  w h ich  r e s u l t s  in  a  m o d -
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i f i c a t io n  of the  e q u a t io n s  ab o v e  a n d  a d i f f e r e n c e  in  s t r e s s  c a l ­

c u la te d  of a b o u t  6% u n d e r  o r d i n a r y  c o n d i t io n s .  P la n e  s t r e s s  i s  

a s s u m e d  f o r  the  w o rk  in  th i s  in v e s t ig a t io n  b e c a u s e  of the  s i m p ­

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

r e s e n t s  the  a c tu a l  c o n d i t io n s  in v o lv ed .

4 . 4 . 2  R e s u l t s  f r o m  the  USBM G age - - The USBM gage  w as  

s u b m i t te d  to  the  s a m e  t e s t  g ro u p s  a s  w a s  the  d o o r s to p p e r  g a g e ,  

w i th  the  e x c e p t io n  of G ro u p  III. I t  w as  found  th a t  the  a x ia l  lo a d s  

h a d  so  l i t t l e  e f fe c t  on the  g ag e  th a t  d e t e r m in a t io n s  w e r e  i m p o s s i  

b le .  T he  o th e r  tw o g ro u p s  w e r e  done in  the  s a m e  s e q u e n c e  a n d  

a s  d i s c u s s e d  in  s e c t io n s  4 .2  a n d  4. 3. T a b le  4 . 4  t a b u la t e s  the  

r e s u l t s  of the  u n ia x ia l  t e s t s .  T h is  g ro u p  of t e s t s  gave  e x c e l l e n t  

u n i f o r m i ty  a n d  r e p r o d u c ib i l i t y .  The s m a l l  v a lu e s  of  ̂ a n d  0 ^ . ^  

in d ic a te  a  h ig h  d e g r e e  of a c c u r a c y  in  the  m e a s u r e m e n t s .  The 

r e a s o n  f o r  the  12 .4%  e r r o r  i s  unknow n. A ll  e q u ip m e n t  u s e d  w as  

d oub le  - che eke d f o r  a c c u r a c y  a n d  no e r r o r s  c o u ld  b e  found . The 

c a l i b r a t i o n  of the  gage  w as  c h e c k e d  a n d  c o n f i r m e d .  Som e p o s s i ­

b l e ,  b u t  u n c o n f i r m e d ,  s o u r c e s  of e r r o r  a r e  (1) T he  a s s u m p t io n  

of p la n e  s t r e s s ,  (2) V a r ia t io n  in  b o re h o le  d i a m e t e r ,  (3) I n c l i n a ­

t io n  of b o r e h o l e ,  (4) E c c e n t r i c i t y  of the  b o r e h o l e ,  (5) N o n -  

u n i fo r m  le a d in g ,  (6) V a r ia t io n s  in  Y o u n g 's  m o d u lu s .

The r e s u l t s  of the  b ia x ia l  t e s t s  a r e  t a b u la te d  in  t a b le  4 . 5. 

P a r a l l e l i n g  r e s u l t s  w ith  d o o r s to p p e r  m e a s u r e m e n t s ,  the  b ia x ia l  

t e s t s  show  m o r e  d i s p e r s i o n  an d  so m e w h a t  p o o r e r  r e s u l t s  th an
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TABLE 4 .4

Applied load O tnax (Trnin 0
p si p si psi

-500 -543 -30 1° 15'

-500 -548 -31 1° 30'

-500 -546 -36 1° 30'

-500 -578 -35 2® 30*

-500 -577 -34 2®15'

-500 -582 -34 2° 15'

-500 -557 -32 2° 15'

-500 -565 -36 2° 30*

-500 -566 -34 2"̂  15*

-500 -560 -32 2° 15*

Ave rage s

-500 -562 -33 2® 00*

O m ax average error 12,4%

Group I tests  - uniaxial load - borehole deformation gage.
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th e  u n ia x ia l  t e s t s .  A g a in  the  v a lu e  of i s  u n e x p la in a b le ,  an d

v a lu e s  of 0 a r e  l a r g e r .  The a v e r a g e  e r r o r  in  0 ^ ^ ^  i s ,  h o w e v e r ,  

n e a r l y  the  s a m e  a s  in  the  u n ia x ia l  t e s t s .  T h is  l e a d s  one to  b e l ie v e  

t h a t  th i s  12% e r r o r  i s  n o t  c a u s e d  b y  the  lo a d in g  s y s t e m ,  b u t  m a y  

be  a  fu n c t io n  of the  b o r e h o le  g e o m e t r y ,  a  f a c t o r  w h ic h  w ou ld  

a f f e c t  b o th  t e s t  g ro u p s  e q u a l ly .

4 . 5  D is c u s s io n  of R e s u l t s  a n d  P r o b l e m s

The l a r g e s t  e r r o r  in  a l l  the  t e s t  g ro u p s  i s  in  the  d e t e r m i n a ­

t io n  of (K . D u rin g  t e s t i n g ,  so m e  u n ia x ia l  t e s t s  w e r e  m a d e  w ith  
m in

a p p l ie d  lo a d  in  the  Y d i r e c t io n ,  o r  p e r p e n d i c u l a r  to  the

d i r e c t io n .  T h e s e  t e s t s  r e s u l t e d  in  a  f a i r  v a lu e  f o r  O' , b u t
m a x

in d ic a te d  a  v a lu e  of 0 t h a t  w a s  a b o u t  30 d e g r e e s  off. T h u s  i t  w a s  

s u s p e c t e d  th a t  s o m e th in g  w a s  w ro n g  w ith  the  lo a d in g  in  th i s  d i ­

r e c t i o n .

To c o n f i rm  the  s u s p ic io n ,  p h o to e la s t i c  d i s c s  w e r e  g lu e d  to  

th e  to p  of the  l im e s to n e  b lo c k  to  p ro v id e  a  v i s u a l ,  q u a l i t a t iv e  

e s t i m a t e  of the  u n i f o r m i ty  of s t r e s s  d i s t r ib u t io n  in  the  b lo c k .  W ith  

a n  a p p l i e d  u n ia x ia l  lo a d  in  the  X d i r e c t io n ,  th e  f r in g e  p a t t e r n s  

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

i ty .  W ith  u n ia x ia l  lo a d in g  in  the  Y d i r e c t io n ,  the  f r in g e  p a t t e r n s  

w e r e  e lo n g a te d  in s e v e r a l  d i r e c t i o n s  in  the  d i f f e r e n t  d i s c s .  W ith  

a  u n i f o r m  b ia x ia l  lo a d ,  the  f r in g e  p a t t e r n s  a p p e a r e d  to  be  s o m e ­

w h e r e  b e tw e e n  the  r e s u l t s  of the  two d i f f e r e n t  u n ia x ia l  l o a d s .

The p h o to e la s t i c  c h e c k s  in d ic a te d  th a t  so m e th in g  w a s  in d e e d
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w ro n g  w ith  the  Y a x i s  lo a d in g  s y s t e m .  It  a p p e a r s  th a t  the  s y s te m  

of s h im s  u s e d  f o r  f i l l in g  in  g a p s  b e tw e e n  t e s t  b lo c k  a n d  h o le  r e ­

s u l t e d  in  s e m i - p o i n t  lo ad in g  an d  a  n o n - u n i f o r m  s t r e s s  d i s t r i b u t io n  

in  th e  b lo c k .  T h i s ,  i t  i s  b e l i e v e d ,  i s  the  r e a s o n  fo r  the  u n e x p la in ­

a b le  v a lu e s  of (X , a n d  fo r  the  p o o r e r  g e n e r a l  r e s u l t s  in  the 
m in

b ia x ia l  t e s t s .  The u s e  of b o th  f l a t  j a c k s  to g e th e r  a p p a r e n t ly  

l e s s e n e d  th e  e f f e c t s  of the  p o o r  lo a d in g  in  the  Y d i r e c t i o n ,  so  

t h a t  so m e  of the  r e s u l t s  a r e  r e a s o n a b l e .  M e th o d s  of r e d u c in g  

th i s  type  of e r r o r  a r e  d i s c u s s e d  in  A p p en d ix  A of th is  w o rk .

B y  w ay  of c o m p a r i s o n  b e tw e e n  the  d o o r s to p p e r  a n d  the  b o r e ­

h o le  d e f o r m a t io n  g a g e ,  i t  c an  b e  s e e n  th a t  the  b o r e h o le  d e f o r m a ­

t io n  gage  gave  m o r e  f a v o r a b le  r e s u l t s  u n d e r  the  p o o r  lo a d in g  

s i tu a t io n ,  e v e n  i f  t h e r e  i s  a n  a p p a r e n t  e r r o r  of 12%. It  i s  i m ­

p o s s ib l e  to  d e t e r m in e  the  a m o u n t  of e r r o r  in  the  d o o r s to p p e r  

m e a s u r e m e n t s  s in c e  the  s t r e s s  c o n c e n t r a t io n  f a c t o r s  a r e  to be  

d e t e r m i n e d .  The b o r e h o le  d e f o r m a t io n  gage  h a s  v e r y  l i t t l e  

s e n s i t i v i t y  to  a x ia l  l o a d s ,  w h ic h  i s  a  d e f in i te  a d v a n ta g e .
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5. CONCLUSIONS

The m a j o r  c o n c lu s io n  of th i s  w o rk  i s  to  p r e s e n t  a  s e t  of s t r e s s  

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

b y  b o th  the  f in i te  e l e m e n t  s tu d y  a n d  the e x p e r i m e n t a l  w o rk .  B e c a u s e  

t h e r e  i s  s o m e  d i s a g r e e m e n t  in  the  two m e th o d s ,  so m e  m o d i f i c a ­

t io n s  have  b e e n  m a d e .

F i r s t ,  s in c e  e x p e r i m e n t a l  d e t e r m in a t io n s  of a 4- b a r e  v e r y  

c lo s e  to  th a t  p r e d i c t e d  b y  the  f in i te  e l e m e n t  s tu d y ,  the  fu n c t io n  

p r o p o s e d  in  s e c t io n  3 .2  f o r  a 4 -b w il l  b e  a c c e p te d .

S eco n d , e x p e r i m e n t a l  w o rk  in d ic a te d  th a t  the  v a lu e  of a  4-b 

w a s  v e r y  n e a r  to  the  v a lu e  of a ,  o r  in  o th e r  w o r d s  b =  0 fo r  

p r a c t i c a l  p u r p o s e s .  T hus  the  fu n c t io n  f o r  a-f-b  b e c o m e s  the 

fu n c t io n  fo r  a .

T h i r d ,  e x p e r i m e n t a l  d e t e r m in a t io n  of S C F  c gave  s u c h  

e x c e l l e n t  r e s u l t s  t h a t  i t  i s  f e l t  th e y  sh o u ld  be  u s e d  to  m o d ify  the  

fu n c t io n  fo r  c s u g g e s te d  in  s e c t io n  3. 2. T h is  fu n c t io n  w a s  found  

b y  e x t r a p o la t io n  an d  i t  a p p e a r s  th a t  th i s  r e s u l t e d  in  v a lu e s  of c 

w h ic h  a r e  s l ig h t ly  low . The fu n c tio n  is  a  f i r s t  d e g r e e  e q u a t io n ,  

a n d  is  a  s t r a i g h t  l in e .  S ince  the  e x t r a p o la t io n  of r a d i a l  s t r e s s e s  

w a s  the  s a m e  fo r  a l l  p o in ts  on the  l in e ,  the  s lo p e  of the  l in e  sh o u ld  

be  c o r r e c t .  I t  i s  o n ly  n e c e s s a r y  th en  to  a d ju s t  the  i n t e r c e p t  of the  

l in e  to  f o r c e  i t  th ro u g h  the  p o in t  c = -0 . 75 r a t h e r  th a n  c = -0 .  66 

f o r  a  P o i s s o n 's  r a t i o  of 0. 224.

The p r o p o s e d  fu n c t io n s  f o r  the  s t r e s s  c o n c e n t r a t io n  f a c t o r s
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th e n  a r e :

b = 0

c = - 0 . 4 8 - 1 . 2 7 /

T a b le  5. 1 is  a  ta b u la t io n  of v a lu e s  in d ic a te d  by  th e s e  fu n c t io n s  

f o r  v a r io u s  v a lu e s  of P o i s s o n 's  r a t i o .  T h e s e  v a lu e s  a r e  s i m i l a r  

to  v a lu e s  found  by  e a r l i e r  r e s e a r c h  ( 8 , 9 , 1 0 , 1 1 ) ,  b u t  a g a in  t h e r e  

i s  n o  d e f in i te  a g r e e m e n t .  T h is  f a c t  p o in ts  out the  m a j o r  d r a w ­

b a c k  to  the  u s e  of d o o r s to p p e r  g a g e s .  The u s e  of s t r e s s  c o n c e n ­

t r a t i o n  f a c t o r s  found  b y  e x p e r i m e n t a l  w o rk  i s  s u b je c t  to  a l l  the  

e r r o r s  i n h é r e n t  in  w o rk in g  w i th  a  m e d iu m  s u c h  a s  r o c k .  A 

r i g o r o u s  t h e o r e t i c a l  s o lu t io n  a s  a  b a s e  f o r  a l l  e x p e r i m e n t a l  w o rk  

i s  n e e d e d .

The b o r e h o le  d e f o r m a t io n  gage  i s  n o t  e n c u m b e r e d  w i th  the  

p r o b l e m s  of i n t e r p r e t a t i o n  th a t  e x i s t  w ith  the  d o o r s to p p e r .  T h is  

m a k e s  the  d e f o r m a t io n  gage  the  lo g ic a l  ch o ice  w h e re  h ig h  a c c u r ­

a c y  i s  n e e d e d  o r  c o m p le x  s t r e s s  f ie ld s  a r e  in v o lv e d .

The d o o r s to p p e r  c an  be e f f e c t iv e ly  u s e d  f o r  s im p le  p r o b l e m s  

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

a b o u t  the  type  an d  d i r e c t io n  of s t r e s s  f ie ld  in v o lv e d ,  o r  w h e r e  

o n ly  ro u g h  m e a s u r e m e n t s  a r e  d e s i r e d .

60
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A P P E N D IX  A 

D es ig n  an d  C o n s t r u c t io n  of the  T e s t in g  M ach in e  

In t r o d u c t i  on

The o r ig in a l  c o n c e p t  f o r  th is  r e s e a r c h  w o rk  in c lu d e d  an 

a t t e m p t  to a p p r o a c h  a c tu a l  f i e ld  co n d it io n s  a s  n e a r l y  a s  p o s s ib l e .  

F o r  th i s  r e a s o n ,  the  t e s t i n g  e q u ip m e n t  w as  d e s ig n e d  f o r  i n s t a l ­

la t io n  u n d e rg ro u n d  in  the  C o lo ra d o  School of M in es  e x p e r i m e n t a l  

m in e  a t  Idaho S p r in g s  * C o lo ra d o ,  T h is  e x p e r i m e n t a l  s e t  up h ad  

s e v e r a l  i m p o r t a n t  a d v a n ta g e s :

1, Use of e q u ip m e n t  in  a c tu a l  m in in g  e n v i r o n m e n t .

2 , E l im in a t io n  of n e e d  f o r  l a r g e  a n d  c o s t ly  s u p p o r t  s t r u c t u r e  

to  w i th s ta n d  t h r u s t  r e a c t i o n s .

3, C o n s ta n t  t e m p e r a t u r e  c o n d i t io n s .

4 , I s o la t io n  of w o rk  a r e a  f r o m  in t e r r u p t in g  in f lu e n c e s .

The s e t  up a l s o  h ad  s e v e r a l  i m p o r t a n t  d ra w b a c k s :

1, I n a c c u r a c i e s  in t r o d u c e d  b y  u s in g  a  ro u g h ly  s h a p e d  m in e  

d r i f t  a s  an  i n t r e g a l  p a r t  of the  t e s t  m a c h in e .

2, D u st .

3. H igh h u m id i ty .

4. B la s t in g  d a m a g e .

5. D if f ic u l t ie s  in  m o v in g  an d  in s ta l l in g  e q u ip m e n t .

6, R e s t r i c t e d  s p a c e .

D es ig n  c o n c e p t

T he t e s t in g  m a c h in e  w as  c o n c e iv e d  a s  one w h ic h  w o u ld  be
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a b le  to  a p p ly  c o m p r e s s i v e  s t r e s s e s  on a  b lo c k  of r o c k  in  t h r e e  

m u tu a l ly  p e r p e n d i c u l a r  d i r e c t i o n s .  I t  w as  d e s i r e d  to  be  a b le  to  

v a r y  th e s e  a p p l ie d  s t r e s s e s  in d e p e n d e n t ly  of one a n o th e r .  T h is  i s  

s o m e w h a t  the  r e v e r s e  of the a c tu a l  f ie ld  u s e  of d o o r s to p p e r  g a g e s  

w h e r e  the  s t r e s s e s  in  the  r o c k  ( n o r m a l ly  c o m p r e s s i v e )  a r e  

r e l i e v e d  b y  o v e r c o r in g .

The b lô c k  of r o c k ,  w h ic h  w a s  to  c o n ta in  th e  d o o r s to p p e r  gage  

a n d  the  USBM g a g e , w a s  to be  a s  l a r g e  a s  p o s s ib le  to  h an d le  

c o n v e n ie n t ly  in  o r d e r  to  a v o id  en d  e f f e c t s .  I t  w a s  d e c id e d  th a t  a  

b lo c k  a p p r o x im a te ly  12 in c h e s  s q u a r e  b y  30 in c h e s  lo n g  w ou ld  

m e e t  the  r e q u i r e m e n t s .  The b o r e h o le  w o u ld  be  d r i l l e d  in  the  

c e n t e r  of the  12x12 fa c e  to  a  d e p th  of 15 in c h e s .  T h is  b o r e h o le  

w o u ld  c o n ta in  the  d o o r s to p p e r  on i t s  f l a t t e n e d  end  an d  the  USBM 

b o r e h o le  d e f o r m a t io n  gage  f a r  e n o u g h  b a c k  to  a v o id  r e s t r a i n t  

f r o m  the  b o r e h o le  end . W ith  th i s  c o n f ig u ra t io n ,  b o th  g a g e s  sh o u ld  

b e  s u b je c t  to  e x a c t ly  the  s a m e  f ie ld  s t r e s s e s ,  m a k in g  a v e r y  

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

M a c h in e  C o n s t r u c t io n

A s h o r t  d e a d - e n d  d r i f t  off of the  m a in  e n t r y  of the  e x p e r i m e n ­

t a l  m in e  w as  c h o s e n  a s  a  s u i ta b le  s i t e .  T h is  a r e a  of the  m in e  i s  

l o c a t e d  in  a  v e r y  c o m p e te n t  g n e i s s  f o r m a t io n  an d  p r o v id e d  an  

a d e q u a te ly  s t ro n g  r o c k  f r a m e  f o r  the  t e s t  e q u ip m e n t .

To p ro v id e  a  s u i ta b le  f r a m e  fo r  the  t e s t  b lo c k ,  a  ho le  a p p r o x ­

i m a t e l y  5 f e e t  in  d i a m e t e r  a n d  5 f e e t  deep  w as  e x c a v a te d  in  the

63
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f lo o r  of th e  d r i f t .  A f o r m ,  f o r  the  ho le  w h ic h  w a s  to  c o n ta in  th e  

t e s t  b lo c k ,  w a s  e r e c t e d  in  th e  c e n t e r  of th e  e x c a v a t io n .  T h is  

f o r m  p r o v id e d  a  h o le  12 in c h e s  s q u a r e  b y  48 in c h e s  d e ep  f in i s h e d  

s i z e .  The e x c a v a t io n  w a s  f i l l e d  w i th  c o n c r e t e  ( s t e e l  r e in f o r c e d )  

a n d  s m o o th e d  ou t to  be  l e v e l  w i th  the  f lo o r  of th e  d r i f t .

L a t e r a l  p r e s s u r e  ( p e r p e n d ic u la r  to  the  b o r e h o le )  on th e  t e s t  

b lo c k  w a s  p r o v id e d  b y  tw o  f l a t  j a c k s  p la c e d  on a d j a c e n t  w a l l s  of 

th e  t e s t  h o le .  The o p p o s i te  w a l l s  of th e  t e s t  h o le  th e n  p r o d u c e d  

r e s t r a i n t  f o r  the  s id e s  of th e  b lo c k  o p p o s e d  to th e  f l a t  j a c k s .

E n d  p r e s s u r e  on the  t e s t  b lo c k  w a s  p r o v id e d  b y  a  h y d r a u l i c  

r a m  of 2 0 0 ,0 0 0  lb .  c a p a c i ty .  T h is  r a m  w a s  a t t a c h e d  to  th e  ro o f  

of th e  d r i f t  d i r e c t l y  o v e r  the  t e s t  h o le ,  a n d  p u s h e d  v e r t i c a l l y  on 

th e  t e s t  b lo c k ,  f o r c in g  i t  a g a i n s t  the  b o t to m  of th e  t e s t  h o le .  The 

r a m  w a s  a n c h o r e d  to  a  c o n c r e t e  p a d  w h ic h  w a s  s e c u r e d  to  the  

r o o f  w i th  r o c k  b o l t s .

C o n s t r u c t io n  of th e  c o n c r e t e  p a d  w a s  a  c h a l le n g e  of i t s  own. 

F o u r  h o le s  w e r e  d r i l l e d  in  the  ro o f  on a  16 in c h  s q u a r e  p a t t e r n .  

E x p a n s io n  s h e l l  b o l t s  w e r e  i n s t a l l e d ,  b u t  the  s t a n d a r d  b o l t s  w e r e  

r e p l a c e d  b y  4 fo o t  le n g th s  of 7 /8  in c h  d i a m e t e r  " a l l - t h r e a d " ,  A 

one in c h  th ic k  s t e e l  p la te  w a s  f a b r i c a t e d  w i th  a  t h r e a d e d  a d a p t e r  

in  th e  c e n t e r ,  w h ic h  w o u ld  a c c e p t  the  b a s e  en d  of the  h y d r a u l i c  

r a m .  T h is  p la te  h a d  a  one in c h  d i a m e t e r  h o le  in  e a c h  c o r n e r  to  

a c c o m o d a te  th e  fo u r  " a l l - t h r e a d "  r o c k  b o l t s .  T he  p la te  w a s  f i t t e d  

on the  b o l t s  a n d  s e c u r e d  w i th  o r d i n a r y  h e x  n u ts  an d  f l a t  w a s h e r s .
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A ■wooden f o r m  w as  b u i l t  on top  of the  s t e e l  p l a t e .  T h is  f o r m  w a s  

sh a p e d  to  c o n fo rm  ro u g h ly  w i th  the  c o n to u r s  of the m in e  ro o f  

d i r e c t l y  above  i t .  The f o r m  w a s  f i l l e d  w ith  h ig h  s t r e n g th - lo w  

s lu m p  c o n c r e te  w h ic h  w as  h e a p e d  above  the  s id e s  of the  f o r m .  The 

c o n c r e t e  w as  th en  f o r c e d  a g a i n s t  the  m in e  ro o f  b y  t ig h te n in g  the  

h e x  n u ts  su p p o r t in g  the  s t e e l  p l a t e .  W ith  th i s  p r o c e d u r e ,  the  

c o n c r e te  co u ld  be  f o r c e d  to  c o n fo rm  w ith  ro o f  i r r e g u l a r i t i e s ,  a n d  

th e  s t e e l  b a s e  p la te  l e v e l e d .

To b r id g e  the  gap  b e tw e e n  r a m  an d  t e s t  b lo c k ,  a  lo a d  t r a n s f e r  

c o lu m n  w a s  c o n s t r u c t e d  f r o m  10 in c h  d i a m e t e r  d o u b l e - e x t r a  

s t r o n g  s t e e l  p ip e .  The p ipe  w a s  f i t t e d  w i th  a  one in c h  th ic k  s t e e l  

p la te  on e i t h e r  en d . A s i m i l a r ,  b u t  s h o r t e r  c o lu m n  w a s  f a b r i c a t e d  

f o r  the  b o t to m  of the  t e s t  ho le  to  r a i s e  the  t e s t  b lo c k  to  a  w o r k ­

a b le  h e ig h t .

To c a r r y  the  gage  l e a d s  out of the  h o le ,  a  one in c h  th ic k  s t e e l  

p la te  w a s  p la c e d  b e tw e e n  the  t e s t  b lo c k  an d  the  lo a d  t r a n s f e r  

c o lu m n .  T h is  p la te  h ad  a 1 - 1 / 2  in c h  d e ep  g ro o v e  c u t  f r o m  the  

c e n t e r  h o le  to  one ed g e .  The g ag e  l e a d s  w e r e  b ro u g h t  out by  

th r e a d in g  th e m  th ro u g h  the c e n t e r  ho le  an d  ou t the  g ro o v e .  

D is c u s s io n

D u rin g  the  a c tu a l  t e s t in g  p r o c e d u r e ,  a  n u m b e r  of p r o b le m s  

in  the  e q u ip m e n t  d e s ig n  an d  c o n s t r u c t i o n  w e r e  b r o u g h t  to  l ig h t .

F i r s t ,  an d  by  f a r  the  m o s t  s e r i o u s  p r o b le m  a s s o c i a t e d  w ith  

the  t e s t  e q u ip m e n t  w a s  the  i n a c c u r a c i e s  in t r o d u c e d  b y  m i s a l ig n -
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m e n t  a n d  p o o r  f i t s .  The t e s t  ho le  w as  s h a p e d  w i th  a  w ooden  f o r m  

w h ic h  d e f o r m e d  u n d e r  p r e s s u r e  f r o m  the  c o n c r e te  a n d  b y  so ak in g  

up m o i s t u r e .  A s a  r e s u l t ,  the  t e s t  ho le  w a s  n o t  p r e c i s e l y  sh a p e d .  

The c o r n e r s  w e re  n o t  s q u a r e  a n d  the  d i s ta n c e  b e tw e e n  o p p o s i te  

s id e s  v a r i e d  f r o m  p o in t  to  p o in t .  T h is  c o n d i t io n  n e c e s s i t a t e d  the 

u s e  of an  i n t r i c a t e  a r r a y  of m e t a l  s h im  s t r i p s  to  f i l l  in  the  g ap s  

b e tw e e n  t e s t  b lo c k  an d  c o n c r e t e  w a l l ,  a s  the  f l a t  j a c k s  c o u ld  n o t  

be  c o u n ted  on to  d e fo rm  en o u g h  to  b r id g e  the  g a p s .  T h is  s i tu a t io n  

r e s u l t e d  in  the  g e n e r a t io n  of p o in t  lo a d s  on the  t e s t  b lo c k  r a t h e r  

th a n  a  u n i fo r m  lo a d  o v e r  the  e n t i r e  b lo c k .  U n fo r tu n a te ly ,  the  p o o r  

lo a d in g  s y s t e m  a f f e c te d  the  r e s u l t s .

The p r o b l e m s  w ith  n o n - u n i f o r m  lo a d in g  co u ld  have  b e e n  

e l im in a t e d  b y  the  u s e  of a  h e a v y  m e ta l  f o r m ,  one in c h  in  t h i c k n e s s .  

T h is  f o r m  co u ld  be  p r e c i s e l y  a l ig n e d  a n d  w ould  n o t  have  d e f o r m e d  

u n d e r  p r e s s u r e  f r o m  th e  c o n c r e t e .  The m e t a l  f o r m  co u ld  have  

b e e n  l e f t  in  p la c e  to  ta k e  s o m e  of the  f la t  j a c k  lo a d  f r o m  the  

c o n c r e t e  w h ic h  c r a c k e d  u n d e r  v e r y  m o d e r a t e  p r e s s u r e s .  A 

s y s t e m  of fo u r  f l a t  j a c k s  r a t h e r  th a n  two sh o u ld  have  b e e n  u s e d  to 

p r o v id e  m a x im u m  u n i f o r m i ty  of lo a d in g ,

A n u m b e r  of m i n o r  p r o b le m s  w il l  be d i s c u s s e d .  The end  

p l a t e s  of the  lo a d  t r a n s f e r  c o lu m n  w e r e  w e ld e d  to  the  p i p e , 

r e s u l t i n g  in  so m e  w a rp in g  of the  end  p l a t e s .  T h is  w as  r e p a i r e d  

b y  m a c h in in g  the  p la t e s  f l a t ,  b u t  co u ld  have  b e e n  a v o id e d  b y  the  

u s e  of t h r e a d e d  f a s t e n e r s  in  the  f i r s t  p l a c e .
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T h e r e  w as  a  v e r y  s l ig h t  m i s a l i g n m e n t  of the  h y d r a u l i c  r a m  

o v e r  the  t e s t  ho le  due to  the  ro u g h n e s s  of the  m in e  ro o f .  The b a s e  

p la te  f o r  the  r a m  co u ld  have  b e e n  p r o v id e d  w ith  a s y s t e m  fo r  a  

s m a l l  a m o u n t  of l a t e r a l  m o v e m e n t .

A t the  b eg in n in g  of the  r e s e a r c h  p r o j e c t  i t  w as  p la n n e d  to  

t e s t  a  n u m b e r  of d i f f e r e n t  ty p e s  of r o c k  w ith  d o o r s to p p e r  g a g e s .  

H o w e v e r ,  t im e  d id  n o t  p e r m i t  t h i s .  The c h an g in g  of b lo c k s  in  th e  

ho le  b r o u g h t  to  l ig h t  a n o th e r  p r o b le m .  P r e s s u r i n g  the  f l a t  j a c k s  

c a u s e d  th e m  to  d e f o r m  a r o u n d  the  p e r i p h e r a l  w e ld ,  w ed g in g  the  

t e s t  b lo c k ,  f l a t  j a c k s  a n d  s h im s  v e r y  t ig h t ly  in  the  h o le .  T h ey  

w e r e  w e d g ed  so  t ig h t ly ,  in  f a c t ,  t h a t  the  f l a t  j a c k s  an d  s h im s  

c o u ld  n o t  be p u l le d  ou t w ith o u t  d e s t r o y in g  th e m .  The f i r s t  t e s t  

b lo c k ,  w h ic h  b ro k e  d u r in g  in i t i a l  t e s t in g ,  h a d  to  be r e m o v e d  by  

b r e a k in g  i t  up . In a  m u l t i - r o c k  t e s t in g  p r o g r a m ,  so m e  s y s t e m  f o r  

r e l e a s i n g  th i s  r e s i d u a l  lo a d  w ou ld  have  to be  e m p lo y e d .
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f ig . A, 2 - D e ta i l  of a x ia l  lo a d in g  s y s t e m



T - 1 4 7 4 70

f ig .  A , 3 - D e ta i l  of a x ia l  lo a d in g  r a m
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/ C Atv

f ig ,  A . 8 USBM b o r e h o le  d e f o r m a t io n  gage

f ig .  A, 9 B udd  s t r a i n  in d i c a to r  an d  s w i tc h  a n d  b a la n c e  u n i t
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A P P E N D IX  B

D esig n  an d  C o n s t r u c t io n  of D o o r s to p p e r  G age 
fo r  1 - 1 /2  in c h  Hole

I n t r o d u c t io n

D o o r s to p p e r s  d e s ig n e d  f o r  a  2 - 3 / 8  in c h  d i a m e t e r  h o le  a r e  

a v a i l a b le  in  South  A f r i c a .  To the  b e s t  of the  a u t h o r ' s  k n o w le d g e ,  

t h e s e  a r e  the  on ly  a v a i l a b le  c o m m e r c i a l l y  m a d e  d o o r s t o p p e r s .  To 

a d a p t  the  d o o r s to p p e r  to  a  1 - 1 /2  in c h  d i a m e t e r  h o le ,  i t  w a s  

n e c e s s a r y  to  co m e  up w i th  a  n ew  d e s ig n  w h ic h  w o u ld  a d a p t  e a s i l y  

to  the  r e q u i r e d  s iz e  a n d  w h ic h  c o u ld  be  m a d e  w ith  s im p le  m a t e r i a l s  

a n d  to o ls  a v a i l a b le  in  the  C o lo ra d o  School of M in es  m in in g  r e s e a r c h  

l a b o r a t o r y .

D e s ig n  C o n ce p t

A s t r a i n  gage r o s e t t e  h a d  to  be  c h o se n  w h ic h  w o u ld  be  w ith in  

the  a r e a  of u n i fo r m  s t r e s s  c o n c e n t r a t io n  on the  b o r e h o le  e n d ,  b u t  

y e t  l a r g e  e n o u g h  to  b r id g e  the  s m a l l  i r r e g u l a r i t i e s  in  the  r o c k .

F o r  t h i s ,  a n  e q u ia n g u la r  r o s e t t e  w as  c h o s e n ,  h av in g  a  d i a m e t e r  of 

1 /4  in c h .  T h is  gage  w ou ld  m e a s u r e  s t r a i n s  o v e r  the  c e n t e r  1 /6  of 

th e  b o r e h o le  e n d ,  c e r t a i n l y  w ith in  the  a r e a  of u n i fo r m  s t r e s s  

c o n c e n t r a t io n .

S ince  the  gage  w o u ld  be  u s e d  fo r  r e p e a t e d  t e s t i n g ,  n o t  o v e r ­

c o r in g ,  i t  w ou ld  be  e q u ip p e d  w i th  l e a d  w i r e s  r a t h e r  th a n  the  

c o n n e c t in g  p in s  found  on o r d i n a r y  d o o r s t o p p e r s .  The r o s e t t e  and  

th e  l e a d  w i r e s  m u s t  th e n  be jo in e d  w ith in  a  h o ld e r  w h ic h  w o u ld



T - 1 4 7 4  76

p ro v id e  s u f f ic ie n t  s t r e n g t h  an d  p r o te c t io n  fo r  the  d e l ic a te  

c o n n e c t io n s .

G age C o n s t r u c t io n

E a r l y  e x p e r i m e n t s  w ith  the  s a m e  p o t t in g  c o m p o u n d s  u s e d  in  

th e  c o n s t r u c t i o n  of the  South  A f r i c a n  d o o r s t o p p e r s  p r o v e d  th i s  

m e th o d  to  be u n s a t i s f a c t o r y  fo r  the  s m a l l  s iz e  gage  n e e d e d .  T h u s  

i t  w a s  d e c id e d  to e l im in a te  the  n e e d  f o r  p o t t in g - in  the  r o s e t t e .

To p ro v id e  a  lo w -m o d u lu s  b a c k in g  f o r  the  s t r a i n  g a g e ,  the  

r o s e t t e  w a s  a t t a c h e d  to  a  7 /8  in c h  d i a m e t e r  b y  1 /8  in c h  th ic k  d is c  

of r u b b e r .  T h is  a s s e m b l y  w a s  s t r e n g th e n e d  b y  a t t a c h m e n t  to  a  7 /8  

in c h  d i a m e t e r  b y  1 /4  in c h  th ic k  d is c  of a c r y l i c  p l a s t i c .  S ix  s m a l l  

h o le s  (#50) w e r e  d r i l l e d  th ro u g h  the d i s c  a s s e m b l y  to  a c c o m o d a te  

th e  fo i l  l e a d s  f r o m  the  r o s e t t e .  S e v e r a l  d o o r s to p p e r s  w e r e  c o n ­

s t r u c t e d  b y  s o ld e r in g  le a d  w i r e s  d i r e c t l y  to  the  fo i l  r o s e t t e  l e a d s .  

T h is  m e th o d  r e s u l t e d  in  a t  l e a s t  one b r o k e n  l e a d  in  e a c h  g a g e .

The p r o b le m  w a s  s o lv e d  by  the  u s e  of c o n n e c t in g  p in s  b e tw e e n  the  

fo i l  l e a d s  an d  w i r e  l e a d s .  The t a p e r e d  c o n n e c t in g  p in s  w e r e  i n ­

s e r t e d  in to  the  fo i l  l e a d  h o le s  a n d  w e d g ed  t ig h t .  The fo i l  l e a d s  w e re  

th e n  s o l d e r e d  to  the  p in s  a s  w e r e  the  w i r e  l e a d s .  The w ho le  a s ­

s e m b ly  w a s  th e n  s t r e n g th e n e d  b y  c o v e r in g  w ith  s i l ic o n e  r u b b e r ,  

w h ic h  h a r d e n e d  in  a  few  h o u r s .  The s t r a i n  gage  a s s e m b l y  w as  

h o u s e d  in  a  2 in c h  le n g th  of 1 in c h  o. d. , 7 /8  in c h  i .  d. , a c r y l i c  

tu b in g .  The p l a s t i c  p a r t s  w e re  jo in e d  w i th  ep o x y  c e m e n t .  The 

s t r a i n  gage  a s s e m b l y  w a s  m o u n te d  so  th a t  the  o u ts id e  s u r f a c e  of
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th e  r u b b e r  d is c  w as  f lu s h  w ith  the  edge of the  o u ts id e  tu b in g .  T h is  

e n a b le d  the  tu b in g  to  be c e m e n te d  to the  r o c k  a s  w e l l  a s  the  s t r a i n  

g a g e .  A ny p h y s ic a l  d i s tu r b a n c e  of the  gage  h o u s in g  th e n  w ou ld  

n o t  be  t r a n s m i t t e d  to  the  s t r a i n  gage  g r id .

P r e p a r a t i o n  of the  T e s t  B lo c k

T he b lo c k s  of In d ia n a  l im e s to n e  f o r  m in e  te s t in g  w e r e  d ia m o n d  

s a w e d  to  a  f in i s h e d  s iz e  of 1 1 - 1 / 4  in c h e s  b y  1 1 - 1 /4  i n c h e s  b y  36 

in c h e s .  A 6 in c h  th ic k  s la b  w as  c o r e d  in  the  d i r e c t i o n s  of the  t h r e e  

a p p l ie d  s t r e s s e s  in  o r d e r  to  d e te r m in e  the  d e g r e e  of a n i s o t r o p y  

a s  w e l l  a s  Y o u n g 's  m o d u lu s  a n d  P o i s s o n ' s r a t i o .

T h r e e  in c h  le n g th s  of 1 - 1 / 2  in ch  d i a m e t e r  c o r e  w e r e  u s e d  

f o r  p r o p e r t y  t e s t in g .  E a c h  c o r e  w a s  e q u ip p ed  w i th  4 s t r a i n  g a g e s ,  

tw o  lo n g i tu d in a l  an d  tw o t r a n s v e r s e ,  m o u n te d  a t  the  m id p la n e  of 

th e  c o r e .  The s t r e s s - s t r a i n  c u r v e s  o b ta in e d  w e r e  v e r y  n e a r l y  

l i n e a r ,  an d  a ta n g e n t  m o d u lu s  w a s  d e te r m in e d .  T w e lv e  c o r e s  w e re  

c u t  f r o m  the  f i r s t  b lo c k  (w h ich  b ro k e  d u r in g  in i t i a l  t e s t i n g ) ,  fo u r  

c o r e d  in  e a c h  of the  t h r e e  p r i n c i p a l  s t r e s s  d i r e c t i o n s .  The v a lu e s  

of Y o u n g 's  m o d u lu s  an d  P o i s s o n ' s r a t i o  o b ta in e d  f r o m  th e s e  c o r e s  

h a d  a  s m a l l  s p r e a d .  F o r  th is  r e a s o n ,  an d  fo r  l a c k  of t i m e ,  on ly  

s ix  c o r e s  w e re  ta k e n  f r o m  the  s e c o n d  b lo c k ,  2 in  e a c h  of the  t h r e e  

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

t a b u la te d  in  ta b le  B . 1.

A s c an  be s e e n ,  the  b lo c k  i s  n o t  c o m p le te ly  i s o t r o p i c ,  b u t  

c a n  be c o n s id e r e d  to  be w ith o u t  in t r o d u c in g  an y  s ig n i f i c a n t
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e r r o r .  The e l a s t i c  c o n s ta n t s  w e r e  ta k e n  a s  a v e r a g e s  o v e r  the  

lo a d in g  c u rv e  f r o m  no lo a d  to  a p p r o x im a te ly  50% of the  c o m p r e s ­

s iv e  s t r e n g th .  The t e s t  b lo c k  h ad  a  c o m p r e s s i v e  s t r e n g t h  of a b o u t  

6000  p s i  an d  a  d i r e c t  t e n s i l e  s t r e n g t h  of 600  p s i .
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A P P E N D IX  C

F in in te  E l e m e n t  P r o g r a m  fo r  A n a ly s i s  of S t r e s s  
a t  B o re h o le  E n d

T he fo l lo w in g  p a g e s  c o n ta in  e x p la n a to r y  in f o r m a t io n  a n d  a  

c o m p u te r  p r o g r a m  f u r n i s h e d  b y  D r .  W ilso n  B lak e  of the  U n ited  

S ta te s  B u r e a u  of M in es  D e n v e r  R e s e a r c h  C e n t e r .  T h is  m a t e r i a l  

w a s  u s e d  f o r  the  f in i te  e l e m e n t  s tu d y  a p p e a r in g  in  s e c t io n  3. of 

t h i s  t h e s i s .
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U N IV E R S IT Y  O F  C A L IF O R N IA  
C o m p u te r  p r o g r a m m i n g  s e r i e s

ID E N T IF IC A T IO N ;
A N A LY SIS O F  A X IS Y M M E T R IC  SOLIDS 
P r o g r a m m e d  - E .  L .  W ilso n  
U n i v e r s i t y  of C a l i f o r n i a ,  F e b r u a r y  1967

P U R P O S E :
T he  p u r p o s e  of th i s  c o m p u te r  p r o g r a m  i s  to  d e t e r m i n e  d e f o r ­

m a t i o n s  a n d  s t r e s s e s  w i th in  a x i s y m m e t r i c  s t r u c t u r e s  of a r b i t r a r y  
s h a p e .  T he e f f e c t s  of d i s p l a c e m e n t  o r  s t r e s s  b o u n d a r y  c o n d i t io n ,  
c o n c e n t r a t e d  l o a d s ,  g r a v i t y  f o r c e s  a n d  t e m p e r a t u r e  c h a n g e s  a r e  
i n c lu d e d .  In a d d i t io n ,  n o n - l i n e a r  m a t e r i a l  p r o p e r t i e s  a r e  in c lu d e d  
b y  a  s u c c e s s i v e  a p p r o x im a t io n  te c h n iq u e .

C O M P U T E R  P R O G R A M  IN P U T :
T he  f i r s t  s t e p  in  the  s t r u c t u r a l  a n a l y s i s  of a n  a x i s y m m e t r i c  

s o l i d  i s  to  s e l e c t  a  f in i te  e l e m e n t  r e p r e s e n t a t i o n  of the  t w o - d i m - 
e n t io n a l  c r o s s - s e c t i o n  of th e  b o d y .  E l e m e n t s  a n d  n o d a l  p o in ts  a r e  
th e n  n u m b e r e d  in  tw o n u m e r i c a l  s e q u e n c e s  e a c h  s t a r t i n g  w i th  o n e .
T he  fo l lo w in g  g ro u p  of p u n c h e d  c a r d s  n u m e r i c a l l y  de fine , th e  tw o -  
d im e n s io n a l  s t r u c t u r e  to  be  a n a ly z e d ,

A . ID E N T IF IC A T IO N  C A R D  - (72H)
C o lu m n s  1 to  72 of th i s  c a r d  c o n ta in  i n f o r m a t io n  to  be  
p r i n t e d  w i th  r e s u l t s .

B .  C O N T R O L  C A RD  - (415, 3 F 1 0 . 2 ,  15)
C o lu m n s  1 -5  N u m b e r  of n o d a l  p o in ts  (900 m a x im u m )

6 - 1 0  N u m b e r  of e l e m e n t s  (800 m a x im u m )
1 1 -1 5  N u m b e r  of d i f f e r e n t  m a t e r i a l s  (12 m a x )
1 6 -2 0  N u m b e r  of b o u n d a r y  p r e s s u r e  c a r d s  (200 m a x )  
2 1 - 3 0  A x ia l  a c c e l e r a t i o n  in  the  Z - d i r e c t i o n  
3 1 -4 0  A n g u la r  v e lo c i ty
4 1 - 5 0  R e f e r e n c e  t e m p e r a t u r e  ( s t r e s s  f r e e  t e m p . )  
5 1 -5 5  N u m b e r  of a p p r o x im a t io n s

I f  the  n u m b e r  in  c o lu m n  10 is

0 XR i s  the  s p e c i f i e d  R - l o a d  a n d
X Z i s  the  s p e c i f i e d  Z - l o a d

1 XR i s  the  s p e c i f i e d  R - d i s p l a c e m e n t  a n d
X Z i s  th e  s p e c i f i e d  Z - l o a d

2 XR i s  the  s p e c i f i e d  R - l o a d  a n d
X Z i s  th e  s p e c i f i e d  Z - d i s p l a c e m e n t

3 XR i s  the  s p e c i f i e d  R - d i s p l a c e m e n t  a n d
X Z i s  th e  s p e c i f i e d  Z - d i s p l a c e m e n t
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A l l  lo a d s  a r e  c o n s i d e r e d  to  be  t o ta l  f o r c e s  a c t in g  on a one r a d i a n  
s e g m e n t .
N o d a l  p o in t  c a r d s  m u s t  be  in  n u m e r i c a l  s e q u e n c e .  If c a r d s  a r e  
o m i t t e d ,  the  o m i t t e d  n o d a l  p o in ts  a r e  g e n e r a t e d  a t  e q u a l  i n t e r v a l s  
a lo n g  a s t r a i g h t  l in e  b e tw e e n  the  d e f in e d  n o d a l  p o in t s .  T he  n e c e s ­
s a r y  t e m p e r a t u r e s  a r e  d e t e r m i n e d  b y  l i n e a r  i n t e r p o l a t i o n .  The 
b o u n d a r y  code  (c o lu m n  10), XR a n d  XZ a r e  s e t  e q u a l  to  z e r o .

E .  E L E M E N T  CARDS - (6l5)
O ne c a r d  f o r  e a c h  e l e m e n t

C o lu m n s  1 -5  E l e m e n t  n u m b e r  1. O r d e r  n o d a l  p o in ts
6 - 1 0  N o d a l  P o in t  I c lo c k w is e  a r o u n d
1 1 -1 5  N o d a l  P o in t  J  e l e m e n t .
1 6 -2 0  N o d a l  P o in t  K 2. M a x im u m  d i f f e r e n c e  
2 1 -2 5  N o d a l  P o in t  L  b e tw e e n  n o d a l  p o in t
2 6 - 3 0  M a t e r i a l  I d e n t i f i c a t io n  I. D. m u s t  b e  l e s s

th a n  27 .
E l e m e n t  c a r d s  m u s t  be  in  e l e m e n t  n u m b e r  s e q u e n c e .  If e l ­

e m e n t  c a r d s  a r e  o m i t t e d ,  th e  p r o g r a m  a u t o m a t i c a l l y  g e n e r a t e s  
th e  o m i t t e d  in f o r m a t io n  b y  i n c r e m e n t i n g  b y  one the  p r e c e d i n g  I ,
J , K a n d  L . The m a t e r i a l  id e n t i f i c a t i o n  code  f o r  th e  g e n e r a t e d  
c a r d s  i s  s e t  e q u a l  to  the  v a lu e  g iv e n  on the  l a s t  c a r d .  The l a s t  
e l e m e n t  c a r d  m u s t  a lw a y s  b e  s u p p l ie d .

T r i a n g u l a r  e l e m e n t s  a r e  a l s o  p e r m i s s i b l e ,  a n d  a r e  id e n t i f i e d  
b y  r e p e a t in g  the  l a s t  n o d a l  p o in t  n u m b e r  ( i . e .  , I ,  J ,  K , K).

C . M A T E R IA L  P R O P E R T Y  IN F O R M A T IO N
T h e  fo llo w in g  g ro u p  of c a r d s  m u s t  be  s u p p l ie d  f o r  e a c h  d i f ­

f e r e n t  m a t e r i a l :

F i r s t  c a r d  - (215, 2 F 1 0 .  0)
C o lu m n s  1 -5  M a t e r i a l s  id e n t i f i c a t i o n  - a n y  n u m b e r  f r o m  1-12

6 -1 0  N u m b e r  of d i f f e r e n t  t e m p e r a t u r e s  f o r  w h ic h
p r o p e r t i e s  a r e  g iv e n  - 8 m a x im u m  

1 1 -2 0  M a s s  d e n s i t y  of m a t e r i a l
2 1 - 3 0  R a t io  of p l a s t i c  m o d u lu s  to  e l a s t i c  m o d u lu s

F o l lo w in g  c a r d s  - (S FIO . 0) One c a r d  f o r  e a c h  t e m p e r a t u r e  
C o lu m n  s 1 -1 0  T e m p e r a t u r e

1 1 -2 0  M o d u lu s  of e l a s t i c i t y  E ^  a n d  E g
2 1 - 3 0  P o i s s o n ' s r a t i o  -
3 1 -4 0  M o d u lu s  of e l e c t r i c i t y  - E@
4 1 - 5 0  P o i s s o n ' s  r a t i o  %/ a n d
5 1 - 6 0  C o e f f ic ie n t  of t h e r m a l  e x p a n s io n  - oC j. a n d o (  ^
6 1 -7 0  C o e f f i c i e n t  of t h e r m a l  e x p a n s io n  OL g
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7 1 - 8 0  Y ie ld  s t r e s s  -

D. N O D A L P O IN T  CARDS - (215, 5 F 1 0 .  0)
O ne c a r d  f o r  e a c h  n o d a l  p o in t  w i th  the  fo l lo w in g  in f o r m a t io n :
C o lu m n  1 -5  N o d a l  p o in t  n u m b e r

6 - 1 0  N u m b e r  w h ic h  in d i c a t e s  i f  d i s p l a c e m e n t s  o r  
f o r c e s  a r e  to  be  s p e c i f i e d  

1 1 -2 0  R - o r d in a te
2 1 - 3 0  Z - o r d in a t e
3 1 -4 0  XR 
4 1 - 5 0  XZ 
5 1 - 6 0  T e m p e r a t u r e

F .  P R E S S U R E  CARDS (215, IF IO .  0)
O ne c a r d  f o r  e a c h  b o u n d a r y  e l e m e n t  w h ic h  i s  s u b j e c t e d  to  a  
n o r m a l  p r e s s u r e .
C o lu m n  1 -5  N o d a l  P o in t  I

6 - 1 0  N o d a l  P o in t  J
1 1 -2 0  N o r m a l  P r e s s u r e

N o r m a l  P r e s s u r e

A s  sh o w n  a b o v e ,  th e  b o u n d a r y  e l e m e n t  m u s t  be  on the  l e f t  a s  one 
p r o g r e s s e s  f r o m  I to  J .  S u r f a c e  t e n s i l e  f o r c e  i s  in p u t  a s  a  n e g ­
a t i v e  p r e s s u r e ,

A D D IT IO N A L  R E M A R K S  ON USE O F  T H E  P R O G R A M :
T h e  p r e v io u s  s e c t io n  c o n ta in s  a s c h e m a t i c  d e s c r i p t i o n  of th e  p r o ­
g r a m  in p u t .  The p u r p o s e  of t h i s  s e c t i o n  i s  to  e x p la in  in  g r e a t e r  
d e t a i l  th e  v a r i o u s  o p t io n s  of th e  p r o g r a m .

A . O U T P U T  IN F O R M A T IO N
T h e  fo l lo w in g  i n f o r m a t i o n  i s  d e v e lo p e d  a n d  p r i n t e d  b y  the  
p r o g r a m :
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1, R e p r i n t  of in p u t  d a ta
2 , N o d a l  p o in t  d e s p l a c e m e n t s
3, S t r e s s e s  a t  the  c e n t e r  of e a c h  e l e m e n t
4 ,  A n  a p p r o x im a te  f u n d a m e n ta l  f r e q u e n c y ,  (T he  d i s p l a c e m e n t s  

f o r  the  g iv e n  lo a d  c o n d i t io n  a r e  u s e d  a s  an  a p p r o x im a te  m o d e  
sh a p e  in  th e  c a lc u la t io n  of a  f r e q u e n c y  b y  R a l e i g h ’s p r o ­
c e d u r e .  A c o n s i d e r a b l e  a m o u n t  of e n g in e e r in g  ju d g m e n t  m u s t  
b e  u s e d  in  th e  i n t r p r e t a t i o n  of th i s  f r e q u e n c y .  )

B .  M A T E R IA L  P R O P E R T I E S
M a t e r i a l  p r o p e r t i e s  v s .  t e m p e r a t u r e  a r e  in p u t  f o r  e a c h  m a t ­

e r i a l  in  t a b u l a r  f o r m .  The p r o p e r t i e s  f o r  e a c h  e l e m e n t  in  the  
s y s t e m  a r e  th e n  e v a lu a t e d  b y  in t e r p o l a t i o n .  The m a s s  d e n s i t y  of 
th e  m a t e r i a l  i s  r e q u i r e d  o n ly  i f  a c c e l e r a t i o n  lo a d s  a r e  s p e c i f i e d  
o r  i f  th e  a p p r o x i m a t e  f r e q u e n c y  i s  d e s i r e d .  L i s t in g  of the  c o ­
e f f i c i e n t s  of t h e r m a l  e x p a n s io n  a r e  n e c e s s a r y  o n ly  f o r  t h e r m a l  
s t r e s s  a n a l y s i s .  The p l a s t i c  m o d u lu s  r a t i o  a n d  th e  y ie ld  s t r e s s  
a r e  s p e c i f i e d  o n ly  i f  n o n l i n e a r  m a t e r i a l s  a r e  u s e d .

C. SKEW  B O U N D A R IE S
If the  n u m b e r  in  c o lu m n s  5 -1 0  of th e  n o d a l  p o in t  c a r d s  i s  o th e r  

th a n  0 , l , 2 , o r 3 ,  i t  i s  i n t e r p r e t e d  a s  the  m a g n i tu d e  of a n .a n g le  in
d e g r e e s .  T h is  a n g le  i s  sh o w n  b e lo w .

+G

- e

T h e  t e r m s  in  c o lu m n s  3 1 -5 0  of th e  n o d a l  p o in t  c a r d  a r e  th e n  
i n t e r p r e t e d  a s  fo l lo w s :

XR i s  th e  s p e c i f i e d  lo a d  in  th e  s - d i r e c t i  on
X Z  i s  the  s p e c i f i e d  d i s p l a c e m e n t  in  the  n - d i r e c t i o n
T he  a n g le  6 m u s t  a lw a y s  be  in p u t  a s  a  n e g a t iv e  a n g le  a n d  m a y
r a n g e  f r o m  - .0 0 1  t o - 180 d e g r e e s .  H e n c e ,  4 - 1 .0  d e g r e e  i s  the
s a m e  a s  -1 7 0 .  0 d e g r e e s .  The d i s p l a c e m e n t s  of th e s e  n o d a l  p o in ts
w h ic h  a r e  p r i n t e d  b y  th e  p r o g r a m  a r e :

Uj. th e  d i s p l a c e m e n t  in  the  s - d i r e c t i o n
Uz th e  d i s p l a c e m e n t  in  the  n - d i r e c t i o n
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S I B F T C  M A I N  DECK
c a r b i t r a r y  a x i s y m m e t r i c  s o l i d s

89

COMMON NUMNP ,NUMEL ,NU:^1MAT ♦ N'JMPC , ACLL2 ,ANGF0» bANü » Tl MP ,MT YPC , v. ,
1 HED( 12)  » E ( 8 * 8 * 1 2 )  »RU( 12)  »XXNN( 12)  *R(POn)  , Z ( ^ 0 0 )  ♦UR(9r ' 0)
2 CODE( 9 0 0 ) , T ( 9 0 0 ) , I 3 C ( 2 0 0 )  , J B C (2 0 0 ) ♦ P R ( 2 0 0 )  , ANGLE( 4)

COMMON / ARG/  RRR( 5 ) , Z Z Z ( 5 ) , S ( 1 0 , 1 0 ) , P ( 1 ^ ) , T T ( 4 ) , L M ( 4 ) , D D ( 3 , 3 ) ,
1 H H ( 6 , 1 0 ) * R R ( 4 ) , Z Z ( 4 ) , C ( 4 , 4 ) , H ( 6 » 1 0 ) * D { 6 * 6 ) * F ( 6 , 1 0 ) - T P { 6 ) * X I { i
2 , E E ( 7 ) , I X ( 8 0 0 , 5 ) , E P S ( 8 0 0 )

COMMON /UANARG/  MB AND , NUMBLK . 1 n R J . A f 1 )
/  P L A N Ey-

C
X - i ; - «  *  *  *  it-X-X- >  *  *  *  *  *  x - i t  »  * * * * * * * *  * * * * * * * * * * *  * * * *  * * * *  * * * *  *  * * *  x

C READ AND PRINT OF CONTROL INFORMATION AND MATERIAL PPJ DERTJ F m
Ç  * * * * * * * *  *  * * * * * * * * *  *  * * * * * *  *  *  *  *  *  X * * * * *  *  *  *  *  *  *  *  *  X- *  *  *  *  X *  *  *  *  *  *  *  * * * * *  *  *  *  *  *

50 READ ( 5 , 1 0 0 0 )  HED , NUMNP , NOME L , NUMMAT , NUMPC , ACELZ , ANGFQ NP , .0 
WRITE ( 6 , 2 0 0 0 )  HED , NUriNP , NU:4EL , NUriMAT , N JMPC , ACELZ , ANGPQ, -v, NP

IF 5-4-r 5S»5-4 àJÂ  5 6
-5-4—w R I T E — hb'vZlâ’Ot j i  
56 DC 59 M=1 ,NUMMAT

READ ( 5 , l o r 1 ) MTYPF, NUMTC, R0( MTyPF) ,XXNN( MTYPF)
WRITE ( 6 , 2 0 1 1 )  MTYPE, NUMTC, R0(MTYPE) ,XXNN(MTYPE)
READ ( 5 , 1 0 0 5 )  ( ( E ( I , J , MT Y P E ) , J = 1 , 8 ) , 1= 1 ,MUMTC)
WRITE ( 6 , 2 0 1 0 )  ( ( E ( I , J , MT YP E ) , J = 1 , 8 ) , I = 1 , NUMTC)
DO 58 1= NUMTC, 8  
DO 5 8 J = 1 ,8

58 E d  , J ,  MTYPE ) =E ( NUMTC , J  , MTYPE )
59 CONTINUE

C
Ç  *  *  K * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  :

C READ AND PRINT OF NODAL POINT DATA
Ç  * * * * * * * *  X- * * * * * * * * * * * * * * * * * * * * * * * * *  X *  *  *  X * * * * *  A * * * * * * * * * * * * *  X- *  *  *  *  *  *  *  *  >

WRITE ( 6 , 2 0 0 4 )
L = 0

60  READ ( 5 , 1 0 0 2 )  N, CODE( N ) , R ( N) , Z ( N ) , UR( N) , UZ( N ) , T ( N)
NL=L+1
ZX=N-L
D R = ( R ( N ) - R ( L ) ) / Z X  
D Z = ( Z ( N ) - Z ( L ) ) / Z X  
D T = ( T ( N ) - T ( L ) ) / Z X  

7 0  L=L+1
I F ( N - L )  1 0 0 , 9 0 , 8 0  

80 CODE ( L ) = 0 . 0
R ( L ) = R ( L - 1 ) + D R  
Z( L) = Z( L- 1 ) - ^ DZ 
U R ( L ) = 0 . 0  
U Z ( L ) = 0 . 0  
• T ( L ) = T ( L - 1 ) + DT  
GO TO 70

90 WRITE ( 6 , 2 0 0 2 )  ( K, CODE( K) , R ( K) , Z ( K) , UR( K) , UZ( K) . T ( K) , K = NL, N )
I F( NUMNP- N) 1 0 0 , 1 1 0 , 6 0  

100 WRITE ( 6 , 2 0 0 9 )  N
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CALL E X I T  90

1 1 0  C O N T I N U E
% ***********#*% % *****<*********% **% ***% ***%  

C READ AND P R I N T  OF ELEMENT P R O P E R T I E S

WR I T E  ( 6 , 2 ü 0 1 )
N = 0

130 READ ( 5 ,  1 0 0 3 )  M , ( I X ( M , I ) , I = 1 , 5 )
1 4 0  N = N + 1

I F  ( M - N )  1 7 0 , 1 7 0 , 1 5 0  
1 5 0  I X ( N , 1 ) = I X ( N - 1 , 1 ) + 1  

I X ( N , 2 ) = I X ( N - 1 , 2 ) + 1  
• I X ( N , 3 )  = I X ( N - 1 , 3 )  + 1 
I X ( N , 4 ) = I X ( N - 1 , 4 ) + 1  
I X ( N , 5 ) = I X ( N - 1 , 5 )

1 7 0 .  WR I T E  ( 6 , 2 0 0 3 )  N , (  I X ( N , I ) , I = 1 , 5 )
I F  ( M - N )  1 8 0 , 1 8 0 , 1 4 0

180 I F  ( N U M E L - N )  1 0 0 , 1 9 0 , 1 3 0  
190 C O N T I N U E

-X- -X * * * * * * *  * * * * *  * *  * *

C READ AND P R I N T  OF PRESSURE BOUNDARY C O N D I T I O N S
Ç  ■ * • * • # • * * * *  X >c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * *  *-*■ X- * * * * * * *  *

I F  ( NUMPC)  2 9 0 , 3 1 0 , 2  9 0  
290 WR I T E  ( 6 , 2 0 0 5 )

DO 3 0 0  L = l , N U M P C
READ ( 5 ,  1 0 0 4 )  I B C { L ) , J b C ( L ) , P R ( L )

300 WR I T E  ( 6 , 2 0 0 7 )  I b C { L ) , J b C ( L ) , P R ( L )
3 1 0  C O N T I N U E

Ç  * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  X-

C D E T E R M I N E  BAND WI D T H
Ç  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *

J=0
DO 3 4 0  N = 1 , N U M E L  
DO 3 4 0  1 = 1 , 4  
DO 3 2 5  L = l , 4
K K = I A B S ( I X ( N , I ) - I X ( N , D )
I F  ( K K - J )  3 2 5 , 3 2 5 , 3 2 0  

3 2 0  J = KK N
3 2 5  C O N T I N U E  
3 4 0  C O N T I N U E

M B A N D = 2 * J + 2
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * *  X

C SOLVE N O N - L I N E A R  S T RUCT URE uY S U C C E S S I V E  A P P R O X I M A T I O N S
Ç * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  'X * * * * * *  * * * * *

DO 3 5 0  N = 1 , N U M E L  
350 E P S ( N ) = 0 . 0

C
DO 5 0 0  N N N = 1 , N P

C
C FORM S T I F F N E S S  M A T R I X
c ■

CALL S T I F F
C
C SOLVE FOR D I S P L A C E M E N T S
C
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CAL L  BANSOL

C
W R I T E  ( 6 . 2 0 0 6 )  ( N , B ( 2 * N - 1 ) , B ( 2 * N ) , N = 1 , N U M N P )

C
C COMPUTE STRESSES
C

CALL STRESS
C

5 0 0  C O N T I N U E
* * * * * * * * * * * * * *  *-x-** * * * * * * * * *  *  * * * * * * * * *  * * * * * * * * *  * * * *  * * * * - x

GO TO 50
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  * * * * * * *

1 0 0 0  FORMAT ( 1 2 A 6 / 4 I 5 . 3 F 1 0 . 2 . 2 I 5 )
1 0 0 1  FORMAT ( 2 I 5 , 2 F i C . O )
1 0 0 2  FORMAT ( I 5 , F 5 . 0 . 5 F 1 0 . 0  )
1 0 0 3  FORMAT ( 6 1 5 )
1 0 0 4  FORMAT ( 2 I 5 . F 1 0 . 0 )
1 0 0 5  FORMAT ( 8 F 1 0 . 0 )
2 0 0 0  FORMAT ( I h l  1 2 A 6 /

1 3 0 H 0  NUMBER OF NODAL P O I N T S --------  13 /
2 3 OHO NUMBER OF E L E M E N T S ---------------------- 13 /
3 3 0 H 0  NUMBER OF D I F F .  M A T E R I A L S   13 /
4  3 0 H 0  NUMBER OF PRESSURE CARDS  13 /
5 3 0 HO A X I A L  A C C E L E R A T I O N ---------------------E l 2 # 4 /
6  3 0 H 0  ANGULAR V E L O C I T Y --------------------------E 1 2 . 4 /
7 3 0 H 0  REFERENCE T E MPER A T U R E----------  E 1 2 . 4 /
8 30HQ NUMBER OF A P P R O X I M A T I O N S '  13 )

2 0 0 1  FORMAT ( 4 9 H 1 E L E M E N T  NO.  I J  K L M A T E R I A L
2 0 0 2  FORMAT ( I 1 2 , F 1 2 . 2 , 2 F 1 2 . 3 , 2 E 2 4 . 7 , F 1 2 . 3 )
2 0 0 3  FORMAT ( 1 1 1 3 , 4 1 6 , 1 1 1 2 )
2 0 0 4  FORMAT ( 1 0 8 H 1 N O D A L  P O I N T  TYPE R - O R D I N A T E  Z - O R O I K A T E

• l A D  OR D I S P L A C E ME N T  Z LOAD OR D I S P L A C E ME N T  TEMPERATURE )
2 0 0 5  FORMAT ( 2 9 H 0 P R E S S U R E  BOUNDARY C O N D I T I O N S /  2 4 H  I J F,

l U R E  )
2 0 0 6  f o r m a t  ( 1 2 H 1 N . P .  NUMBER 18X 2HUR 18X 2HUZ /  ( l I 1 2 , 2 F 2 r . 7 ) )
2 0 0 7  FORMAT ( 2 I 6 , F 1 2 . 3 )  ^

. -eOOO FORMA T - t '2 3H0 PLANE S I  RESS~ S T R'O’CT UR E ~)
2 0 0 9  FuRi ' .AT ( 26H0NÜD- AL P O I N T  CARD ERROR N= 1 5 )
2 0 1 0  FORMAT ( 1 5 H 0  TEMPERATURE l OX 5 H E ( R Z )  QX 6 H N U ( R Z )  I I X  4 H E ( T ;

1 l OX  5 H N U ( T )  6X 9 H A L P H A ( R Z )  7X 8 H A L P H A ( T )  1 5 m  Y I E L D  S T RE SS /
2 ( F 1 5 . 2 . 7 E 1 5 . 5 )  )

2 0 1 1  FORMAT ( 1 7 H 0 M A T E R I A L  Nl j MBER= 1 3 ,  3 0 H ,  NUMBER OF TEMPERATURE C- 
1 1 3 ,  1 5 H ,  MASS D E N S I T Y =  E 1 2 . 4  , 1 6 H , M O D U L U S  RAT 10=  E 1 2 . 4  )

C $£>/ coA/ r / / v « / €
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S l O F T C  ST I F DECK

SU B R O U T I N E  S T I F F
C

COMMON NUMNP , . \ UMEL ,N.UMMAT , NUMPC , ACELZ , ANGFO , BAND , TEMP , MT Y P E  , 0 ,
1 HED(  1 2 ) , E ( 8 , 8 , 1 2 )  , R 0 (  1 2 )  » X X N N ( 1 2 )  , R ( 9 0 ^ )  , Z ( ^ 0 0 ) , U R ( 9 0 0 )  , U Z ( 9^
2 C O D E ( 9 0 Ü ) , T ( 9 0 0 ) , I b C ( 2 0 0 ) , J b C {2 0 0 ) , P R ( 2 0 0 ) , A N G L E ( 4 )

COMMON / A R G /  R R R ( 5 )  , Z Z Z ( 5 ) , S ( 1 0 , 1 0 ) , P ( 1 0 ) , T T ( 4 )  , L M ( 4 )  , D D (  3 , 3 )  ,
1 H H ( 6 , l 0 ) , R R ( 4 ) , Z Z ( 4 ) , C ( 4 , 4 ) , H ( 6 , 1 0 ) , D ( 6 , 6 ) , F ( 6 , i n ) , T P ( 6 ) , X i ( i
2 , E E ( 7 ) , I X ( 8 0 0 , 5 ) , E P S ( 8 0 0 )

COMMON / B A K A R G /  M b A N D , N U MB L K , B ( 1 0 8 ) , A ( 1 ^ 8 , 5 4 )
- COH / P E N'Pf'. "    — '

Ç *  * * * * * * * -K *  *  *  *  *  -X *  K X X * * *  * * * %  * * * * * * * * * * *  * * - X - *  X * * * * *  * * * * * * * *  * * *  *  *  *  * * * * -

c  i n i t i a l i z a t i o n
( - * * * * * * *  X X  X *  *  *  X X X *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  *  X *  *  *  X X *  X *  -X- X *  * * * * * * * * * *  X A *  *  *  X X *  *  *  >  X

REWI ND 2 
\ XNb = 2 7  

N D = 2 * N B  
N D 2 = 2 * N D  
S T O P = 0 . 0  
NUMBLK=0

C
DO 50  N = 1 , N D 2  
b ( N ) = 0 . 0  
DO 5 0  M = 1 , N D  

5 0  A ( N , M ) = 0 . 0
Ç * * *  * * * * * * *  X - X - - X - * * *  * *  * * * * *  * * * * * * * * * * * * * * * * *  *  * * *  X * * * * * *  * * * * * * * * * * *  *  * *  X *

C FORM S T I F F N E S S  M A T R I X  I N  üLOCKS
Ç  * * * * * *  X *  *  *  *  -X *  *  *  *  * * * * * *  *  *  *  X *  *  *  *  *  X- *  *  X *  *  *  X * * * * *  X * * * * * * * * *  *  *  *  X  X *  *  X  X X % X *  *

6 0  NUMBLK=NUMBLK+1  
N M = N B * ( N U M B L K + 1 )
N M= NH- NB  
NL = N. M- N3+1  
K S H I F T = 2 * N L - 2

C

c

DO 2 1 0  N = 1 , N U M E L

• I F  ( I X ( N , 5 ) ) 2 1 0 , 2 1 0 , 6 5  
65 DO 80  1 = 1 , 4

I F  ( I X ( N , I ) - N L )  8 0 , 7 0 , 7 0  
70 I F  ( I X ( N , I ) - N M )  9 0 , 9 0 , 8 0  
80 C O N T I NU E  

6 0  TO 2 1 0

90 CALL O U A D ( N , V O L )

I F ( V O L )  1 4 2 , 1 4 2 , 1 4 4  
142 WR I T E  ( 6 , 2 0 0 3 )  N 

S T O P = 1 . 0
144 T F ( I X { N , 3 ) - I X ( N , 4 ) ) 1 4 5 , 1 6 5 , 1 4 5
145  DO 1 5 0  1 1 = 1 , 9

CC = S ( I  I , 1 0 ) / S ( 1 0 , 1 0 )
P ( I  I ) = P ( I  I ) - C C * P ( 1 0 )
DO 1 5 0  J J = 1 , 9
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1 5 0  S ( I  I , J J ) = S ( I  I , J J ) - C C * S ( 1 0 , J J )
c

DO 1 6 0  1 1 = 1 , 8  
C C = S ( I  I * 9 ) / S ( 9 , 9 )
P ( I  I ) = P ( I  I ) - C C * P ( 9 )
DO 1 6 0  J J = 1 , 8  

1 6 0  S ( I  I , J J ) = S ( I I , J J ) - C C * 5 ( 9 , J J )
C
C ADD ELEMENT S T I F F N E S S  TO TOTAL S T I F F N E S S
C

1 6 5  DO 1 6 6  1 = 1 , 4
1 6 6  L M ( I ) = 2 * I X ( N , I ) - 2

C
DO 2 0 0  1 = 1 , 4  
DO 2 0 0  K = l , 2  
1 I = L M ( I ) + K - K S H I F T  
K K = 2 * I - 2 + K  
B ( I  I ) = b ( I  I ) + P ( K K )
DO 2 0 0  J = l , 4  
DO 2 0 0  L = l , 2  
J J = L M ( J ) + L - I I + l - K S H I F T  
L L = 2 * J - 2 + L  
I F C J J )  2 0 0 , 2 0 0 , 1 7 5  

1 7 5  I F ( N D - J J )  1 8 0 , 1 9 5 , 1 9 5  
1 8 0  WR I T E  ( 6 , 2 0 0 4 )  N 

S T O P = 1 . 0  
GO TO 2 1 0  

1 9 5  A ( I  I , J J ) = A ( I I , J J ) + S ( K K , L L )
2 0 0  C O N T I N U E  
2 1 0  C O N T I N U E

C
C ADD CONCENTRATED FORCES W I T H I N  BLOCK
C

DO 2 5 0  N = N L , N M
K = 2 * N - K S H I F T
B ( K ) = B ( K ) + U 2 ( N )

2 5 0  B ( K - 1 ) = B ( K - 1 ) + U R ( N )
C
C BOUNDARY C O N D I T I O N S
C
C 1 .  PRESSURE B . C .
C

I F  ( NUMPC)  2 6 0 , 3 1 0 , 2 6 0  
2 6 0  DO 3 0 0  L = l , N U M P C  

I = I B C ( L )
J = J B C ( L )
P P = P R ( L ) / 6 .
D Z = ( Z ( I ) - Z ( J ) ) * P P  
D R = ( R ( J ) - R ( I ) ) * P P  
R X = 2 . 0 * R ( I ) + R ( J )

■ Z X = R ( T ) + 2 . 0 * R ( J )
(-N-PTM

2 6 4  I I = 2 * I - K S H I F T
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J J = 2 * J - K 5 H I F T  ^ 4
I F  ( i n  2 8 0 , 2 8 0 , 2 6 5

2 6 5  I F  ( I l - N D )  2 7 0 , 2 7 0 , 2 8 9
2 7 0  S I N A = 0 . 0  

C O S A = 1 . 0
I F  ( C O D E ( I ) )  2 7 1 , 2 7 2 , 2 7 2

2 7 1  S I N A = S I N ( C 0 D E ( I ) )
C O S A = C O S ( C O D E ( I ) )

2 7 2  B ( I I - 1 ) = B ( I I - 1 ) + R X * ( C 0 S A * D Z + S I N A * D R )
B(  I I ) = 6 ( I  I ) - R X * ( S I N A * D Z - C O S A * D R )

2 8 0  I F  ( J J )  3 0 0 , 3 0 0 , 2 8 5  
2 8 5  I F  ( J J - N D )  2 9 0 , 2 9 0 , 3 0 0
2 9 0  S I N A = C . 0  

C O S A = 1 . 0
I F  ( C O D E ( J ) ) 2 9 1 , 2 9 2 , 2 9 2

2 9 1  S I N A = S I N ( C O D E ( J ) )
C O S A = C O S ( C O D E ( J ) )

2 9 2  B ( J J - 1 ) = B ( J J - 1 ) + Z X * ( C 0 5 A * D Z + 5 I N A * D R )  
B ( J J ) = B ( J J ) - Z X * ( 5 I N A ^ D Z - C 0 5 A * D R )

3 0 0  C O N T I N U E
C
C 2 .  D I S P L A C E M E N T  B . C .
C

3 1 0  DO 4 0 0  M = N L , N H
I F  ( M - N U M N P )  3 1 5 , 3 1 5 , 4 0 0

3 1 5  U = U R ( M )
N = 2 * M - 1 - K 5 H I F T
I F  ( C O D E ( M ) )  3 9 0 , 4 0 0 , 3 1 6

3 1 6  I F  ( C O D E ( M ) - l . )  3 1 7 , 3 7 0 , 3 1 7
3 1 7  I F  ( C 0 0 E ( M ) - 2 . )  3 1 8 , 3 9 0 , 3 1 8
3 1 8  I F  ( C 0 D E ( M ) - 3 . )  3 9 0 , 3 8 0 , 3 9 0  
3 7 0  CALL m o d i f y ( A , B , N D 2 , M b A N D , N , U )

GO TO 4 0 0  
3 8 0  CALL M O D I F Y ( A , B , N D 2 , M B A N D , N , U )
3 9 0  U = U Z ( M )

N=N + 1
C A L L  M O D I F Y ! A , B , N D 2 , M B A N D , N , U )

4 0 0  C O N T I N U E  N
C
C WR I T E  BLOCK OF E Q U A T I O N S  ON TAPE AND S H I F T  UP LOWER BLOCK
C

WR I T E  ( 2 )  ( B ( N ) , ( A ( N , M )  , M = 1 , M B A N D )  , N = 1  , N D )
C

DO 4 2 0  N = 1 , N D
K= N+ ND
B( N. )  = D ( K )
B ( K ) = 0 . 0  
DO 4 2 0  M = 1 , N D  
A ( N , M ) = A ( K , M )

4 2 0  A ( K , M ) = 0 . 0
c •
C CHECK FOR LAST BLOCK
C

I F  ( N M - N U M N P )  6 0 , 4 8 0 , 4 8 0  
4 8 0  C O N T I N U E
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I F ( S T O P )  4 9 0 , 5 0 0 , 4 9 0  
4 9 0  CALL E X I T  
5 0 0  RETURN

C
2 0 0 3  FORMAT { 2 6 H Q N E G A T I V E  AREA ELEMENT NO.  1 4 )
2 0 0 4  FORMAT { 29HQBAND WI D T H  EXCEEDS ALLOWABLE 1 4 )

E N D
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S I B F T C  QUDF DECK
S U B R O U T I N E  Q U A D ( N , V O L )

C
COMMON N U M N P , N U M E L , i\ U M M A T , N U M P C , A C E L Z , A N G F O , M B A N Ü , T E M P , M T y PE

1 H E D ( 1 2 ) * E ( 8 , 8 , 1 2 ) , R O ( 1 2 ) , X X N N ( 1 2 ) * R ( 9 0 C ) , Z ( 9 0 0 ) , U R ( 9 0 0 ) , U Z (
2 C O D E ( 9 0 0 ) , T ( 9 0 0 ) , I B C ( 2 0 0 ) »J B C ( 2 0 0 ) » P R ( 2 0 0 ) , A N G L E ( 4 )

COMMON / A R G /  R R R ( 5 ) »Z Z Z ( 5 ) »S ( 1 0 , 1 0 ) , P ( 1 9 ) , T T ( 4 ) , L M ( 4 ) , D D ( 3 , 3
1 H H ( 6 , 1 0 ) , R R ( 4 ) , Z Z ( 4 ) , C ( 4 , 4 ) , H ( 6 , 1 0 ) , D ( 6 , 6 ) , F ( 6 , 1 0 ) , T 9 ( 6 ) , X I
2 , E E ( 7 ) , I X ( 8 0 0 , 5 ) , E P S ( 8 0 0 )

COMMON / B A N A R G /  N D , N U MB L K, B ( 1 0 8 ) , A ( 1 0 8 , 5 4 )
- COMMON / P L A N E / - N r P  / jlÆcX ^   ----------------------------------- -

9 0  I = I X ( N , 1 )
J = I X ( N , 2 )
K = I X ( N , 3 )
L = I X ( N , 4 )
M T Y P E = I X ( N , 5 )
I X ( N , 5 ) = - I X ( N , 5 )

C
C FORM S T R E S S - S T R A I N  R E L A T I O N S H I P
C

T E M P = ( T ( I ) + T ( J ) + T ( K ) + T ( L ) ) / 4 . 0  
DO 1 0 3  M = 2 , 8
I F  ( E ( M , 1 , M T Y P E ) - T E M P )  1 0 3 , 1 0 4 , 1 0 4

1 0 3  C O N T I N U E
1 0 4  R A T I O = 0 . 0

D E N = E ( M , 1 , M T Y P E ) - E ( M - 1 , 1 , M T Y P E )
I F  ( D E N )  7 0 , 7 1 , 7 0

7 0  R A T I 0 = ( T E M P - E ( M - 1 , 1 , M T Y P E ) ) / D E N
7 1  DO 1 0 5  K K = 1 , 7

1 0 5  E E ( K K ) = E ( M - 1 , K K + 1 , M T Y P E ) + R A T I 0 * ( E ( M , K K + 1 , M T Y P E ) - E ( M - 1 , K ^ + 1 , M  
T E M P = T E M P - Q

C
C

E P S R = E E ( 7 ) / E E ( 1)
I F  ( E P S R - E P S ( N ) ) 1 0 6 , 1 0 8 , 1 0 8  

1 0 6  R A T I 0 = ( E E ( 7 )  / ( E P S ( N ) * E E (  1 ) ) ) * (  1 .  0 - X X N N  ( MT YPE ) ) +XXNN ( i-;T y PE ) 
E E ( 1 ) = E E ( 1 ) * R A T I 0  
E E ( 3 ) = E E ( 3 ) * R A T I 0  

1 0 8  C O N T I N U E

r— I F  ( N P P )  0 4 , 8 6 T 8 4 "
^ 4 -XX = EE(  1 ) / [ [ (  3-r

 COMM--ee ( --h) / ( X X  E E ( - e y * * 2  )
-C ( 1 , -1

- C f l  , -2-

-C(  2 r ir  
■C ( 2 f-2

C ( 3 ,-4-

■€-( 4 , 4

' COMM*-X-X-

-=c ( 1 ,-2 )
- C-O MM-
■s-O-yO.

^rûTO-
= 0 vO^
- . 5 * E E (  l ) / ( X X * EE( - 2 )  )



Cr "8 8"' 9J

8 6  C ( 1 , 1 ) = 1 . 0 / E E ( 1 )
C ( 1 , 2 ) = - E E ( 2 ) / E E ( 1)
C ( 1 , 3 ) = - E E ( 4 ) / E E ( 3 )
C ( 2 , 1 ) = C ( 1 » 2 )
C ( 2 , 2 ) = C ( 1 , 1 )
C ( 2 , 3 ) = C ( 1 , 3 )
C ( 3 , 1 ) = C ( 1 , 3 )
C ( 3 , 2 ) = C ( 2 , 3 )
C ( 3 , 3 ) = 1 . Ü / E E ( 3 )
CALL  S Y M I N V ( C , 3 )
C ( 4 , 4 ) = E E ( 1 ) / ( 2 . 0 + 2 . 0 * E E ( 2 ) )

C
8 8  DO 1 1 0  M = l , 3

1 1 0  T T ( M ) = ( ( C ( M , 1 ) + C ( M , 2 ) ) * E E ( 5 ) + C ( M , 3 ) * E E ( 6 ) ) * T E M P
C
C FORM QU A D R I L A T E R A L  S T I F F N E S S  M A T R I X
C

R R R ( 5 ) = ( R { I ) + R ( J ) + R ( K ) + R ( L ) ) / 4 . 0  
Z 7 . Z ( 5 )  = { Z (  I ) + Z ( J ) + Z ( K ) + Z ( L ) ) / 4 . 0  
DO 9 4  M = l , 4  
M M = I X ( N , M )
I F ( N P P )  9 3 , 8 9 , 9 3

8 9  I F  ( R ( M M ) )  9 3 , 9 1 , 9  3
9 1  R ( M M ) = . 0 1 * R R R ( 5 )

I F  ( C O D E ( M M ) ) 9 3 , 9 2 , 9 3
9 2  C O D E ( M M ) = ] . 0
9 3  R R R ( M ) = R ( M M )
9 4  Z Z Z ( M ) = Z ( M M )

C
DO 1 0 0  1 1 = 1 , 1 0  
P ( I  I ) = 0 . 0  
DO 9 5  J J = 1 , 6

9 5  H H ( J J , I I ) = 0 . 0  
DO 1 0 0  J J = 1 , 1 0

1 0 0  S ( I  I , J J ) = 0 . 0  
DO 1 1 9  1 1 = 1 , 4  
J J = I X ( N ,  I I )

1 1 9  A N G L E ( I  I ) = C O D E ( J J ) / 5 7 . 3
C

I F  ( K - L )  1 2 5 , 1 2 0 , 1 2 5
1 2 0  CALL T R I S T F C 1 , 2 , 3 )

R R R ( 5 ) = { R R R ( l ) + R R R ( 2 ) + R R R ( 3 ) ) / 3 . 0  
Z Z Z ( 5 ) = ( Z Z Z ( 1 ) + Z Z Z ( 2 ) + Z Z Z ( 3 ) ) / 3 . 0  
V O L = X I ( 1 )
GO TO 1 3 0  

1 2 5  V O L = 0 . 0
CAL L  T R I S T F ( 4 , 1 , 5 )
V 0 L = V 0 L + X I ( 1 )

:  CALL T R I S T F ( 1 , 2 , 5 )
V O L = V O L + X I ( 1 )
CALL T R I S T F ( 2 , 3 , 5 )
V O L = V O L + X I ( 1 )
CALL  T R I S T F ( 3 , 4 , 5 )
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V O L = V O L + X I ( 1 )

DO 1 4 0  1 1 = 1 , 6  
DO 1 4 0  J J = 1 , 1 0  

1 4 0  HH(  I I , J J ) = H H ( I  I , J J ) / 4 . 0

1 3 0  RETURN

END
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S l B F T C  T R I S T  DECK

S U B R O U T I N E  T R I S T F ( I I »J J , K K )
C

COMMON N U M N P , N U M E L , N U M M A T , N U M P C , A C E L Z , A N G F Q , M B a n d , T E M P , M T Y P E ,
1 H E D ( 1 2 ) , E ( 8 , 8 , 1 2 ) , R 0 ( l 2 ) , X X N N ( l 2 ) , R { 9  0 O ) , Z ( ^ r 0 ) , U R ( 9 0 0 ) , U Z ( 0
2 C O D E ( 9 0 0 )  , T ( 9 0 0 ) , I B C ( 2 0 0 )  , J b C ( 2 0 0 )  , P R ( 2 0 0 )  , A N G L E ( 4 )

COMMON / A R G /  R R R ( 5 ) , Z Z Z ( 5 ) , S ( 1 0 , 1 0 )  , P ( 1 0 )  , T T ( 4 )  , L M ( 4 ) , D D ( 3 , 3  )
1 H H ( 6 , 1 0 ) , R R ( 4 ) , Z Z ( 4 ) , C ( 4 , 4 ) , H ( 6 , 1 0 ) , D ( 6 , 6 ) , F ( 6 , 1 0 ) , T P ( 6 ) , X I (
2 , E E (  7) , I X  ( 80C , 5  ) , E P S (  8<^0 )
"COMMON- / P L A N E /  NPP'

C
C 1 .  I N I T I A L I Z A T I O N
C

L M ( l ) = I I  
L M ( 2 ) = J J  
L M ( 3 ) = K K

C
R R ( I ) = R R R ( I  I )
R R ( 2 ) = R R R ( J J )
R R ( 3 ) = R R R ( K K )
R R ( 4 ) = R R R (  I I )
Z Z ( 1 ) = Z Z Z (  I I )
Z Z ( 2 ) = Z Z Z ( J J )
Z Z ( 3 ) = Z Z Z ( K K )
Z Z ( 4 ) = Z Z Z (  I I )

c
8 5  DO 1 0 0  1 = 1 , 6  

DO 9 0  J = l , 1 0  
F < I , J ) = 0 . 0  

9 0  H ( I , J ) = 0 . 0  
DO 1 0 0  J = l , 6  

1 0 0  D ( I , J ) = 0 . 0
C
C 3 .  FORM I N T E G R A L ( G ) T * ( C ) * ( G )
C

C A L L  I N T E R ( X I , R R , Z Z )
C

D ( 2 , 6 ) = X I ( 1 ) * ( C ( 1 , 2 ) + C ( 2 , 3 ) )
D ( 3 , 5 ) = X I ( 1 ) * C ( 4 , 4 )
D ( 5 , 5 ) = X I ( 1 ) * C ( 4 , 4 )
D ( 6 , 6 ) = X I ( 1 ) * C ( 2 , 2 )

( NPP )— W M - 1 0 6  , 1 0 4  
4 ^  D ( 2 , 2 ) = X I (  1)  x C f l - ,- n  

- D (  3 , 3 - ) = X I  ( 1 ) * C ( 4 , -4 )
■oo-fo—ttrr*

1 0 6  D ( 1 , 1 ) = X I ( 3 ) * C ( 3 , 3 )
D ( 1 , 2 ) = X I ( 2 ) * ( C ( 1 , 3 ) + C ( 3 , 3 ) )
D ( 1 , 3 ) = X I ( 5 ) * C ( 3 , 3 )
D ( 1 , 6 ) = X I ( 2 ) * C ( 2 , 3 )
D ( 2 , 2 ) = X I ( 1 ) * ( C ( 1 , 1 ) + 2 . 0 * C ( 1 , 3 ) + C ( 3 , 3 ) )

• D ( 2 , 3 ) = X I ( 4 ) * ( C ( 1 , 3 ) + C ( 3 , 3 ) )
D ( 3 , 3 ) = X I ( 6 ) * C ( 3 , 3 ) + X I ( 1 ) * C ( 4 , 4 )
D ( 3 , 6 ) = X I ( 4 ) * C ( 2 , 3 )

C
108 DO 110 1 = 1 , 6
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DO 1 1 0  J = I * 6  

1 1 0  D ( J , I ) = D ( I , J )
C
C 4 .  FORM C O E F F I C I E N T - D I S P L A C E M E N T  T R A NS F ORMAT I ON MA T R I X
C

C O M M = R R ( 2 ) * ( Z Z ( 3 ) - Z Z ( 1 ) ) + R R ( 1 ) * ( Z Z ( 2 ) - Z Z ( 3 ) ) + R R ( 3 ) * ( Z Z ( 1 ) - Z Z ( 2
DD(  1 
DD(  1 
DD(  1 
DD(  2 
D D ( 2  
D D ( 2  
DD(  3 
Du ( 3  
DO ( 3

1) = ( R R (2 ) * Z Z ( 3 ) - R R ( 3 ) * Z Z ( 2 ) ) /COMM
2 ) = ( R R ( 3 ) * Z Z ( 1 ) - R R ( 1 ) * Z Z ( 3 ) ) /COMM
3)  = ( RR{  1 ) * Z Z ( 2 ) - R R ( 2 ) * Z Z ( 1)  ) / COMM
1 ) = ( Z Z ( 2 ) - Z Z ( 3 ) ) / C O M M
2 ) = ( Z Z ( 3 ) - Z Z ( 1 ) ) / COMM
3 ) = ( Z Z ( 1 ) - Z Z ( 2 ) ) / C O M M
1 ) = ( R R ( 3 ) - R R ( 2 ) ) / COMM
2 )  = ( R R (  1 ) “ R R ( 3 )  ) / COMM
3 ) = ( R R ( 2 ) - R R ( 1 ) ) / COMM

DO 1 2 0  1 = 1 , 3  
J = 2 * L M ( I ) - l  
H ( 1 , J ) = D D ( 1 , 1 )
H ( 2 , J ) = D D ( 2 , I )
H ( 3 , J ) = D D ( 3 , 1 )
H { 4 , J + 1 ) = D D ( 1 , 1 )
H ( 5 , J + 1 ) = D D ( 2 , I )

1 2 0  H ( 6 , J  + 1 ) = D D ( 3 ,  I )
C
C ROTATE UNKNOWNS I F  R E Q U I R E D
C

DO 1 2 5  J = l , 2  
I = L M ( J )
I F  ( A N G L E ( I ) )  1 2 2 , 1 2 5 , 1 2 5  

1 2 2  S I N A = S I N ( A N G L E ( I ) )
C O S A = C O S ( A N G L E ( I ) )
I J = 2 * I
DO 1 2 4  K = 1 , 6  
T E M = H ( K , I J - 1 )
H ( K , I J - 1 ) = T E M * C O S A + M ( K , I J ) * S I N A

1 2 4  H ( K , I J ) =  - I E M * S I N A + H ( k , I J ) * C O S A
1 2 5  C O N T I N U E

C
C 5 .  FORM ELEMENT S T I F F N E S S  M A T R I X  ( H ) T * ( D ) * ( H )
C

DO 1 3 0  J = l , 1 0
DO 1 3 0  K=1 , 6
I F  ( H ( K , J ) ) 1 2 8 , 1 3 0 , 1 2 8

1 2 8  DO 1 2 9  1 = 1 , 6
1 2 9  F ( I , J ) = F ( I , J ) + D ( I , K ) * H ( K , J )
1 3 0  C O N T I N U E

DO 1 4 0  1 = 1 , 1 0  
•DO 1 4 0  K = l , 6  

I F  ( H ( K , I ) )  1 3 8 , 1 4 0 , 1 3 8
1 3 8  DO 1 3 9  J = 1 , 1 0
1 3 9  S ( I , J ) = S ( I , J ) + H ( K , I ) * F ( K , J )
1 4 0  C O N T I N U E

C

C



c l&t $ORM t h e r m a l  l o a d  M A T R I X  ÏOl
C

^i r  ( N P P )  - 1-4 5— 1-5-0 4 1 4 5  , 0  'tk

i -  X-1 ( 4  ) » E E ( 4 y 
1 5 0  C OMM= R ü ( MT y P E ) * A N Ü F Ù * * 2

1 P ( 1 ) = C O M M * x I ( 7 )  + X I ( 2 ) * T T ( 3 )
T P ( 2 ) = C 0 . v . M * X I  ( 9 )  + X I ( ] ) * ( T T ( 1 )  + T T ( 3 ) )
T P ( 3 J = u O M M * X l  ( 1 0 ) +  X I ( 4 ) * T T ( 3 )
C Ü M M = - R ü ( M T Y P E ) * A C E L Z  
T P ( 4 ) = C 0 M M * X 1 ( 1 )
T P ( 5 ) = C 0 M M * X I ( 7 )
T P ( 6 ) = C 0 M M * X I ( 8 )  + X I ( 1 ) * T T ( 2 )

C
DO 1 6 0  1 = 1 , 1 0  
DO 1 6 0  K = l , 6  

1 6 0  P ( I ) = P ( I ) + H ( K , I ) * T P ( K )
C
C
C FORM S T R A I N  TRANS F ORMAT I ON M A T R I X
C

4 0 0  DO 4 1 0  1 = 1 , 6  
DO 4 1 0  J = l , 1 0  

4 1 0  H H ( I , J ) = H H ( I , J ) + H ( I , J )
C

RETURN
C

END

N
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S i b F T C  S T R h S  DECK

S U B R O U T I N E  STRESS
C

COMMON NUMNP, NUMEL, NUMMAT  , NUMPC, A C E L Z , A N G F O , MBAND, I L M P , M T Y P E ,
1 H E D ( 1 2 ) , E ( 8 , 8 , 1 2 ) , R O ( 1 2 ) , X X N N ( 1 2 ) , R ( 9 0 n ) , Z ( ^ n O ) , U R ( 9 0 0 ) * U Z ( o-
2 C O D E ( 9 0 0 )  , T ( 9 0 0 )  , I B C ( 2 0 0 )  , J b C ( 2 0 0 )  , P R ( 2 0 Ü ) , A N G L E ( 4 ) , S I G ( 1 0 )  

COMMON / A R G /  R R R ( 5 ) , Z Z Z ( 5 ) , S ( 1 0 , 1 0 ) , P ( 1 0 ) , T T ( 4 ) , L M ( 4 ) , D D ( 3 , 3 ) ,
1 H H ( 6 , i 0 ) , R R ( 4 ) , Z Z ( 4 ) , C ( 4 , 4 ) , H ( 6 , 1 0 ) , D ( 6 , 6 ) , F ( 6 , l 0 ) , T P ( 6 ) , X I (
2 » E E ( 7 ) , I X ( 8 0 0 , 5 ) , E P S ( 8 C 0 )

COMMON / B A N A R G /  N D , NU MB L K , 3 ( 1 0 8 ) , A ( 1 0 8 , 5 4 )
, _ C 0M MON / P L  AI : [  /-fi P P-  / jÂ £ tç

* * * *  X- X -X *  X *  *  X -X- X - X X X  X - X *  * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  -X

c COMPUTE ELEMENT S T R E S S E S
Ç * * * * -***-* "X- -X- * * * -X * * * -X- * * * * * *  -X **-****■**********-*** x- ********-*-**-***** -***-* * -X-

X K E = 0 . 0
X P E = 0 . 0
M P R I N T = 0

DO 3 0 0  M = 1 , N U M E L  

N = M
I X ( N , 5 ) = I A B S ( I X ( N , 5 ) )
M T Y P E = I X ( N , 5 )

CALL 0 J A D ( I M , V U L )
I X ( N , 5 ) = M T Y P E

DO 1 2 0  1 = 1 , 4  
1 1 =2*1
J J = 2 * T X ( N , I )
P ( I I - 1 ) = B ( J J - 1 )

1 2 0  P(  1,1 ) = b (  J J )

DO 1 5 0  1 = 1 , 2  
RR(  I ) = P ( 1 + 8 )
DO 1 5 0  K = l , 8  

1 5 0  RR(  I ) = R R (  I ) - S ( I  + 8 , K ) * P ( K )  N

C O M M = S ( 9 , 9 ) * S ( 1 0 , 1 C ) - S ( 9 , 1 0 ) * S ( 1 0 , 9 )
I F  ( COMM)  15 5 , 1 6 0 , 1 5 5  

1 5 5  P ( 9 ) = ( S ( 1 0 , 1 0 ) * R R ( 1 ) - S ( 9 , 1 0 ) * R R ( 2 ) ) / COMM 
P ( 1 0 ) = ( - S ( 1 0 , 9 ) * R R ( 1 ) + S ( 9 , 9 ) * R R ( 2 ) ) / COMM

1 6 0  DO 1 7 0  1 = 1 , 6  
T P ( I ) = 0 . 0  
DO 1 7 0  K = l , 1 0  

1 7 0  T P ( I ) = T P ( I ) + H H ( I , K ) * P ( K )

P R ( 1 ) = T P ( 2 )
R R ( 2 ) = T P ( 6 )
R R ( 3 ) = ( T P ( 1 ) + T P ( 2 ) * R R R ( 5 ) + T P ( 3 ) * Z Z Z ( 5 ) ) / R R R ( 5 )  
R R ( 4 ) = T P ( 3 ) + T P ( 5 )
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1 7 6  DO 1 8 0  1 = 1 , 3  

S I G ( I  ) = - T T ( I ) 
f  DO 1 8 0  K = l , 3

1 8 0  S I G ( 1 ) = S I G ( I ) + C ( I , K ) * R R ( K )
S I G ( 4 ) = C ( 4 , 4 ) * R R ( 4 )

C
C C A L C U L A T E  ENERGY TERMS
C

DO 2 5 0  1 = 1 , 1 0  
COMM= 0 . 0  
DO 2 0 0  K=1 , 1 0  

2 0 0  COMM=COMM+S{ I , K ) * P ( K )
2 5 0  X P E = X P E + C 0 M M * P ( I )

X k E = X K E + V 0 L * R 0 ( M T Y P E ) * ( P ( 9 ) * * 2 + P ( 1 0 ) * * 2 )
C
C C A L C U L A T E E F F E C T I V E  S T R A I N
C

I F  ( N P P )  2 5 1 , 2 5 2 , 2 5 1
2 5 1  R R ( 3 ) = - ( S I G ( 1 ) + S I G ( 2 ) ) * E E ( 2 ) / E E ( 1)
2 5 2  C C = ( R R { 1 ) + R R ( 2 ) ) / 2 . 0

C R = S O R T (  ( ( R R ( 2 ) - R R ( l ) ) / 2 . 0 ) * * 2  + ( R R ( 4 ) / 2 . 0 ) * * 2  )
R R ( 1 ) = C C + C R
R R ( 2 ) = C C - C R
E P S ( N ) = S Ü R T ( ( R R ( 1 ) - R R ( 2  ) ) * * 2 + ( R R ( 1 ) - R R ( 3 ) ) * * 2 + ( R R ( 2 ) - R R ( 3 ) ) * * 2 )

1 * . 7 0 7 / ( 1 . 0 + E E ( 2 ) )
C

* * * > * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
OUTPUT S T R ES SES

Ç *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *  X * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ̂ '•^

C
C C A L C U L AT E  P R I N C I P A L  S T RE SSE S
C

C C = ( S I G ( 1 ) + S I G ( 2 ) ) / 2 . 0  
B b = ( S I G ( 1 ) - S I G ( 2 ) ) / 2 .
C R = S Q R T ( B B * * 2 + S I G ( 4 ) * * 2 )
S I G ( 5 ) = C C + C R  
S I G ( 6 ) = C C - C R
S I G ( 7 ) = 2 8 . 6 4 8 * A T A N 2 ( S I G ( 4 ) , B b )

C
C S T R E S S E S  P A R AL L EL  TO L I N E  I - J
C

I = I X ( N , 1 )
J = I X ( N , 2 )
A N G = 2 . * A T A N 2 ( Z ( J ) - Z (  I ) , R ( J ) - R ( I ) )
C 0 S 2 A = C 0 S ( A N G )
S I N 2 A = S I N ( A N G )
C X = . 5 * ( S I G ( 1 ) - S I G ( 2 ) )
S 1 G ( 8 ) = C X * C 0 S 2 A + S I G ( 4 ) * S I N 2 A + C C
S I G ( 9 ) = 2 . * C C - S I G ( d )
S l G l 1 0 ) = - C X * S I N 2 A + S I G ( 4 ) * C 0 S 2 A

C
1 0 4  I F  ( M P R I N T )  1 1 0 , 1 0 5 , 1 1 0
1 0 5  W R l I E  ( 6 , 2 0 0 0 )

M P R I N T = 5 C
1 1 0  M P R I N T = M P R I N T - 1
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3 0 5  WR I T E  ( 6 , 2 0 0 1 )  N , R R R { 5 ) , Z 2 Z ( 5 ) , ( S I G ( I ) • I = 1 , 1 0 )
3 0 0  C O N T I N U E

I F  ( X K E )  3 1 0 , 3 2 0 , 3 1 0  
3 1 0  W = S Q R T ( X P E / X K E )

WR I T E  ( 6 , 2 0 0 6 )  W

3 2 0  RETURN
C

2 0 0 0  FORMAT ( 7 H 1 E L . N 0 .  7X I H R  7X I H Z  4X 8 H R - S T R E S S  4X 8 n Z - S T R £ S b
1 8 H T - S T R E S S  3X 9 M R Z - S l K t S S  2X l O H M A X - S T R E S o  2X 1 O n M I N - S T R E S S
2 3 7 H  ANGLE T J - S T R E S S  J K - S T R E S S  SHEAR )

2 0 0 1  FORMAT ( I 7 , 2 F 8 . 2 , 1 P 6 E 1 2 . 4 , Q P 1 F 7 . 2 , 1 P 3 E 1 0 . 2 )
2 0 0 6  FORMAT ( 3 6 H O A P P R O X I  m A T l  FUNDAMENTAL FKE'JUENCY = t l 2 . 5 )

C
END
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î l b F T C  SYM I  DECK
S U B R O U T IN E  S Y M I N V ( A , N M A X )

C
D I M E N S I O N  A ( 4 , 4 )

C
DO 2 0 0  N = 1 ,N M A X

C
D = A ( N , N )
DO 1 0 0  J = 1 , N M A X  

1 0 0  A ( N , J ) = - A ( N , J ) / D
C

DO 1 5 0  I = 1 , N M A X  
I F ( N - I ) ] 1 0 , 1 5 0 , 1 1 0  

1 1 0  DO 1 4 0  J = 1 , N M A X
I F ( N - J )  1 2 0 , 1 4 0 , 1 2 0  

1 2 0  A ( I , J ) = A ( I , J ) + A { I , N ) * A ( N , J )
1 4 0  C O N T IN U E
1 5 0  A ( I , N ) = A ( I , N ) / D

A ( N , N ) = 1 . 0 / D

2 0 0  C O N T IN U E

RETURN

END

C

C

c
c
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S I D F T C  I N T E  DECK
S U B R O U T IN E  I N T E R ( X I , R R , Z Z )

C
D I M E N S I O N  R R ( 1 ) , Z Z ( 1 ) , X I ( 1 ) , X M ( 6 ) , R ( 6 ) , Z ( 6 ) , X X ( 6 )
COMMON / P L A N E /  NPP
DATA ( X X ( I ) , I = 1 , 6 ) / 3 * 1 . 0 , 3 * 3 . 0 /

C
C0MM = R R ( 2 ) * ( Z Z ( 3 ) - Z Z ( 1 )  ) + R R ( l ) * ( Z Z ( 2 ) - Z Z ( 3 )  ) + R R ( 3 ) * ( Z Z ( 1 ) - Z Z ( ^
C O M M = C O M M /2 4 . 0
R ( 1 ) = R R (  1)
R ( 2 ) = R R ( 2 )
R ( 3 ) = R R ( 3 )
R ( 4 ) = ( R ( 1 ) + R ( 2 ) ) / 2 .
R ( 5 ) = ( R ( 2 ) + R ( 3 ) ) / 2 .
R ( 6 ) = ( R ( 3 ) + R ( l i ) / 2 .

C
Z ( 1 ) = Z Z ( 1)
Z ( 2 ) = Z Z ( 2 )
Z ( 3 ) = Z Z ( 3 )
Z ( 4 )  = ( Z ( 1 ) + Z ( 2 )  ) / 2 .
Z ( 5 )  = ( Z ( 2 ) + Z ( 3 )  ) / 2 .
Z ( 6 )  = ( Z ( 3 ) + Z ( 1 )  ) / 2 .

C
-FF- (NPFH— 10 I 3 0 r t t l  

H ) - DO 20-4 -M -T S -

■ CO T Q--4 0 - 
-30 DO 35  1 = 1 , 6  
3 5  X M ( I ) = X X ( I ) * R ( I )

C
4 0  DO 50  1 = 1 , 1 0  
5 0  X I ( I ) = 0 . 0

c
DO 1 0 0  1 = 1 , 6
X I ( 1 ) = X I { 1 ) + X M ( I )
X I ( 2 ) = X I ( 2 ) + X M ( I ) / R (  I )
X I  ( 3 )  = X I  ( 3 ) +XM{  I ) /  ( R ( I ) * * 2  )
X I ( 4 ) = X I  ( 4 ) + X M ( I ) * Z (  I ) / R (  I )
X I ( 5 ) = X I { 5 ) + X M ( I ) * Z ( I ) / ( R ( I ) * * 2 )
X I ( 6 ) = X I ( 6 ) + X M ( I ) * Z ( I ) * * 2 / ( R ( I ) * * 2 )
X I ( 7 ) = X I  ( 7 ) + X M ( I  ) * R {  I )
X I ( 8 ) = X I  ( 8 ) + X M ( I  ) * Z ( I )
X I ( 9 ) = X I ( 9 ) + X M ( I ) * R ( I ) * * 2  
X I ( 1 0 ) = X I { 1 0 ) + X M ( I ) * R ( I ) * Z ( I )

1 0 0  C O N T IN U E
C

DO 1 5 0  1 = 1 , 1 0  
1 5 0  X I ( I ) = X I ( I ) * C O M M  

C :
RETURN

C
END
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S I B F T C  MODI DECK
SUBROUT I NE M O D l F Y ( A , b , N E O , M b A N D , N , U )

C
D I M E N S I O N " A ( 1 0 8 , 5 4 ) , B ( 1 0 8 )  

C ^ ------  —
DO 2 5 0  M = 2 ,M B A N D  
K = N - M + 1
1 F ( K )  2 3 5 , 2 3 5 , 2 3 0  

2 3 0  B ( K ) = B ( K ) - A ( K , M ) * U  
A ( K , M I = 0 . 0  

2 3 5  K = N + M - 1
I F ( N E Q - K )  2 5 0 , 2 4 0 , 2 4 0  

2 4 0  B ( K ) = B ( K ) - A ( N , M ) * U  
A ( N , M ) = 0 . 0  

2 5 Ô  C O N T IN U E
A ( N , 1 ) = 1 . 0
B ( N ) = U
RETURN

END
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S I B F T C  BANS DECK

S U B R O U T IN E  BANSOL
C

COMMON / B A N A R G /  MM, N U MB L K , B ( 1 0 8  I * A ( 1 0 8  » 5 4 )
C ■7—

NN = 54
r + 1

NH=NN+NN  
REWI ND 1 
REWI ND 2
NB = 0 ,
GO TO 150

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C REDUCE E QUAT I ONS BY BLOCKS
Ç** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
C 1 .  S H I F T  BLOCK OF E Q U A T IO N S
C

1 0 0  NB=NB+1
D O  1 2 5  N = 1 , N N  
NM=NN+N  
B ( N ) = B ( N M )
B ( N M ) = 0 . 0  
D O  1 2 5  M=1 ,MM 
A ( N , M ) = A ( N M , M )

1 2 5  A ( N M , M ) = 0 . 0
C
C 2 .  READ NEXT BLOCK OF E Q U A T IO N S  I N T O CORE
C

I F  ( N U M B L K - N B )  1 5 0 , 2 0 0 , 1 5 0  
1 5 0  READ ( 2 )  ( S ( N ) , ( A ( N , M ) , M = 1 , M M ) , N = N L , N H )

I F  ( N R )  2 0 0 , 1 0 0 , 2 0 0
C
C 3 .  REDUCE BLOCK OF E QU A T I O N S
C

200 DO 3 0 0  N = 1 , N N
I F  ( A ( N , 1 ) ) 2 2 5 , 3 0 0 , 2 2 5  

2 2 5  B ( N ) = B ( N ) / A ( N , 1 ) ^
D O  2 7 5  L = 2 , M M  
I F  ( A ( N , L ) ) 2 3 0 , 2 7 5 , 2 3 0  

230 C = A ( N , L ) / A ( N , 1 )
I = N + L - 1
J=0
D O  2 5 0  K = L , M M  
J=J+1

2 5 0  A ( I , J ) = A ( I , J ) - C * A ( N , K )
B ( I ) = B ( I ) - A ( N , L ) * B ( N )
A ( N , L ) = C  

2 7 5  C O N T IN U E  
3 0 0  C O N T IN U E

C
C 4 .  WR I T E  BLOCK OF REDUCED E Q U A T IO N S  ON TAPE 2
C

I F  ( N U M B L K - N B )  3 7 5 , 4 0 0 , 3 7 5  
3 7 5  WR I T E  ( 1 )  ( B ( N ) , ( A ( N , M ) , M = 2 , M M ) , N = 1 , N N )
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GO TO 1 0 0

Ç  * ■ » * * * « * *  :̂ -X X  X  -X * * * * *  X *  *  *  *  X  * * * * * * * * * * *  X  * * * * * *  -X *  X * * * * * * * *  X  *  *  X  -X * * * * * * *  -If

C Üa C K - S U u S T I TUT ION
Ç *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  X *  * * * *  *  X * * *  * * * * * * * * *  *  *  X  *  X *  *  :

4 0 0  DO 4 5 0  M = T , N N  
N = N N + 1 - M  
DO 4 2 5  K = 2 , M M  
L = N + K - 1  

4 2 5  B ( N ) = B ( N ) - A ( N , K ) * b ( L )
NM=N+NN
B ( i N M ) = B ( N )  I

4 5 0  A ( N M , N Ü ) = B ( N )  j
N B = N B - 1
I F  ( N B )  4 7 5 , 5 0 0 , 4 7 5  

4 7 5  BACKSPACE 1
READ ( 1 )  ( B ( N ) , ( A ( N , M ) , M = 2 , M M ) , N = 1 , N N )
BACKSPACE 1 
GO TO 4 0 0

Ç  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  X- * * * * * * * * *  -X - *  X *  *  *  -X X- X  *  *

C ORDER UNKNOWNS I N  B ARRAY
Ç * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5 0 0  K = 0
DO 6 0 0  N B = 1 ,N U M B L K  
DO 6 0 0  N = 1 , N N  
NM=N+NN  
K = K+1  

6 0 0  B ( K ) = A ( N M , N B )
C

RETURN
C

END
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