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A B ^R aC?

" h e  c o n c e p t  o f  c l a s s i f y i n g  r o c k  m a sse s f o r  e n g in e e r in g  p u rp o se s  h a s  b e e n  

u s e d  f o r  a  nu-nber o f  y e a r n .  M odem  c l a s s i f i c a t i o n  sy s te m s  a re  g e n e r a l l y  

b a se d  on  c l e a r l y  d e f in e d  g e o lo g ic a l  p a r- .m e te r s ,  w h ich  ar«s r a t e d  i n d i v i d ­

u a l l y  t o  g iv e  a  f i n a l  r o c k  q u a l i t y  nuab-ar f o r  a  p a r t i c u l a r  r o c k  c a s s  con ­

d i t i o n .  The G eo n e ch a n ic a  C l a a a i f i o a t io n  Sys tem , d e v e lo p e d  a t  th e  C o u n c il 

f o r  s c i e n t i f i c  =zid I n d u s t r i a l  R e s e a rc h  i n  P r e t o r i a ,  end t h s  N o rw e jia n  G eo- 

ta c h r . i c a l  I n s t i t u t e ' s  Q -3y 3 t e ^ ,  e re  e x a n p le v  o f  m odern e n g in e e r in g  ro c k  

m uss c l a s s i f i c a t i o n  sy s te o Q .

One o f  th e  c o s t  im p o r ta n t  r o l e s  o f  e n g in e e r i n g  g a o lo fa-y i n  u n d e rg ro u n d  

r o o k  e n g in e e r i n g ,  i s  th e  e v a lu a t io n  o f  th e  r o c k  s iasa  c o n d i t io n  d u r in g  th e  

s i t e  i n v e s t i g a t i o n  s ta g e  o f  a n y  p r o j e c t .  I n  so a e  c a s e s  th e  o n ly  in f o r c . -  

a t i o n  a v a i l a b l e  f o r  t h i s  p u rp o se  may be  f rc T . b o r e h o le  c o r e s .  S r .^ in s e r in g  

ro o k  m ass c l a s a i f i c a t i o n  sy s te m s  h a v e , h o u a v e r ,  b e e n  d e v e lo p e d  m a in ly  fro-n  

i n  s i t u  o b s e r v a t io n s  and  c a s e  h i s t o r y  s t u d i e s ,  and i t  i s  n o t  a lw ay s  c l e a r  

w h e th e r  i h e  r e q u i r e d  p a r  t a s t e r s  cs^i b s  r e l i a b l y  " e n s u r e d  from  b o re  cc r ,;o  

a lo n e .  The t i n  o f  t h i s  p r o j e c t  i s  to  t r y  to  d e t e r o in a  v h s th e r  su c h  p c r r -  

m-Dters c-xn b e  m easu red  f r o "  b o r e  c o r e s ,  and  t o  a s s e s s  th e  r e l i a b i l i t y  o f  

r o c k  n r  S3 c l a s s i f i c a t i o n s  b a s e d  th e r e o n .  The G eocnck  .lie .- and  lio rw eg i^n  

G e o ta c h n ic a l  I n a t i t u t s 13 C l a s s i f i c a t i o n  i y s t e c s  v e r s  s e l e c t e d  f o r  t h i s  

p u rp o se .

T h ree  s a a l l  d i m e t e r  t u n n e l s  w i th  a d sq u s .tq  b o r e h o le  c o v e ra g e  v e ra  

a v a i l a b l e  f o r  e x a m in a t io n . Two o f  th e  tu n n e ls  a re  s i t u a t e d  i n  t h e  J o h in n a s  

b u r g  a r e a  and  w ere  e x c a v a te d  throuyT . l a v a s  o f  t h s  V e n te r s d o rp  S u p e rg ro u p , 

and  q u a r t z i t e  and  s h a le  o f  t h e  '.V itvn tersra.rid  S u p e rg ro u p , r e s p e c t i v e l y .

The t h i r d  tu n n e l  i s  l o c a t e d  n e a r  P s a r l  i n  th e  Gape P ro v in c e  Mid w as e x c a ­

v a te d  th r o u g h  th e  Cape G r a n i t e s  and M alm esbury  s e d im e n ts .

B o re h o le  c o re s  fro m  th e  v i c i n i t y  o f  e a c h  tu n n e l  v e r e  lo g g e d  i n  d e t a i l  

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

c l a s s i f i c a t i o n  s y s ts c is .  Tha r o c k  i.tass a t  e a c h  s i t e  was c l a s s i f i e d  f r o a  

t h i s  d n ta .  The u n d e rg ro u n d  i n t e r s e c t i o n  p o in t s  o f  e a c h  b o r e h o le  w ars  th e n  

v i s i t e d  and  th e  c l a s s i f i c a t i o n  p i r s r . ^ t e r s  u 9 a c : r a d  I r o n  d e t a i l  l i n e  j o i n t  

s -a rv ey s . Trie r o c k  a a s s  a t  e a c h  s i t e  was a g a in  c l a s s i f i e d ,  u s in j ;  th e  in  

s i t u  c a t- i .

The tx o  o l ' i s s i f i c a t i o n  s y s t e n s  w ere f i r s t  e v a lu a te d  s e p a r a t e ly .  The 

i n  s i t u  c l a s s i f i c a t i o n s  w ers  assum ed to  bo t r u l y  r e p r e s e n t a t i v e  o f  t: ;y  r o c k  

b ?-os c o n d i t io n  a t  e a c h  s i t e  a n d  w ere  coirtpr-.rod w i th  t h e i r  a s s o c i a te d  b o r e ­

h o le  r e s u l t s  i n  o r d e r  t o  e s t a b l i s h  th a  r s l i ' . b i l i t y  o f  t- .e  l e t t e r .  The

/b o r e h o lo  ...........................
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I  b o r e h o le  m d  it!  s i t u  r a t i n g s  f o r  th e  i n d i v i d u a l . p a r- u M to r s , sjid  th e  s u p p o r t

|  p r e d i c t i o n s  ar.tl e s t im a te d  s ta n d - u p  tim e s  and u n su p p o r ta d  sp a n s  i n  e a c h  c a s e ,

I v.-sre s l s o  co ap  -.red. The r e s u l t s  f r o a  t h e  two s ; - s t s 2 s  w ere t h e n  a l s o  com-

F o r  b o th  th e  G e o M c h a n ic s  and  th e  T o rw e g la n  G e c ts c h n ic a l  I n s t i t u t e ' s  

” l> t s s i f i ; r - . t io n  S y s te m , th e  ’oo ro  c o re s  g e u s r a l l y  in d i c a t e d  p o o r e r  r o c k  b o ss  

c o n d i t i o n s  t h a n  w =rs actually e n c o u n te re d  u n d e rg ro u n d . The c o r r e l a t i o n s  

h s tv e e n  th e  b o r e h o le  a n d  i n  s i t u  c l a s s i f i c a t i o n  v a lu e s ,  and  th e  u n su p p o r te d  

sp a n s  and s ta n d - u p  t i n e s  e s t im . t e t i  th = r 9 from  w ere  b e t t e r  f o r  th e  H orvzagian 

S y s te n  th a n  f o r  th e  C e o n sc h a n ic s  System .

The b o r e h o le  c l a s s i f i c a t i o n s  f r o a  b o th  o y s te a s  a r e  n o t  s u f f i c i e n t l y  

r e l i a b l e  f o r  d e t a i l e d  d e s ig n  p u r p o s e s .  T hey  c o u ld ,  n e v e r t h s l e s s ,  s e rv e  

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

m e n ts  e x p e c te d  w i th in  a  p la n n e d  u n d e rg ro u n d  e x c a v a t io n .

i
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1 . DUBODPCTION

1 .1  I n t r o d u c t io n

I n  th e  m odern  w o rld  o f  in c r e a s e d  p o p u la t io n  g ro w th  and t r e n d s  to w a rd s  

u r b a n iz a t io n ,  n a t u r a l  r e s o u r c e s  su c h  aa  raw  m a t e r i a l s ,  pow er and la n d  

sp a c e  a r e  becom ing  in c r e a s i n g l y  i n  demand a s  com m od ities  e s s e n t i a l  to  

m a n 's  c o n t in u e d  d e v e lo p m e n t. As e a s i l y  w o rk a b le , n e a r  s u r f a c e ,  o re  

d e p o s i t s  becom e d e p le t e d  i t  i s  becom ing  n e c e s s a r y  to  m ine a t  g r e a t e r  

d e p th s .  F u e l  and pow er dem ands r e q u i r e  i n c r e a s e d  e x p l o i t a t i o n  o f  f u e l  

m in e r a l s ,  w h ic h , a l th o u g h  o f t e n  a t  s h a llo w  d e p th s ,  m ust so m e tim es, f o r  

e c o l o g i c a l  o r  econom ic  r e a s o n s ,  b e  m ined  b y  u n d e rg ro u n d  m e th o d s. Sub­

s u r f a c e  cham bers  a r e  b e in g  u se d  to  s t o r e  w a s te  m a te r i a l  from  n u c le a r  

pow er p l a n t s ,  and i n  m a jo r  u r b a n  c e n t r e s  l a c k  o f  la n d  sp a ce  and e n v iro n ­

m e n ta l  c o n s id e r a t i o n s  a r e  m ak in g  i t  n e c e s s a r y  to  l o c a t e  b a s ic  u t i l i t i e s  

s u c h  a s  sew age s y s te m s , e l e c t r i c i t y  s u p p ly  n e tw o rk s  and  t r a n s p o r t  s e r v i c e s  

b e n e a th  th e  s u r f a c e . F a c to r i e s  and  e v e n  s p o r t s  c e n t r e s  a r e  som etim es 

c o n s t r u c t e d  u n d e r g r o u n d ^ ,  a s  a r e  pow er p l a n t s ,  p e tro le u m  s to r a g e  f a c i l ­

i t i e s  and  m i l i t a r y  i n s t a l l a t i o n s .

The p r o g r e s s  r a t e ,  c o s t  and  s u p p o r t  r e q u i r e m e n ts  o f  u n d e rg ro u n d  e x ­

c a v a t io n s  a r e  d i r e c t l y  r e l a t e d  to  th e  g e n e r a l  r o c k  q u a l i t y  and  g round  

w a te r  c o n d i t i o n s  e n c o u n te r e d ^ ^ .  F o r  t h e i r  optim um  d e s ig n  and  c o n s t r u c ­

t i o n  a  th o ro u g h  know ledge o f  t h e s e  f a c t o r s  i s  r e q u i r e d .  I t  i s  th e r e f o r e  

a d v a n ta g e o u s  f o r  e n g in e e r s  in v o lv e d  i n  u n d e rg ro u n d  c o n s t r u c t io n  t o  have  

a c c e s s  t o  d a t a  w h ich  p r o v id e s  a  r e l i a b l e  and  m e a n in g fu l p i c t u r e  o f  th e  

s u b s u r f a c e  r o c k  c o n d i t i o n s  i n  th e  v i c i n i t y  o f  a  p la n n e d  e x c a v a t io n .  The 

r e q u i r e d  d a t a  i s  r e l a t e d  t o  th e  e n g in e e r in g  g e o lo g ic a l  and ro o k  m e ch a n ics  

c h a r a c t e r i s t i c s  o f  th e  r o c k  m a ss , and i s  o b ta in e d  from  b o r e h o le s ,  s u r f a c e  

o u t c r o p s ,  g e o p h y s ic a l  and  a i r p h o t o  s u r v e y s ,  l a b o r a to r y  and i n  s i t u  t e s t s ,  

a n d  s t r e s s  a n a ly s e s .  O f t h e s e  m e th o d s, c o re  d r i l l i n g  i s  th e  o n ly  one 

w h ich  c a n  p ro v id e  d i r e c t  in f o r m a t io n  o f  th e  r o c k  a t  th e  r e q u i r e d  d e p th  

p r i o r  to  e x c a v a t io n .  O th e r  m e thods u s u a l l y  r e q u i r e  some i n t e r p r e t a t i o n  

when p r o j e c t i n g  r e s u l t s  t o  th e  p la n n e d  e x c a v a t io n  l e v e l ,  b u t  a r e  n e v e r th e ­

l e s s  in v a lu a b l e  i n  b u i ld i n g  up  a  c o m p o s ite  p i c t u r e  o f  t h e  e n g in e e r in g  

g e o lo g ic a l  c o n d i t i o n s  o f  a  s i t e .  B o re h o le s  c a n  a l s o  b e  u se d  f o r  i n  s i t u  

t e s t i n g ,  g e o p h y s ic a l  lo g g in g  and  th e  o b s e r v a t io n  o f  i n  s i t u  c o n d i t io n s  

w i th  T .V . b o r e h o le  c a m e r a s ^ ^ -

Owing to  th e  g e n e r a l l y  c o m p e te n t n a tu r e  o . ' r o c k  m a sse s a t  d e p th s  

a s s o c i a t e d  w i th  d e e p  l e v e l  m in in g , l o c a l  s t r e s s  f i e l d s  and th e  p h y s ic a l

/d e fo r m a t io n  ......................



d e fo r m a t io n  c h a r a c t e r i s t i c s  o f  th e  r o c k s  a r e  u s u a l l y  o f  g r e a t e r  s i g n i f i ­

c an c e  t o  th e  s t a b i l i t y  o f  u n d e rg ro u n d  e x c a v a t io n s  th a n  th e  s u r f a c e  ro u g h ­

n e s s  and  a l t e r a t i o n  c h a r a c t e r i s t i c s  oT th e  j o i n t s  i n  th e  r o c k .  I n  low 

and  medium s t r e s s  e n v iro n m e n ts ,  a s  a r e  u s u a l l y  a s s o c i a t e d  w i th  e x c a v a t io n s  

f o r  c i v i l  e n g in e e r in g  p u r p o s e s ,  th e  e n g in e e r i n g  g e o lo g ic a l  'b e h a v io u r  o f  

t h e  r o c k  m ass i s  c o n t r o l l e d  l a r g e l y  "by th e s e  l a t t e r  c h a r a c t e r i s t i c s .  I t  

i s  a l s o  t h i s  c l a s s  o f  e x c a v a t io n  f o r  w h ic h  th e  above m e n tio n e d  i n v e s t i g a t i o n  

te c h n iq u e s  a r e  m o st o f t e n  u s e d .

The c o n c e p t  o f  c l a s s !  i n g  r o c k  m a sse s  f o r  e n g in e e r in g  p u r p o s e s ,  

p a r t i c u l a r l y  f o r  th e  e v a lu a t io n  o f  u n d e rg ro u n d  s u p p o r t  r e q u i r e m e n ts ,  h a s  

be en  u se d  f o r  a  num ber o f  y e a r s ,  and  num erous sy s te m s  h av e  b e e n  d e v e lo p e d  

t o  c a t e r  f o r  l o c a l  c o n d i t i o n s  a t  s p e c i f i c  p r o j e c t s .  The a im  o f  th e s e  

s y s te m s  h a s  g e n e r a l l y  b e e n  to  d e s c r ib e  th e  e n g in e e r in g  c h a r a c t e r i s t i c s  o f  

t h e  r o c k  m ass i n  q u a n t i t a t i v e  te rm s  u s e f u l  t o  b o th  d e s ig n  e n g in e e r s  and  

c o n t r a c t o r s ,  and to  i n d i c a t e ,  w i th  some d e g re e  o f  c e r t a i n t y ,  th e  e x p e c te d  

b e h a v io u r  o f  th e  r o c k  m ass a t  th e  e x c a v a t io n  l e v e l .  Owing t o  th e  com plex 

n a tu r e  o f  r o c k  m a s s e s , h o w ev e r, t h i s  q u a n t i f i c a t i o n  p r o c e s s  h a s  o f t e n  be en  

v e r y  s u b je c t iv e  and  e m p i r i c a l .  The ne ed  f o r  a  s ta n d a r d iz e d  c l a s s i f i c a t i o n  

sy s te m  w hich  c an  b e  a p p l i e d ,  and  u n d e rs to o d ,  b y  a l l  th e  d i s c i p l i n e s  i n ­

v o lv e d  i n  r o c k  e n g in e e r in g  p ro b le m s , and w h ic h  i s  r e l e v a n t  t o  a l l  g e o lo g ic a l  

e n v iro n m e n ts ,  h a s  r e s u l t e d  i n  e f f o r t s  t o  d e v e lo p s  n u m e ric a l e x p re s s io n s  

b a s e d  on  e n g in e e r i n g  g e o lo g ic a l  p a ra m e te r s  w h ic h  a r e  r e l a t e d  t o  o b se rv e d  

s u p p o r t  r e q u ir e m e n ts  and r o c k  m ass b e h a v io u r  p a t t e r n s .  T h is  h a s  be en  

a t te m p te d  l a r g e l y  from  c a s e  h i s t o r y  s t u d i e s  a n d  i n  s i t u  e x a m in a tio n s  o f  

e x i s t i n g  e x c a v a t io n s .

F o r  a n  e n g in e e r i n g  r o c k  m ass c l a s s i f i c a t i o n  sy s te m  to  be u s e f u l  i n  

th e  d e s ig n  and  p r e - c o n s t r u c t io n  p h a s e s  o f  an  u n d e rg ro u n d  e x c a v a t io n ,  th e  

r e l e v a n t  p a ra m e te r s  m u st b e  o b t a in a b l e  d u r in g  th e  p r e - c o n s t r u c t  io n  s i t e  

i n v e s t i g a t i o n .  T hey  m u st a l s o  b e  m e a su re a b le  w i th  s u f f i c i e n t  a c c u ra c y  

to  p r o v id e  a  r e l i a b l e  c l a s s i f i c a t i o n  o f  t h e  ro o k  zaass. I n  a r e a s  w here 

s u r f a c e  r o c k  e x p o s u re s  may b e  m in im a l o r  n o n - e x i s t e n t ,  su c h  a s  u rb a n  

c e n t r e s  o r  w here  t h i c k  o v e rb u rd e n  o c c u r s ,  i n v e s t i g a t i o n  te c h n iq u e s  o th e r  

t h a n  c o re  d r i l l i n g  may n o t  b e  a b l e  t o  p r o v id e  s u f f i c i e n t l y  s p e c i f i c  d a t a  to  

a l lo w  th e  r o c k  m ass t o  b e  c l a s s i f i e d .  I n  o th e r  a r e a s ,  th e  d e p th  o f  c o v e r  

m ig h t p r e c lu d e  th e  r e l i a b l e  p r o j e c t i o n  o f  s u r f a c e  o b s e r v a t io n s  t o  th e  

p la n n e d  e x c a v a t io n  l e v e l .  I n  c a s e s  l i k e  t h e s e  th e  p a ra m e te r s  r e l e v a n t  

t o  a  p a r t i c u l a r  e n g in e e r in g  r o o k  m ass c l a s s i f i c a t i o n  sy s te m  may o n ly  be 

o b t a in a b l e  fro m  b o re  c o r e s .

The p e r t i n e n t  p o in t s  w h ic h  ne ed  to  be  e s t a b l i s h e d ,  t h e r e f o r e ,  a r e :

AD ........

X
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( i )  w h e th e r  t h e  r e q u i r e d  p a ra m e te r s  c an  b e  m easu red  

i n  b o r e c o re s  a n d , i f  s o ,

( i i )  .w h e th e r  t h e  r e s u l t s  b a s e d  th e re o n  a r e  s u f f i c i e n t l y  

r e l i a b l e  t o  b e  u s e f u l .

I t  i s  th e  a im  o f  t h i s  d i s s e r t a t i o n  to  t r y  t o  p r o v id e  a n sw e rs  t o  th e s e  

q u e s t io n s .

1 .2  S c o ra  o f  t h e  Work U n d er ta k en

Two r o c k  m ass c l a s s i f i c a t i o n  s y s te m s , d e v e lo p e d  b y  th e  G eom eohanics D iv ­

i s i o n  o f  t h e  S o u th  A f r ic a n  C o u n o il f o r  S c i e n t i f i c  and  I n d u s t r i a l  R e se a rc h , 

and  th e  N orw eg ian  G -e o te ch n ic a l I n s t i t u t e  r e s p e c t i v e l y ,  w ere  s e l e c t e d  f o r  

t h i s  s tu d y .  T hese  two s y s te m s  r e p r e s e n t  some o f  th e  m o st r e c e n t  c o n c e p ts  

i n  ro o k  c l a s s i f i c a t i o n  f o r  e n g in e e r i n g  p u r p o s e s .

T h roe  s m a l l  d ia m e te r  t u n n e l s  w i th  a d e q u a te  b o r e h o le  c o v e ra g e  w ere 

a v a i l a b l e  f o r  e x a m in a t io n . T hey  a r e  a l l  lo c a t e d  in  low  to  medium s t r e s s  

e n v iro n m e n ts ,  b u t  d i s p l a y  a  v a r i e t y  o f  g e o lo g ic a l  c o n d i t i o n s .  Two o f  th e  

t u n n e l s  a r e  s i t u a t e d  in  t h e  Jo h a n n e sb u rg  a r e a  a n d  have  b e e n  e x c a v a te d  

th r o u g h  h a r d ,  c o m p e te n t and  r e l a t i v e l y  m a ss iv e  l a v a s  o f  th e  V e n te r sd o rp  

S u p e rg ro u p , and  th e  s t r a t i f i e d  and  la m in a te d  w e a th e re d  q n a x tz i t e s  and 

s h a l e s  o f  th e  W itw a te r s ra n d  S u p e rg ro u p  r e s p e c t i v e l y .  The t h i r d  tu n n e l  

i s  lo c a t e d  c lo s e  t o  P a a r l  i n  th e  Cape P ro v in c e  and  was e x c a v a te d  th ro u g h  

th e  Cape G r a n i t e s ,  and  th e  q u a x t z i t i c  s a n d s to n e s  o f  th e  M alm esbury  B eds.

B o re h o le  c o r e s  fro m  th e  v i c i n i t y  o f  e a c h  e x c a v a t io n  w ere  exam ined 

and  lo g g e d  i n  d e t a i l ,  w i th  p a r t i c u l a r  a t t e n t i o n  b e in g  d e v o te d  to  a n  e v a l ­

u a t i o n  o f  th e  num ber o f  j o i n t  s e t s  and  th e  c o n d i t io n  o f  th e  j o i n t  s u r f a c e s .  

The o th e r  p a ra m e te r s  r e l e v a n t  t o  th e  two c l a s s i f i c a t i o n  sy s te m s  w ere  a l s o  

e v a lu a te d  a s  f a r  a s  p o s s ib l e  fro m  th e  b o r e c o r e s .  The r o c k  m ass a t  e a c h  

s i t e  w as t h e n  c l a s s i f i e d  a c c o rd in g  to  th e  m ethod  o u t l i n e d  f o r  e a c h  c l a s s ­

i f i c a t i o n  s y s te m , u s in g  t h e s e  r e s u l t s .

The i n t e r s e c t i o n  p o i n t s  o f  th e  b o r e h o le s  w ere  th e n  v i s i t e d  u n d e r ­

g ro u n d  and  b y  m eans o f  d e t a i l  l i n e  j o i n t  s u r v e y s  and v i s u a l  e s t im a te s  th e  

v a r io u s  c l a s s i f i c a t i o n  p a ra m e te r s  f o r  th e  two sy s te m s  w ere  a g a in  a s s e s s e d .  

H ie  ro o k  m ass a t  e a c h  s i t e  w as c l a s s i f i e d  a g e in  u s in g  th e  i n  s i t u  d a t a .

The s u p p o r t  m e asu re s  a d o p te d  a t  e a o h  s i t e  u n d e rg ro u n d  w ere a l s o  re c o rd e d .

F o r  e v a lu a t io n  j .u r p o s e s  i t  was assum ed t h a t  th e  i n  s i t u  c l a s s i f i c ­

a t i o n s  f o r  e a c h  sy s te m  w ere  t r u l y  r e p r e s e n t a t i v e  o f  th e  r o c k  m ass con ­

d i t i o n s  a t  e a c h  s i t e .  The i n  s i t u  r e s u l t s  w ere  com pared  w i th  th e  b o r e h o le

/ r e s u l t s ...................... ......
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r e s u l t s  i n  o r d e r  t o  e s t a b l i s h  th e  r e l i a b i l i t y  o f  th e  l a t t e r .  C om parisons 

w ere  a l s o  mad-’ b e tw ee n  th e  b o r e h o le  and  i n  s i t u  r a t i n g s  o f  in d iv i d u a l  p a r a ­

m e te r s  i n  o r d e r  t o  e x p la in  a n y  d i s c r e p a n c i e s  n o te d  b e tw een  th e  b o r e h o le  and 

i n  s i t u  c l a s s i f i c a t i o n s .  C om parisons b e tw ee n  th e  s u p p o r t  p r e d i c t i o n s  i n  

e a c h  c a s e  w ere  a l s o  u n d e r ta k e n .  L a s t ly  th e  r e s u l t s  fro m  eao h  c l a s s i f i c ­

a t i o n  sy s te m  w are com pared .

1 .3  2he D eve lopm en t o f  S n a in e e r ln g  Rook M ass C l a s s i f i c a t i o n  System s

F o r  a p p l i c a t i o n  to  e n g in e e r i n g ,  r o c k  m ass c l a s s i f i c a t i o n  sy s te m s  sh o u ld  

n o t  o n ly  e x p re s s  th e  r e l e v a n t  c h a r a c t e r i s t i c s  o f  th e  r o c k  m ass i n  m ean ing ­

f u l  te rm in o lo g y , b u t  s h o u ld  a l s o  r e l a t e  to  a c t u a l  e n g in e e r in g  p ro b lem s.

I n  u n d e rg ro u n d  e x c a v a t io n s ,  th e  s t a b i l i t y  o f  th e  r o c k  m ass i n  te rm s  o f  i t s  

s ta n d - u p  t im e ,  th e  e x c a v a t io n  d im e n s io n s , and  i t s  b e h a v io u r  w i th  r e s p e c t  

to  i n s t a l l e d  s u p p o r t s ,  i s  a  m a jo r  c o n s id e r a t i o n .  T hose c h a r a c t e r i s t i c s  

o f  th e  ro o k  m ass w h ic h  in f lu e n c e  th e  e x c a v a t io n  m ethod and  equ ip m en t t o  

by  u se d  a r e  a l s o  im p o r ta n t  to  th e  d e s ig n  e n g in e e r  and  c o n t r a c t o r .

B e fo re  d i s c u s s in g  th e  d e v e lo p m e n t o f  r o c k  m ass c l a s s i f i c a t i o n  s y s te m s , 

i t  i s  p e r t i n e n t  to  d i f f e r e n t i a t e  b e tw ee n  th e  te rm s  'r o c k  m a t e r i a l '  and  

'r o c k  m a s s '.  The fo rm e r  r e f e r s  to  th e  c o n tin u o u s  body  o f  r o c k  b e tw een  

j o i n t s  and  f a u l t s  e t c .  w h ich  c o n s i s t s  o f  one  l i t h o l o g i o a l  u n i t ^ .  The 

l a t t e r  r e f e r s  t o  a n  e n t i r e  s t r u c t u r a l  u n i t  o f  r o c k  in c lu d in g  a n y  j o i n t s  

o r  f a u l t s  w h ic h  may b e  p r e s e n t  and  o a n  in c lu d e  d i f f e r e n t  l i t h o l o g i e s .

I n  a n  u n d e rg ro u n d  e x c a v a t io n  th e  b e h a v io u r  o f  th e  r o c k  m ass i s  more im ­

p o r t a n t  th a n  th e  r o o k  m a t e r i a l ,  b u t  i t  i s  n e v e r th e l e s s  o f  i n t e r e s t  to  

b r i e f l y  exam ine  some a s p e c t s  o f  r o c k  m a t e r i a l  c l a s s i f i c a t i o n  i n  o r d e r  t o  

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

o f  c l a s s i f y i n g  r o c k  m a sse s .

1 . 3 . 1  Rock M a te r i a l  C l a s s i f i c a t i o n  

One o f  th e  b a s i c  e le m e n ts  o f  a n y  g e o lo g ic a l  r o c k  c l a s s i f i c a t i o n  i s  th e  

'r o c k  t y p e ' .  A p u r e ly  g e o lo g i c a l  d e s c r i p t i o n  o f  a  r o c k  m a te r i a l  w i l l  

u s u a l l y  i n c lu d e  r e f e r e n c e  t o  i t s  c o lo u r ,  t e x t u r e  and m in e ra lo g y , and  w i l l  

b e  a d e q u a te  to  c l a s s i f y  i t  i n t o  i t s  r e l e v a n t  l i t h o l o g i o a l  g ro u p . D i f f e r ­

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

h a s  b e e n  p o s s ib l e  t o  g ro u p  them  a c c o r d in g ly .  An exam ple  o f  t h i s  ty p e  o f  

l i t h o l o g i o  g ro u p in g  i s  t h a t  p ro p o se d  by  H a n d i n ^ ,  T ab le  1 .1 .

C l a s s i f i c a t i o n  o f  ro o k  m a t e r i a l  i n  te rm s  o f  m e c h a n ic a l p r o p e r t i e s

/ a l o n e   ......................
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TABLS 1 .1  

LliPKOLOGICAL CLASSIFICATION OF HOCK

ly p e Rook M a te r ia l

1 U n f o l ia t e d  ig n e o u s  and  m etsm orph ic  r o c k s ,  q u a r t z i t e ,  
h i g h l y  s i l io a o e m e n te d  s a n d s to n e ;

2 S l a t e  and  h l ^ i l y  i n d u r a t e d  s h a l e ;

3 D o lo m ite ;

4 t i e r a t e l y  w e l l  cem en ted  s a n d s to n e ;

5 i, z - to n e ;

6 Sc" . . . ,  s h a l e ,  in d a to n e ,  and  p o o r ly  in d u r a t e d  s i l t s t o n e ;

7 S a l t  , -'4 gypsum .

A f t e r :  E a n d in , 1966

TABLE 1 .2  

CLASSIFICATION OF ROCK MATEKTALS 

BASED ON TJNCONFIN5P COMFRBSSIYE STRBHGTH

U n ia x ia l  c o m p re s s iv e  s t r e n g th
R anges f o r  some 

common r o c k  m a te r i a l sTerm Symbols MPa

V ery  w eak < 7 8 » | 5
S  MS ig

1 0  l+>
■s kS

Medium s t r o n g

S tro n g 70-140 U
5

V ery  s t r o n g >14° 1 3 | |

S ta p le d o n , 1968



a lo n a ,  s u c h  a a  t h e  u n i a x i a l  c o m p re s s iv e  s t r e n g th  and  th e  m odu lus o f  

e l a s t i c i t y ^  h av e  be en  d e v e lo p e d , b u t  a  c o m b in a t io n  o f  th e  l i t h o l o g i o  

a n d  m e c h a n ic a l  c l a s s i f i c a t i o n .  , a s  su g g e s te d  b y  S ta p le d o n ^ " ^ , i s  p r o b a b ly  

t h e  m ost u s e f u l .  T ab le  1 . 2 .  d i s c o n t i n u i t i e s  be tw ee n  th e  r o c k  m a te r ia l  

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

a t i v e l y  a s  s u g g e s te d  by  G o o d m a n ^ .  T h is  l a t t e r  c l a s s i f i c a t i o n  i s  b a se d  

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

u i t y  s u r f a c e s ,  T a b le  1 .3  and P i g .  1 .1 .

I n  te rm s  o f  t h e i r  a p p l i c a t i o n  to  r e a l  p ro b lem s th e s e  c l a s s i f i c a t i o n s  

a r e  o f  l i m i t e d  p r a c t i c a l  v a lu e .  H ow ever, th e y  p ro v id e  a  b e t t e r  u n d e r ­

s t a n d in g  o f  th e  in d iv i d u a l  p a ra m e te r s  w h ic h  in f lu e n c e  th e  b e h a v io u r  o f  

t h e  r o c k  m ass a s  a  w hole  and a r e  com b ined , to g e th e r  w i th  o t h e r  r e l e v a n t  

p a ra m e te r s , ,  f o r  exam p le  th e  g ro u n d  w a te r  c o n d i t i o n s  and  num ber o f  j o i n t  

s e t s ,  to  fo rm  th e  b a s e s  f o r  r o c k  m ass c l a s s i f i c a t i o n  sy s te m s .

1 .5 * 2  Rock  M ass C l a s s i f i c a t i o n

So many d i f f e r e n t  m e thods h av e  b e e n  d e v e lo p e d  f o r  c l a s s i f y i n g  r o c k  m asses 

f o r  e n g in e e r i n g  p u r p o s e s  t h a t  i t  i s  iir  'a s i b l e  t o  d e s c r ib e  them  a l l .

O n ly  th e  m ore im p o r ta n t  sy s te m s , w h ich  i l l u s t r a t e  th e  develo p m e n t o f  

c l a s s i f i c a t i o n  sy s te m s  f o r  u n d e rg ro u n d  e x c a v a t io n s  a r e  t h e r e f o r e  d i s ­

c u s se d  h e r e .

I n  1946> T e r z a g h i^ ^  p ro p o se d  a  sy s te m  o f  r o c k  m ass c l a s s i f i c a t i o n  

b a s e d  o n  r o c k  lo a d s  e x p e c te d  t o  a c t  on  s t e e l  s u p p o r ts  i n  t u n n e l s .  He 

u se d  th e  te rm  'r o c k  l o a d ' t o  i n d i c a t e  th e  h e ig h t  o f  th e  r o c k  m ass w hich 

w ould te n d  to  d ro p  o u t  o f  th e  r o o f  o f  th e  e x c a v a t io n  i f  l e f t  u n s u p p o r te d , 

a n d  e x p re s s e d  i t  i n  te rm s  o f  th e  tu n n e l  w id th  (B ) and  h e ig h t  (H ) , He 

d e s c r ib e d  s e v e n  r o c k  c o n d i t i o n s ,  T a b le  1 . 4 .  and  e s t im a te d  th e  ro o k  lo a d s  

a p p r o p r i a t e  t o  e a c h . T ab le  1 .5 -  The r o c k  c o n d i t io n s  w ere  b a s e d  on  th e  

s t r u c t u r a l  i n t e g r i t y  and  d e fo r m a tio n  o h a r e s t e r i s t i o s  o f  t h e  r o c k  m ass. 

L i th o l o g ic a l  d i f f e r e n c e s  w ere  n o t  c o n s id e r e d  e x c e p t  w here im p l ie d  by  

s t r u c t u r a l  d i f f e r e n c e s .  G e n e ra l iz e d  s u p p o r t  rec o m m e n d atio n s w ere  a l s o  

g iv e n  f o r  e a c h  r o c k  c o n d i t io n .

A lth o u g h  o f  l i m i t e d  a p p l i c a t i o n  to  m odern  t u n n e l l i n g ,  w here more 

u s e  i s  made o f  a h o tc r e t e  and  r o o k b o l t s  f o r  s u p p o r t ,  th e  c o n c e p t o f  r e l a t ­

i n g  o b se rv e d  r o c k  phenom ena to  th e n  p r a c t i s e d  te c h n o lo g y  h a s  b e e n  ad o p ted  

b y  many c l a s s i f i c a t i o n  sy s te m s  s in c e ,  A m a jo r  c r i t i c i s m  o f  th e  sy s te m  

w as made b y  C o a te s ^ " ^  and h a s  b e e n  r e p e a t e d  b y  many a u th o r s  w ith o u t 

comment. The b a s i s  o f  th e  c r i t i c i s m  was t h a t  th e  sy s te m  gave d i f f e r e n t  

r o c k  c l a s s i f i c a t i o n s  f o r  th e  same ro o k  i n  d i f f e r e n t  s iz e  t u n n e l s ,  ev en

/th o u g h  ...............................
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CLASSIFICATION OP DISCCKTIEmiTIES

Type Type o f  S u r f a c e s P eak  T a n g e n tia l  
D isp la c e m e n t S t i f f n e s s

R a t io :  P eak  
S t re n g th  

t o  R e s id u a l  
S t r e n g th

1 H ea le d  j o i n t s  a n d  i n c i p i e n t  j o i n t s 0 ,3 5 ,9 A 0 * 3 ,0

2 C le a n  sm ooth  f r a c t u r e s  
p o l i s h e d < 0 ,1 5 ,9x10 1 ,1
u n p o lis h e d  ( ro u g h  saw c u t ) 0 ,2 1 ,3 x 1 0 1 ,2

3 C le a n , ro u g h  f r a c t u r e s  
d i s t u r b e d  s a m p le s 2 ,0 1 , 3x 10 1 ,7 5
u n d is t u r b e d  sa m p le s 8 ,0 1 , 0x 10 1 ,7 5

4 F i l l e d  j o i n t s ,  s h e a r e d  z o n e s , s h a le  
p a r t i n g s ,  and  sm ooth  b e d d in g  

d r y  o r  s l i g h t l y  m o is t 1 ,2 2 , 2x 10 1 ,5
w e t ;  t h i n  seam 2 ,6 1 ,5x10 0 , 6
w e t; t h i c k  seam 3 ,0 8 ,0 1 ,0

A f t e r :  Goodman, 1970

1 ,SMOOTH FRACTURES

DISPLACEMENT (CM) 

TVPE 3-CLEAN,S008H

DISPLACEMENT (CM)

DISPLACEMENT (CM) OISPLflCEMENT (CM)

Altai: GOQCMAN 1970

T y p ic a l  S t r e s s - d ia p la c e m e n t  R e la t i o n s h ip s  i n  S h e a r  f o r  
V a r io u s  T ypes o f  D i s c o n t in u i t i e s



TABLE 1 .4  

ROCK MASS CLASSIFICATION TOR TUMlffiLLPIG

I n t 3£ t  r o c k  c o n ta in s  n e i t h e r  j o i n t s  n o r  h a i r  c r a c k s .  H ence i f  i t  
b r e a k s  i t  b r e a k s  a c r o s s  sound, r o c k .  On a c c o u n t o f  th e  i n j u r y  to  t h e  r o c k  
due  to  " b la s t in g ,  s p a l l s  may d ro p  o f f  th e  r o o f  s e v e r a l  h o u rs  o r  d a y s  a f t e r  
b l a s t i n g .  T h is  i s  known a s  e p a l l i n g  c o n d i t io n .  H ard , i n t a c t  r o c k s  may 
a l s o  b e  e n c o u n te re d  i n  th e  p o p p in g  c o n d i t io n s  in v o lv i n g  th e  s p o n ta n e o u s  
and  v i o l e n t  d e ta c h m e n t o f  r o c k  s l a b s  froze s i d e s  o r  r o o f .

S t r a t i f i e d  r o c k  c o n s i s t s  o f  i n d i v i d u a l  s t r a t a  w i th  l i t t l e  o r  no  r e ­
s i s t a n c e  a g a i n s t  e a p a r u t io n  a lo n g  th e  b o u n d a r ie s  be tw ee n  s t r a t a .  The 
s t r a t a  may o r  may n e t  b e  w eakened b y  t r r i s v e r s e  j o i n t s .  I n  su c h  r o c k ,  
-he s p a l l  i n g  c o n d i t i o n  i s  q u i t e  common.

M o d e ra te ly  . jo in t e d  r o c k  c o n ta in s  j o i n t s  and  h a i r  c r a c k s ,  b u t  th e  
b lo c k s  b e tw ee n  j o i n t s  a r e  l o c a l l y  g row n  to g e th e r  o r  so  i n t i m a t e ly  i n t e r ­
lo c k e d  t h a t  v e r t i c a l  w a l l s  do n e t  r e q u i r e  l a t e r a l  s u p p o r t .  I n  ro o k s  o f  
t h i s  ty p e  b o th  th e  s p a l l i n g  and  th e  p o p p in g  c o n d i t i o n  may b e  e n c o u n te re d .

L lo a k v  and  seam y r o c k  c o n s i s t s  o f  c h e m ic a l ly  i n t a c t  u r  a lm o s t i n t a c t  
r o c k  f ra g m e n ts  w h ich  a r e  e n t i r e l y  s e p a r a t e d  fro m  e a c h  o th e r  and im p e r­
f e c t l y  i n t e r l o c k e d .  I n  su c h  r o c k  v e r t i c a l  w a l l s  may r e q u i r e  s u p p o r t .

C ru sh e d  b u t  c h e m ic a l ly  i n t a c t  r o c k  h a s  th e  c h a r a c t e r  o f  a  c r u s h e r  
r u n .  I f  m o st o r  a l l  o f  th e  f ra g m e n ts  axe  a s  s m a ll  a s  f i n e  sa n d  g r a in s  
and  no re c e m e n ta t io n  h a s  i . k e n  p l a c e ,  c ru s h e d  r o c k  be low  th e  w a te r  t a b l e  
e x h i b i t s  th e  p r o p e r t i e s  o f  a  w a t e r - b e a r in g  s a n d .

S q u e e z in g  r o c k  s lo w ly  a d v a n c e s  i n to  th e  tu n n e l  w ith o u t  p e r c e p t i b l e  
volum e i n c r e a s e .  P r e r e q u i s i t e  f o r  sq u e e z e  i s  a  h ig h  p e rc e n ta g e  o f  m ic ro ­
s c o p ic  and  s u b -m ic ro s c o p ic  p a r t i c l e s  o f  m ic ac eo u s  m in e r a ls  o r  o f  c l a y  
m in e r a ls  w i th  a  low  s w e l l in g  c a p a c i ty .

S w e ll in g  r o c k  a d v a n c e s  i n t o  th e  tu n n e l  c h i e f l y  on  a c c o u n t o f  e x p an ­
s io n .  The c a p a c i ty  to  s w e l l  seem s to  b e  l i m i t e d  t o  th o s e  r o c k s  w h ich  
c o n ta in  c l a y  m in e r a ls  su c h  a s  m o n tm o r i l lo n i te , w ith  a  h ig h  s w e l l in g  
c a p a c i ty .

I n  p r a c t i c e  t h e r e  a r e  no s h a rp  b o u n d a r ie s  b e tw ee n  th e s e  r o c k  c a t e ­
g o r i e s  and  th e  p r o p e r t i e s  o f  th e  r o c k s  i n d i c a t e d  by  e a c h  one o f  th e s e  
te rra s  c an  v a r y  b e tw ee n  w ide  l i m i t s .

T e r z a g h i ,  1946



TABLE 1 .5

aocK  m s s  c l a s s if ic a t io n  top, tdm nsllisg

Rook c o n d i t io n Rock lo a d  ^  ( m e t re s ) Seraatics

1 . Hazd and i n t a c t z e ro L ig h t  l i n i n g ,  r e q u i r e d  
o n ly  i f  s p a l l i n g  o r  pop p ­
in g  o c c u r s

2 .  H ard  s t r a t i f i e d  
o r  s c h i s to s e 0 to  0 ,5 B L ig h t  su p p o r t

M a ss iv e , m o d e ra te ­
l y  j o in t e d 0  to  0 , 25* Load change e r r a t i c a l l y  

fro m  p o in t  t o  p o in t

4 .  M o d e ra te ly  b lo c k y  
and  seam y 0 ,2 5 3  to  0 ,5 5 ( 3 + 3 ) No s id e  p r e s s u r e

5 .  V ery  b lo c k y  and ( 0 ,3 5  to  1 ,1 0 )  (B+H) L i t t l e  o r  no s id e  
p r e s s u r e

6 .  C o m p le te ly  c ru s h e d  
b u t  c h e m ic a l ly  i n - 1 ,1 0  (B+H)

C o n s id e r a b le  s id e  
p r e s s u r e .  S o f te n in g  
e f f e c t  o f  se ep a g e  t o ­
w ards b o tto m  o f  tu n n e l  
r e q u i r e s  e i t h e r  c o n t in ­
u o u s  s u p p o r t  f o r  lo w e r  
en d s o f  r i b s  o r  c i r c u l a r

7 . S q u e e z in g  ro c k , 
n o d e r a te  d e p th

8 .  S q u e e z in g  r o c k ,  
g r e a t  d e p th

( 1 ,1 0  to  2 ,1 0 )  (B+H) 

( 2 ,1 0  to  4 ,5 0 )  (2+ 2)

H eavy s id e  p r e s s u r e ,  i n ­
v e r t  s t r u t s  r e q u i r t J . .  
C i r c u l a r  r i b a  a r e  recoazs-

9 .  S w e ll in g  r o c k Up to  80a  i r r e s p e c ­
t i v e  o f  v a lu e  o f  
(B+H)

C i r c u l a r  r i b a  r e q u i r e d .  
I n  e x tre m e  c a s e s  u se  
y i e l d i n g  s u p p o r t .

A f t e r :  T e r a a g h i ,  1946

* a o o k  lo a d  P i s  g iv e n  a s  a  f u n c t i o n  o f  th e  tu n n e l  w id th  B and  tu n n e l  
h e ig h t  H , b o th  i n  m e t r e s ,  a t  a  d e p th  o f  n o r e  th a n  1 ,5  (B+H). Tha r o o f
o f  t h e  tu n n e l  i s  assum ed t o  "bs l o c a t e d  be lo w  th e  w a te r  t a b l e .  I f  i t
i s  l o c a t e d  p e rm a n e n t ly  above th e  w a te r  t a b l e ,  thn v a lu e s  g iv e n  f o r  
ty p e s  4 t o  6  c an  "be r e d u c e d  b y  f i f t y  p e r  c e n t .



th o u g h  a  s m a l le r  t u n n e l  m ig h t r e q u i r e  no s u p p o r t ,  w h ile  a  l a r g e r  one 

m ig h t  n e e d  s u p p o r t .  I t  was C o a te s ’ c o n te n t i o n  t h a t  th e  same r o c k  sh o u ld  

ha v e  th e  came c l a s s i f i c a t i o n  r e g a r d l e s s  o f  t h e  n a tu r e  o f  th e  e n g in e e r in g  

s t r u c t u r e .

The p r e s e n t  a u th o r  a g r e e s  w ith  t h i s  c o n te n t i o n  b u t  f e e l s  t h a t  T e r -  

s a g h i 's  c l a s s i f i c a t i o n  l a r g e l y  f u l f i l l e d  t h i s  r e q u ir e m e n t .  F o r  a  p a r t i ­

c u l a r  r o c k  c o n d i t i o n ,  i t  i s  t h e  r o c k  lo a d  w h ic h  v a r i e s  a c c o rd in g  to  th e  

e x c a v a t io n  d im e n s io n s ;  th e  r o c k  c o n d i t io n  d o e s  n o t  v a r y  a p p r e c i a b ly  no 

n a t t e r  w h a t th e  e x c a v a t io n  s i z e .  Ifo a llo w a n c e  i s ,  how ever, made f o r  

d i f f e r e n t  s u p p o r t  r e q u i r e m e n ts  i n  d i f f e r e n t  s i z e  t u n n e l s  v i t h  s i m i l a r  

r o c k  c o n d i t i o n s ,  a n d  i t  i s  p o s s ib l y  t h i s  a s p e c t  t o  w h ich  C o a te e  was r e ­

f e r r i n g .

The c o n c e p t  o f  a  b r id g e  a c t i o n  p e r io d ,  o r ,  th e  tim e  w h ic h  th e  u n ­

s u p p o r te d  s e c t i o n  o f  th e  tu n n e l  i s  s t a b l e  w i th o u t  s u p p o r t ,  w as a p p a r e n t ly  

f i r s t  su g g e s te d  b y  R a b c e w i c z ^ ^ .  T h is  id e a  was e x te n d e d  f u r t h e r  by 

L a u f f e r   ̂ who in t r o d u c e d  th e  c r i t e r i o n  o f  th e  e f f e c t i v e  sp a n  o f  th e  

u n s u p p o r te d  r o c k  m a ss . L a u f f e r  d e f in e d  s e v e n  r o c k  ty p e s  ( d e s ig n a te d  

A -G ), u s in g  s i m i l a r  s t r u c t u r a l  c h a r a c t e r i s t i c s  t o  T e r z a g h i ,  T a b le  1 .6 ,

F o r  e a c h  r o c k  ty p e  h e  gave  th e  e x p e c te d  b r id g e  a c t io n  p e r io d  and  e f f e c t ­

i v e  u n s u p p o r te d  sp a n  to g e th e r  w ith  s u p p o r t  r e c o m m e n d a tio n s , T a b le  1 .7 .

The c l a s s i f i c a t i o n  sy s te m  w as a l s o  p r e s e n te d  g r a p h ic a l ly ,  F i g .  1 .2 .  The 

s u p p o r ts  c o v e re d  b y  L a u f f e r  in c lu d e  s h o t e r e t e ,  r o c k b o l t i n g  and b o th  s t e e l  

and  t im b e r ,  m ak in g  th e  c l a s s i f i c a t i o n  sy s te m  more a p p l i c a b l e  t o  m odern 

t u n n e l l i n g  m e th o d s . H ow ever, i t  r e m a in s  v e r y  e m p ir ic a l  i n  i t s  ap p ro a ch . 

B i e n i a . t a k i 's * " ^  c r i t i c i s m  o f  th e  sy s te m  w as b a se d  on  th e  f a c t  t h a t  th e  

b r id g e  a c t i o n  p e r io d  and e f f e c t i v e  u n s u p p o r te d  sp a n  a r e  d i f f i c u l t  to  

e s t a b l i s h .  I t  a p p e a rs  t o  th e  p r e s e n t  w r i t e r ,  h o w ev e r, t h a t  i t  was n o t  

in te n d e d  t h a t  t h e s e  p a ra m e te r s  s h o u ld  b e  m e asu re d , and t h a t  t h e y  w ere 

g iv e n ,  r a t h e r ,  a s  t y p i c a l  v a lu e s  r e p r e s e n t a t i v e  o f  e a c h  r o c k  t y p e .

L a u f f e r 's  c l a s s i f i c a t i o n  sy s te m  was m o d if ie d  b y  U n d e r w o o d ^ ^  to  in c lu d e  

t y p i c a l  U n co n f in e d  C o m p ressiv e  S t r e n g th  v a lu e s  f o r  e a c h  r o c k  ty p e  t o ­

g e th e r  w i th  t h e i r  a n t i c i p a t e d  Rock Q u a l i ty  D e s ig n a t io n .

The R ock  Q u a l i t y  D e s ig n a t io n  (RQD) w as d e v e lo p e d  b y  D e e r e f o r  

d e s c r ib in g  th e  r o c k  q u a l i t y  fro m  b o re  c o r e s .  I t  i s  a  m o d if ie d  c o re  

r e c o v e r y  and  i s  g iv e n  b y  th e  p e r  c e n t  o f  ICC d ia m e te r  c o re  r e c o v e r e d  i n  

10 c e n t im e t r e ,  o r  g r e a t e r ,  l e n g th s .  The r o c k  q u a l i t y  c l a s s i f i c a t i o n  

p ro p o se d  b y  D eere  u s in g  th e  RQP i s  p r e s e n te d  i n  T a b le  1 .8 .

/T a b le  1 .6



TABLE 1 .6

ROCK DSSIGilfvTION FOR ROCK MASS CLASSIFICATION

Rook Type Rook Q u a l i ty

S o l id ,  h ig h  s t r e n g t h ,  w id e ly  sp a ce d

M a ss iv e , medium s t r e n g th

0 F o l i a t e d  o r  s t r a t i f i e d ,  h ig h  s t r e n g th  
m o d e ra te ly  j o i n t e d

1 B lo e k y , medium s t r e n g t h ,  c l o s e l y  
j o in t e d

= B lo ek y  a n d  seam y, low  s t r e n g th ,  
c l o s e l y  be d d ed  and jo in t e d

r V ery  b lo e k y  and  seam y, low  s t r e n g th

0 S q u e e z in g  a n d  s w e l l in g ,  v e ry  low 
s t r e n g t h ,  h i g h ly  f r a c t u r e d  and  s h e a re d

A f t e r :  L a u f f e r ,  I9 6 0





Application of rock mass classification after La offer
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TABLE 1 .8  

ROCK Q M LlTy CLASSIFICATION

Rock Q u a l i ty HQD 
( p e r  c e n t )

A pproxim ate  
T u n n e lm an 's  C l a s s i f i c a t i o n

E x c e l l e n t 5 0 - 1 0 0

Good 7 5 - 9 0 M a ss iv e , m o d e ra te ly  j o in t e d

P a i r 50 -  75 B lo ck y  and  seamy

P o o r 25 -  50 S h a t t e r e d ,  v e r y  b la c k y  a n d  seam y

V e ry  p o o r 0 - 2 5 C rushed

A f t e r ;  D ee re , 1968

The HQD w as s u b s e q u e n t ly  u s e d  b y  D eere  e t  a s  a  b a s i s  to  p ro v id e

g u id e l in e s  f o r  th e  s e l e c t i o n  o f  su p p o r t  sy s te m s  f o r  20 f t  ( 6 ,1  m) to  

40 f t  ( 1 2 ,2  m) d ia m e te r  ro o k  tu n n e l s ,  T a b le  1 . 9 .  S ix  r o c k  q u a l i t i e s  

w ere  u s e d ,  f o r  w hich  su g g e s te d  c o n s t r u c t io n  m e th o d s , r o c k  lo a d s ,  and 

a l t e r n a t i v e  s u p p o r t  sy s te m s  w ere  g iv e n .  The g u id e l in e s  g iv e n  by  D eere  

e t  a l ,  w ere  b a se d  on  th e  e x p e r ie n c e  o f  th o se  a u th o r s  and  on th e  r e s u l t s  

o f  f i e l d  m e asu re m en ts . T hey r e f l e c t  U n ite d  S t a t e s  t u n n e l l i n g  te c h n o lo g y  

i n  196 9 ^ ^  • A lth o u g h  th e  num ber o f  r o c k  c a t e g o r i e s  d i f f e r  f o r  t h i s  

and  L a u f f e r ' a c l a s s i f i c a t i o n  sy s te m , i t  i s  i n t e r e s t i n g  to  n o te  th e  g e n ­

e r a l  s i m i l a r i t i e s  i n  r o c k b o l l  s p a c in g  and  s h o tc r e t e  t h i c k n e s s  g iv e n  by

The BQD i s  a  r a p id  and  e a s y  m e thod  o f  e v a lu a t in g  th e  r o c k  m ass 

q u a l i t y  fro m  b o r e o o r a s ,  and  h a s  become i n t e r n a t i o n a l l y  a c c e p te d  a s  su c h . 

U n f o r tu n a te ly  i t  i s  v e r y  s e n s i t i v e  t o  t h e  d r i l l i n g  q u a l i t y ,  and  i f  t h i s  

i s  p o o r  i t  c o u ld  g iv e  c o m p le t e ly  e r r o n e o u s  r e s u l t s .  I t s  u s e  a s  a  b a s i s  

f o r  e v a lu a t in g  s u p p o r t  r e q u i r e m e n ts  i n  u n d e rg ro u n d  e x c a v a t io n s  in tr o d u c e d  

th e  i d e a  o f  u s in g  s i t e  i n v e s t i g a t i o n  d a t a  f o r  t h i s  p u r p o s e .

A d i f f e r e n t  a p p ro a c h  to  r o c k  c l a s s i f i c a t i o n  f o r  t u n n e l l i n g  w as p ro ­

p o se d  b y  I k e d a ^ ® ' from  h i s  s t u d i e s  on a b o u t s e v e n ty  J a p a n e se  t u n n e l s .

He o u t l i n e d  s e v e n  p r i n c i p a l  f a c t o r s  t o  b e  c o n s id e r e d  f o r  th e  c l a s s i f i c ­

a t i o n  o f  r o c k  c o n d i t i o n s ,  v i z . :

1 .  Rock Q u a l i ty

2 . D eg ree  o f  c ru s h in g

J .  W e a th e r in g  s t a t e

A-
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4 . P h y s ic a l  p r o p e r t i e s  o f  th e  r o c k

5 . E x p a n s iv e n e sa  o f  th e  ro c k

6 . W ater in f lo w

7 . D ep th  oelow  g ro u n d  s u r f a c e .

S ix  d i f f e r e n t  c l a s s e s  o f  r o c k  q u a l i t y  w ere  d e f in e d ,  w i th  e a c h  c l a s s  c o n ­

s i s t i n g  o f  l i t h o l o g l e a  w h ic h  I k e d a  c o n s id e r e d  to  b e  e q u iv a l e n t  a s  s t r u c ­

t u r a l  m a t e r i a l s .  Hock c o n d i t io n s  w ere  d e f in e d  f o r  e a c h  ro o k  q u a l i t y  

u s in g  th e  d i f f e r e n t  v e l o c i t i e s  o f  e l a s t i c  w aves i n  th e  r o c k .  M o d if i­

c a t i o n s  w ere  p o s s ib l e  t o  a c c o u n t  f o r  g ro u n d  w a te r  in f lo w  a n d  w e a th e r in g .  

S u g g e s te d  e x c a v a t io n  m e th o d s , pow der q u a n t i t i e s ,  s t e e l  a rc h  s p a c in g s  and 

c o n c r e te  l i n i n g  th i c k n e s s  w ere  p r o v id e d  to g e th e r  w ith  comments on th e  

s u i t a b i l i t y  o f  Rock T u n n e l B o r in g  M ach ines f o r  e a c h  r o c k  c o n d i t io n .

A lth o u g h  t h i s  sy s te m  i s  u n d o u b te d ly  r e l e v a n t  to  th e  c o n d i t io n s  from  

w h ic h  i t  w as d e v e lo p e d , i t  d o e s  n o t  seem  to  h a v e  much g e n e r a l  a p p l i c a t i o n .  

The r o c k  q u a l i t i e s ,  w hioh fo rm  th e  b a s i s  o f  th e  sy s te m , a p p e a r  to  b e  r e ­

l a t e d  t o  l o c a l  g e o lo g ic a l  c o n d i t i o n s  and  a r e  n o t  n e c e s s a r i l y  r e l e v a n t  

e ls e w h e re . T h is  a p p ro a c h , h o w ev e r, d i s p l a y s  a n  e x tre m e ly  good  u n d e r ­

s t a n d in g  o f  t h e  l o c a l  e n g in e e r in g  g e o lo g y  and  s h o u ld  p e rh a p s  s e rv e  a s  an 

exam ple  to  e n g in e e r i n g  g e o l o g i s t s  e ls e w h e re .  The u se  o f  e l a s t i c  wave 

v e l o c i t y  a s  a  m ethod  f o r  d e s c r ib in g  th e  r o c k  c o n d i t io n  i s  i n t e r e s t i n g  and 

i s  u s e d ,  t o g e t h e r  w i th  o t h e r  p h y s i c a l  p r o p e r t i e s  ( i . e .  d e n s i t y ,  P o i s s o n 's  

num ber, s h e a r  s t r e n g t h ,  t e n s i l e  s t r e n g t h  and  f r i c t i o n  a n g le ,  e t c . )  to  

c a l c u l a t e  th e  pow der q u a n t i t y ,  and  th e  s t r e s s e s  a c t i n g  on  th e  tu n n e l  

s u p p o r ts  u n d e r  p l a s t i c  and c o m p e te n t r o c k  c o n d i t i o n s .  A s i m i l a r  a p p ro a c h  

w as u s e d  b y  D e e n e y ^ ^  f o r  r o c k  m ass c l a s s i f i c a t i o n  fro m  o th e r  r o a d  and 

r a i l  t u n n e l s  i n  J a p a n .

The Rock S t r u c tu r e  R a t in g  (RSR) and R ib  R a t io  (RR) g ro u n d  su p p o r t  

p r e d i c t i o n  m odel ad v an c ed  b y  Wickham e t  a l ^ ^  p o s s ib l y  r e p r e s e n t s  th e  

f i r s t  m a jo r  a t te m p t  t o  s t a n d a r d i s e  r o o k  m ass c l a s s i f i c a t i o n s .  I n i t i a l l y  

i t  was b a s e d  on  s t u d i e s  o f  t h i r t y - t h r e e  t u n n e l s  b u t  was s u b s e q u e n t ly  up ­

d a te d  w i th  th e  i n c l u s i o n  o f  d a t a  fro m  tw e n ty  a d d i t i o n a l  p r o j e c t s ^

The f a c t o r s  a f f e c t i n g  th e  r o o k  s t r u c t u r e  w ere g ro u p ed  i n t o  two 

g e n e r a l  c a t e g o r i e s ,  v i s .  g e o lo g ic  a n d  c o n s t r u c t i o n .  I n  th e  f o rm e r , th e  

r o c k  ty p e ,  d i s c o n t i n u i t i e s ,  j o i n t  p a t t e r n  and  g ro u n d  w a te r  w ere  con ­

s id e r e d  and  i n  th e  l a t t e r  th e  s i z e  o f  t u n n e l ,  d r iv e  d i r e c t i o n  and  e x c a v ­

a t i o n  m ethod  w ere  in c lu d e d .  T h ree  p a ra m e te r s  (A, B and c )  w ere  d e f in e d  

fro m  c o m b in a t io n s  o f  t h e s e  f a c t o r s .  F o r  e a c h  p a ra m e te r ,  w e ig h te d  v a lu e s  

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

d i t i o n ,  T a b le  1 ,1 0 .  T hese  p a ra m e te r s  and  w e ig h tin g  v a lu e s  w ere  s e l e c t e d
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Rock structure rating. PARAMETER "A". Genera! Area Geology. Ms*, value jO 

Geological Structure

Hard Med. Suit

Massive
faulted

Moder-

g

Igneous 3 4

Metamorphic 3 4

Sedimentary 4

Type I 9

Type 2 a

Type 3 7

Type 4 15 6
Rating. PARAMETER "B". Joint Pali

Both With dip I Against dip

Dip of promirDip of prominent joir

Notes: Flat 0-20”; Dipping 20*-50*; Vertical 50”-90”. •

Anticipated 

(GPM/l000ft)

Sum ofparametcrs A-hB

13-44 45-75

joint condition

Good Fair Poor Good Poor

None • 12 IB

Slight (<200 gpm) 19 9 14

Moderate 
(200-1000 gpm) 7 12

Heavy (>1000 gpm) 8 6 14 10
Joint Condition: Cood ■■'Tight or Cemented; Fair • Slighllj Weathered or Altered. 
tv'Or-Srxerely Weathered, Altered, or Open. A f t e r : Wickham a t  a l ,  197



a f t e r  c o n s id e r a t i o n  o f  th e  t y p i c a l  g e o lo g ic a l  in f o r m a t io n  a v a i l a b l e  i n  

t h e  p r e - c o n s t r u c t i o n  p e r io d ;  ty p e s  o f  g e o lo g ic a l  i n v e s t i g a t i o n s  u se d  and 

r e l i a b i l i t y  o f  d e v e lo p e d  d a t a ;  m o st im p o r ta n t  g e o lo g ic  f a c t o r s  to  be 

c o n s id e r e d  w i th  r e s p e c t  t o  e f f e c t  on  ro o k  s t r u c t u r e ; m e thods o f  m e asu r­

i n g  th e  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  p r o p e r t i e s  o f  e a c h  f a c t o r ;  and th e  

r e l a t i v e  e f f e c t  on  g ro u n d  s u p p o r t  r e q u i r e m e n ts .  O nly  th e  m o st r e c e n t  

v a lu e s  f o r  e a c h  p a r a m e t e r ^ )  a r e  p r e s e n te d .  The S S R -value  f o r  a  p a r t ­

i c u l a r  r o c k  m ass c o n d i t i o n  i s  th e  n u m e r ic a l  sum o f  p a ra m e te r s  A, B and C 

w i th  i n c r e a s in g  v a lu e s  r e f l e c t i n g  i n c r e a s in g  r o o k  com petency  w i th  r e s p e c t  

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

The R ib  R a t io  ( tilt)  c o n c e p t was d e v e lo p e d  i n  o r d e r  to  c o r r e l a t e  RSR- 

v a lu e s  w i th  a c t u a l  s u p p o r t  i n s t a l l a t i o n s .  A datum  c o n d i t io n  was d e r iv e d  

fro m  T e r z a g h i ’ s ^ 0  ̂ fo rm u la  f o r  d e te r m in in g  r o o f  lo a d s  i n  lo o s e  sand  

be lo w  th e  w a te r  t a b l e ,  and u s in g  t a b l e s  p r e s e n te d  by  P r o c to r  and W hite 

t h e o r e t i c a l  r i b  s p a c in g s  w ere  d e te rm in e d  f o r  i t .  The r a t i o  o f  th e  th e o ­

r e t i c a l  da tum  r i b  s p a c in g  to  th e  a c t u a l  r i b  s p a c in g ,  m u l t i p l i e d  by  1 0 0 , 

i s  c a l l e d  t h e  R ib  R a t io .  The RSS/ilR r e l a t i o n s h i p  p r e s e n te d  i n  T ab le  1 .1 1 ,  

i s  b a s e d  o n  n e a r ly  200 d i f f e r e n t  s e c t i o n s  o f  f i f t y - t h r e e  tu n n e ls* ’ ’̂  a s  

a r e  th e  c o r r e l a t i o n s  b e tw ee n  RSR, tu n n e l  s i z e  and  r o c k  l o a d ,  T ab le  1 .1 2 , 

and  RSR, tu n n e l  s i z e  end  r i b  s p a c in g  f o r  d i f f e r e n t  r i b  s i z e s ,  T ab le  1 .1 $ .

The m a jo r i t y  o f  t h e  t u n n e l s  s tu d i e d  f o r  d e v e lo p in g  th e  RSR c l a s s i f i ­

c a t i o n  sy s te m  w ere  s u p p o r te d  w i th  s t e e l  r i b s .  I n s u f f i c i e n t  d a ta  was 

a v a i l a b l e  f o r  r e a s o n a b l e  c o r r e l a t i o n s  t o  b e  made b e tw een  H SR -values and 

r o c k b o l t  s p a c in g  o r  s h o t c r e t e  t h i c k n e s s .  E m p ir ic a l  r e l a t i o n s h i p s  b a se d  

o n  a v a i l a b l e  d a t a ,  w ere  su g g e s te d  h o w ev e r. T hese  a r e  p r e s e n te d  i n  F i g .  1 .3 ,  

to g e th e r  w i th  r i b  s p a c in g s  f o r  d i f f e r e n t  r i b  s i z e s .  An RSR a d ju s tm e n t 

f a c t o r  was a l s o  s u g g e s te d  f o r  m ach ine  b o re d  tu n n e l s .  F i g .  1 . 4 .

The RSR r o c k  m ass c l a s s i f i c a t i o n  sy s te m  r e p r e s e n t s  a n  im p o r ta n t 

a d v an c e  b e c a u s e  i t  i n t r o d u c e s  th e  id e a  o f  a s s ig n in g  w e ig h te d  v a lu e s  to  

v a r io u s  r e l e v a n t  p a ra m e te r s ,  i n  o r d e r  t o  o b t a in  a  t o t a l  r a t i n g  w hich 

d e s c r ib e s  th e  r o c k  m ass c o n d i t io n  i n  te rm s  o f  i t s  s u p p o r t  r e q u ir e m e n t .

I t  l a c k s  f l e x i b i l i t y ,  h o w ev e r, i n  t h a t  i t  i s  d e v e lo p e d  e s s e n t i a l l y  from  

s t e e l  r i b  su p p o r te d  t u n n e l s  o n ly  and  i s  th u s  d i f f i c u l t  t o  r e l a t e  to  

m odern  s u p p o r t  m e th o d s . The d e s c r i p t i o n s  u s e d  f o r  th e  r o c k  ty p e , g e o ­

l o g i c a l  s t r u c t u r e  and  j o i n t  c o n d i t i o n s  a r e  v e r y  s u b j e c t i v e .  T h is  i s  

n o t  c o n d u c iv e  t o  o b t a in in g  c o n s i s t e n t  r e s u l t s .  I n  g e n e r a l  te r ra s ,  how­

e v e r ,  i t  was f o u n d ^ 1  ̂ t h a t  p r e d i c t e d  s u p p o r ts  c o r r e l a t e d  re a s o n a b ly  

w e l l  w i th  a c t u a l  i n s t a l l e d  s u p p o r t s .  I t  h a s  b e e n  s u g g e s t e d ^ )  t h a t  

r o c k  ty p e  d e s c r i p t i o n s  u se d  i n  f u t u r e  d e v e lo p m e n ts  o f  th e  RSR co n ce p t

/s h o u l d  ..................................
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TABLE 1 .1 1  

HSR VALUES AND RIB RATIOS

| 37 | 30 |  24 | 18 | 13 | 8 | 4 | 0 | 

A f t e r :  W ickhaa  e t  a l ,  1976

TABLE 1 .1 2

ROCK STRUCTURE RATING. ROCK LOAD AM) TUNNEL DIAMETER

Tunnel (H'r) Rock loadon unnel arch (Ktfl-)

Si
0-5 4:0 6-0 7-0 100

Corresponding values 0/ rock structure ratings (RSR)

49-9 40-2

65-0 26-6

* 4 56-6 48-3 41-4 30-8 22-9 16-8

68-3 59-0 34-.4 20-4

610 47-6 37-6 29-9 18-8

20 70-4 49-9 40-2 21-6 17-4

22 0 4 42-7 a  3 16-4

65-0 59-0 44-7 26-6

66-1 60-3 46-7 39-6 28-8 24-6 20-9

73-0 66-9 56-6 48-3 41-4 30-B 26-6 22-9 lfi-8'

62-4 57-8 49-8 28-4 24-7 !8-6

A f t e r :  V/iokham e t  a l ,  1976
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A f t e r :  Wickham a t  a l ,  19?6
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M achine  O p e r a t io n



s h o u ld  r e l a t e  t o  conm only  u s e d  s t r e n g th  te rm in o lo g y .

The G eom achanics and  N orw eg ian  G e o te c h n ic a l  I n s t i t u t e ' s  (1T .G .I.)  

ro o k  m ass c l a s s i f i c a t i o n  sy s te m s  b o th  r e p r e s e n t  f u r t h e r  a d v an c es  i n  th e  

c o n c e p ts  a l r e a d y  d i s c u s s e d .  A lth o u g h  b o th  sy s te m s  w ere  d e v e lo p e d  i n ­

d e p e n d e n tly ,  t h e y  d i s p l a y  some b a s i c  s i m i l a r i t i e s .  The Ceom echanics 

System  r e p r e s e n t s  a  s y n th e s i s  o f  p r e v io u s  i d e a s ,  w h ile  th e  3 .G . I .  System , 

a l th o u g h  d ra w in g  on  p r e v io u s  c o n c e p ts ,  i s  q u i t e  u n iq u e  a s  a  r o c k  m ass 

c l a s s i f i c a t i o n  sy s te m . B o th  t h e s e  sy s te m s  a r e  d is c u s s e d  i n  more d e t a i l  

i n  th e  f o l lo w in g  s e c t i o n s .

1 .4  The G eom echan ics  System

The C eom echan ics  C l a s s i f i c a t i o n  System  o f  J o in t e d  S ock  M asses was f i r s t  

p ro p o se d  by  B ie n ia w s k i  i n  1 9 7 3 ^  • The m ain  p u rp o se  o f  th e  System  was 

to  com bine th e  b a s t  f e a t u r e s  o f  th e  v a r io u s  c l a s s i f i c a t i o n  sy s te m s  w hich  

h a d  b e e n  d e v e lo p s !  u p  to  t h a t  tim e  i n  o r d e r  t o  " e n s u re  e f f e c t i v e  commu­

n i c a t i o n  b e tw ee n  th e  e n g in e e r  and th e  g e o lo g i s t  and b e tw ee n  th e  d e s ig n e r  

and  th e  c o n t r a c t o r . "  The G eom echanics S y s tem  f o l lo w s  th e  same a p p ro a ch  

a s  t h a t  d e v e lo p e d  b y  Wiokham e t  a l ^ ’ 2 i n  t h a t  i t  i s  b a se d  on  w e ig h ted  

p a ra m e te r s  w h ich  a r e  a s s ig n e d  r a t i n g  v a lu e s  r e l a t e d  t o  t h e i r  r e s p e c t iv e  

c o n d i t i o n s .  T hese  v a lu e s  a r e  t o t a l l e d  t o  g iv e  a  Rock M ass R a t in g  (RMR) 

f o r  th e  r o c k  m ass a s  a  w h o le . A f t e r  i t s  i n i t i a l  i n c e p t i o n ,  s e v e r a l  

m o d i f ic a t io n s  w ere  made to  th e  G eom echanics C l a s s i f i c a t i o n  S y s t e m ^ '  2^ .  

T hese  in c lu d e d  c h a n g e s  t o  th e  num ber o f  p a ra m e te r s  u s e d ,  c h an g e s  t o  th e  

r a t i n g  v a lu e s  f o r  th e  i n d i v i d u a l  p a ra m e te r s ,  and  c h an g e s  t o  th e  RM R-values 

d e f in i n g  th e  v a r io u s  r o c k  c l a s s e s .

The r e q u ir e m e n ts  o f  a  r o c k  m ass c l a s s i f i c a t i o n  sy s te m  w ere  d e f in e d  

b y  B ie n ia w s k i^ 1^  a s  f o l lo w s :

i )  I t  s h o u ld  d iv id e  a  r o c k  m ass i n t o  g ro u p s  o f  

s i m i l a r  b e h a v io u r j  

i i )  i t  s h o u ld  p r o v id e  a  good b a s i s  f o r  u n d e r ­

s t a n d in g  th e  c h a r a c t e r i s t i c s  o f  th e  r o c k  m ass; 

i i i )  i t  s h o u ld  f a c i l i t a t e  th e  p la n n in g  and  d e s ig n  o f  

s t r u c t u r e s  i n  r o c k  by  y i e l d i n g  q u a n t i t a t i v e  d a t a  

r e q u i r e d  f o r  th e  s o l u t i o n  o f  r e a l  e n g in e e r in g  

prob lem s?

/ i v )
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i v )  i t  s h o u ld  p r o v id e  a  common b a s i s  f o r  e f f e c t i v e  

co m m u n icatio n  among a l l  p e r s o n s  c o n ce rn e d  w ith  

a  g e o m ec h an ic s  p ro b lem .

B a se d  on  t h e s e  r e q u ir e m e n ts  and  on th e  p re m ise  t h a t  th e  d e s ig n  o f  an 

e n g in e e r i n g  s t r u c t u r e  i n  r o c k  r e q u i r e s  p r i o r  s i t e  i n v e s t i g a t i o n ,  i t  was

i n g  th e  s i t e  e x p lo r a t i o n .  The f o l lo w in g  p a ra m e te r s  w ere  th e r e f o r e  i n ­

c o rp o r a t e d  i n t o  th e  sy s te m :

1 . Rock Q u a l i ty  D e s ig n a t io n  (RQD);

2 . S t a t e  o f  w e a th e r in g ;

3 . U n ia x ia l  C om pressive  S t r e n g th  o f  i n t a c t  r o c k ;

4 .  S p a c in g  o f  j o i n t s  o r  b e d d in g ;

5 . S t r i k e  and  d ip  o r i e n t a t i o n s ;

6 .  S e p a ra t io n  o f  j o i n t s ;

7 . C o n t in u i ty  o f  j o in t s ?

8 . G round w a te r  in f lo w .

E ac h  o f  t h e s e  p a ra m e te r s  w as d e f in e d  i n  c a t e g o r i e s  r e l a t e d  to  th e  g e n e r a l  

e n g in e e r i n g  q u a l i t y  o f  th e  r o c k .  P a ra m e te r  2 , th e  s t a t e  o f  w e a th e r in g  

o f  th e  r o c k ,  w as s u b s e q u e n t ly  com bined w i th  P a ra m e te r  3 , th e  u n i a x i a l  com­

p r e s s i v e  s t r e n g t h ,  to  g iv e  a  p a ra m e te r  c a l l e d  th e  's t r e n g t h  o f  i n t a c t  

r o c k  m a t e r i a l . '  The w e a th e r in g  p a ra m e te r  was r e t a in e d  on  th e  I n p u t  D a ta  

T b m , T ab le  1 .1 4 ,  s p e c i a l l y  d e s ig n e d  f o r  u s e  w ith  th e  G eom echanics System  

b e c a u s e  i t  was c o n s id e r e d  t o  b e  a  u s e f u l  g e o lo g ic a l  i d e n t i f i c a t i o n  p a r a -  

m e t e r ^ ) .  The p a ra m e te r s  u s e d  t o  d e s c r ib e  th e  s e p a r a t i o n  and  c o n t i n u i t y  

o f  j o i n t s  w ere  a l s o  com bined  i n t o  one param t r.v ' v th e  'c o n d i t i o n  o f  j o i n t s ' ,  

w h ic h  a l s o  in c lu d e d  an  a s s e s s m e n t  o f  t h e  jox.- t  ro u g h n e s s  and  th e  q u a l i t y  

o f  th e  j o i n t  w a l l  r o c k .  The p a ra m e te r s  f i n a l l y  s e l e c t e d  a r e  d e s c r ib e d

The r e l a t i o n s h i p  b e tw ee n  th e  n u m e r ic a l  RQD v a lu e s  and th e  ro o k  q u a l i t y ,  

a s  p ro p o se d  b y  D eere^ 1^ ,  w as u se d  ( r e f e r  T ab le  1 . 8 ) .  B ie n ia w s k i '1^  

comments t h a t  t h e  l i m i t a t i o n s  o f  th e  RQD a r e  t h a t  i t  d i s r e g a r d s  th e  i n ­

f lu e n c e  o f  j o i n t  c o n d i t i o n ,  c o n t i n u i t y  and  go u g e . I n  th e  f i r s t  two 

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

t h a t  th e  t h i r d  c a s e ,  i . e .  g o u g e , i s  i n d i r e c t l y  a c c o u n te d  f o r  i n  te rm s  o f

d e c id e d t h a t  th e  c l a s s i f i c a t i o n  p a ra m e te r s  s h o u ld  b e  o b ta in a b l e  du r-
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c o re  l o s s ,  s in c e  th e  RQD i s  a c t u a l l y  a  m o d if ie d  co. s r e c o v e r y  r e c o r d .

S t r e n g th  o f  I n t a c t  Rock M a te r ia l

B i e n i a w s k i s h o w e d  t h a t  a  num ber o f  c l a s s i f i c a t i o n s  f o r  r o c k  m a te r i a l  

s t r e n g t h  h a v e  b e en  p ro p o se d  b u t  d e c id e d  t h a t  t h e  one s. ig g e s te d  b y  D eere 

and  M i l l e r ^  was m o st r e a l i s t i c  and  c o n v e n ie n t .  A f t e r  s l i g h t  m o d if i­

c a t i o n s ,  i n  o r d e r  t o  con fo rm  t o  t h e  S I  m e t r ic  sy s te m  o f  u n i t s ^ \  and 

a f t e r  t a k in g  c o g n iz a n c e  o f  f u r t h e r  s u b d iv i s io n s  f o r  t h e  low  s t r e n g th  

( < 2 5  MPa) r o c k s  s u g g e s te d  by  W ilso n ^ 2^ ,  th e  f o l lo w in g  c l a s s i f i c a t i o n  

was a d o p te d t

TABLB 1 .1 5  

STRENGTH CLASSIFICATION OF INTACT ROCK

U n ia x ia l  C om pressive  
S t r e n g th  (MPa)

D e s c r ip t io n P o i n t - l o a d  S t re n g th  
In d e x  (MPa)

>  200 V ery  H igh  S t re n g th > 8

100 -  200 H igh  S t re n g th 4 - 8

50 -  100 Medium S t re n g th 2 - 4

2 5 - 5 0 Low S t re n g th 1 - 2

10 -  25 1
3 - 1 0 I V ery  Low S t re n g th

1 -  5 J

A f t e r :  B ie n ia w s k i ,  1974

S p a c in g  o f  J o i n t s

The j o i n t  s p a c in g  c l a s s i f i c a t i o n  p ro p o se d  b y  D eere^ 2"^  w as recommended 

f o r  u s e  i n  t h e  G eom echanics C l a s s i f i c a t i o n  S ys tem , and  i s  r e p ro d u c e d  i n  

T a b le  1 .1 6 .

/T a b le  1 .1 6  ......................
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TABLE 1 .1 6  

CLASSIFICATION FOR JOIMT SPACING

S p a c in g d e s c r i p t i o n Hook M ass G ra d in g

>  3 m S o l id

1 -  3 m M assive

0 ,3  -  1  n M o d e ra te ly  c lo s e B locky /seam y

50 -  530 mm F r a c tu r e d

< 50 mm V ery  c lo s e C rushed  and s h a t t e r e d

A f t e r ;  D ee re , I 96S

C o n d i t io n  o f  J o i n t s

The c o n d i t i o n  o f  th e  j o i n t s  w as d e s c r ib e d  w i th  r e f e r e n c e  to  t h e i r  c o n t in ­

u i t y ,  r o u g h n e s s ,  s e p a r a t i o n  and  w a l l  ro o k  q u a l i t y .  The c o n t i n u i t y  was 

d e s c r ib e d  a s  e i t h e r  n o n - c o n tin u o u s  o r  c o n tin u o u s ,  w i th  o r  w ith o u t  gouge . 

L au b sch e r^ ® '*  b a se d  h i s  a s s e s s m e n t  o f  j o i n t  c o n t i n u i t y  on  th e  j o i n t  le n g th  

r e l a t i v e  t o  th e  e x c a v a t io n  d i a m e te r ,  i . e .  "A j o i n t  i s  c o n tin u o u s  i f  i t s  

l e n g th  i s ,  g r e a t e r  th a n  one d ia m e te r  o f  th e  e x c a v a t io n ,  o r  t h r e e  m e t r e s . "

J o i n t  s e p a r a t i o n  w as d e f in e d  i n  te rm s  o f ,  0  mm; < 1  mm; 1 - 5  mm;

> 5  mm, w h ile  r o u g h n e s s  w as, v e r y  r o u g h ; s l i g h t l y  ro u g h ; o r  s l i c k e n s id e d . 

J o i n t  w a l l  r o c k  was d e s c r ib e d  a s  e i t h e r  h a rd  o r  s o f t .  F u l l  d e s c r ip t i o n s  

f o r  e a c h  c a te g o r y  c an  b e  s e e n  i n  T ab le  I . 1 9 .

G round W ater

G round w a te r  c o n d i t io n s  w ere  d e s c r ib e d  g e n e r a l l y ,  and i n  te rm s  o f  in f lo w  

p e r  t e n  m e t r e s  o f  tu n n e l  l e n g t h .  On th e  s u g g e s t io n  o f  P e l l s ^ 2 ' 1̂  c l a s s  

d i v i s i o n s  r e l a t e d  t o  th e  p o re  w a te r  p r e s s u r e ,  r u , w ere  a l s o  in c lu d e d  i n  

t h i s  p a ra m e te r .  B ie n ia w s k i^ 2^  p o in t s  o u t ,  how ever, t h a t  s u f f i c i e n t  

in f o r m a t i o n  to  c a l c u l a t e  th e  p o re  w a te r  p r e s s u r e  i s  o f t e n  n o t  a v a i l a b l e  

a n d  i n  su c h  c a s e s  th e  g e n e r a l  c o n d i t io n s  a r e  found  p r a c t i c a b l e .  The

/ d i f f e r e n t  .......... ................
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d i f f e r e n t  c a t e g o r i e s  a r e  g iv e n  in  T a b le  1 .1 9 .

J o i n t  O r i e n t a t i o n

I n  th e  i n i t i a l  p r o p o s a l  o f  th e  G eom echanics C l a s s i f i c a t i o n  S ys tem  th e  

e f f e c t  o f  s t r i k e  and  d ip  o r i e n t a t i o n s  on  th e  ro o k  m ass b e h a v io u r  w ere 

d e s c r ib e d  i n  te rm s  o f  e i t h e r  'f a v o u r a b l e '  o r  'u n f a v o u r a b le ' .  A f t e r  

comment b y  v a r io u s  members o f  th e  S o u th  A f r ic a n  S e c t io n  o f  th e  A s s o c ia t io n  

o f  E n g in e e r in g  G e o l o g i s t s ^ 0  ̂ t h i s  w as c l a r i f i e d w i t h  s l i g h t  m odi­

f i c a t i o n s ,  a lo n g  s i m i l a r  l i n e s  t c  th o s e  p ro p o se d  by  Wickham e t  a l ^ 2 0 ’ 2^  

f o r  t u n n e l l i n g  i n  r o c k .  T a b le  1 .1 7 .

TABLE 1 .1 7

THE EFFECT OF JOINT STO7KE ASP D IP ORIENTATIONS 
BOR TOSlBLLnC IN BOCK

S t r i k e  P e r p e n d ic u la r  t o  T u n n e l A xis S t r i k e  P a r a l l e l  
to  T u n n e l A x is

( i r r e s p e c -  

s t r i k e )

D riv e  w i th  D ip D riv e  A g a in s t  D ip

4 5 ° -9 0 ° 2 0 ° -4 5 O 45O-9 0 o 2 0 % 5 0 4 5 ° -9 0 o 2 0 ° -4 5 °

V ery  f a v ­
o u r a b le c u r a b le

P a i r B n fa v o u r-
fa v o u r a b le

U n fa v o u rab le

A f t e r :  B ie n ia w s k i ,  1974

As a l r e a d y  m e n tio n e d , th e  C eom echan ics  System  h a s  b e e n  m o d if ie d  i n  

s e v e r a l  w ays s in c e  i t s  i n i t i a l  in c e p t i o n .  T hese  m o d if ic a t io n s  a r e  i l l u s ­

t r a t e d  i n  T a b l e s l .1 8  -  1 .2 1 .  B i e n i a w s k i n o t e d  t h a t  th e  r a t i n g s  

a s s ig n e d  to  d i f f e r e n t  g ro u p s  o f  p a ra m e te r s  r e p r e s e n te d  d i f f e r e n t  p e r c e n t ­

a g e s  o f  th e  t o t a l  r a t i n g  v a lu e s .  The f o l lo w in g  g r o u p s , b a s e d  on  th e  

ty p e  o r  o r i g i n  o f  th e  d a t a ,  w ere  u se d :

P a r a m e te r s  1 and  2 : D a ta  o b ta in e d  fro m  b o r e c o r e s .

P a ra m e te r  3  : I n t a c t  Book S t re n g th .

P a r a m e te rs  4  and S : F i e ld  d a t a  on  J o i n t s .

P a r a m e te r s  3 ,  6  and 7 : Com bined G round W ate r E f f e c t .

B ie n ia w sk i a l s o  n o te d  t h a t  th e  p e rc e n ta g e s  change  a s  th e  r o c k  d e t e r i o r a t e s



TABLB 1 .1 8

PAKAM3TBHS AND RATEKQ VALDES INITIALLY PB0K)3BD FOR 
TH5 GBOM3CHANICS CLASSIFICATION SYSTEM

A. CLASSIFICATION PARAMETERS ABD DTOIVIBPAL RATINGS

Etem P a ra m e te r

C la s s  No. and i t s  D e s c r ip t io n

3 4 5

V ery  Good Good F a i r Poo r V ery  P o o r

90-100 75 -90 50 -75 25-50 < 25
16 14 7 3

f e a t h e r i n g O n w ea th er- S l i g h t l y M o d e ra te ly H ig h ly C o m p le te ly
W ea thered W ea th ered w e a th e re d W ea thered

9 7 5 5 1

I n t a c t  r o c k > 200 100-200 50-100 25-50 <  25

(MPa)
10 5 2 1 0

S p a c in g  o f > 3 m 1- ?  m 0 , 3 -1  m 50 -300  mm <  50 mm
4

30 25 5

S e p a ra t io n < 0 ,1  mm < 0 ,1  mia 0 , 1 -1  mm 1-5  mm > 5  mm
h o f  j o i n t s

5 4 3 1

C o n t in u i ty N o t c o n ­ N o t con ­ C o n tin u o u s C o n tin u o u s C o n tinuous
6 o f  j o i n t s t in u o u s t in u o u s no gouge w ith  gouge w ith  gouge

5 3 0
G round None None S l ig h t M odera te Heavy
w a te r  i n - <25 1 /m in 25 -125  1 / >125 l /m in

10m o f
a d i t )

10 a 5 2
S t r i k e  and F a v o u r - Nnfp.vour- V ery  Un­
d ip  o r i e n t - F a v o u ra b le f a v o u r a b le

15 13 5 3

: -  R a t in g s  f o r  T u n n e ls  o n ly  shown.

C la s s  No. 1 2 3 4 5 |

T o ta l  R a tin g 100-90 90-70 ■70-50 50-25 < 2 5  I

D a ta  from  B ie n ia w s k i,  19??

_L
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CLASSIFICATION PAP.AKBTEHS AKD CTBIVILJAL RATINGS

P a ra m e te r

C la s s  No. and  i t s  D e s c r ip t io n

1 2 3 4 5

V ery  Good Good F a i r P o o r V ery  P o o r

RQP>t 90-100 75-90 50-75 25-50 <25
16 14 7 3

V e a th e r in g U nw e& ther- S l i g h t l y M o d e ra te ly H ig h ly C om plete ly
ed W eathered W ea thered W ea thered W eathered

9 7 5 3 1

I n t a c t  ro o k > 200 100-200 50-100 25-50
s t r e n g th
(MPa)

10 5 2 0

S p a c in g  o f > 3 m 1 -5  m 0 ,5 - 1  m 50 -500  ran < 5 0  mm
4

30 25 20 5

S e p a ra t io n < 0 ,1  mm < 0 ,1  mm 0 , 1 -1  mm 1 -5  mm > 5  mm
h o f  j o i n t s

5 5 4 3 1

C o n t in u i ty N o t con ­ N ot con ­ C o n tin u o u s C o n tin u o u s C o n tinuous
6 o f  j o i n t s t in u o u s t in u o u s no  gouge w i th  gouge w ith  gouge

5 3

G round None S l ig h t M odera te Heavy
w a te r  i n ­ 25  l /m in 25 -125  v >125 l /m in
f lo w  ( p e r

a d i t )
5 2

F a v o u r - F a i r tJn fa v o u r- V ery  Un­
d ip  o r i e n t - F a v o u ra b le fa v o u r a b le

* 15 13 10 5 5

X -  R a t in g s  f o r  T u n n e ls  o n ly  shown.

B . TOTAL RATINGS FOB ROCK MItSS CLASSE

C la s s  No. 1 2 3 5

T o ta l  R a tin g 100-90 90-70 70-50 50-25 < 2 5

B a ta  from  B ie n ia w sk i,  1973
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TABLE 1 .2 0

RATIHG ALLOCATION INITIALLY fROFOSBS FOR THE 
GI'XJi-BCHAHICS CLASSIFICATION SYSTEM

Hock C la s s 4 5

T o ta l  R a t in g 70 -50 50 -25 <25

P a r a n e t e r

H a t in g 2 5 . 21 17 , 10 4 /
W e a th e r in g P e r c e n t 29& 23# 2 6 ,5 # 2 9 , 3 , 2 6 , ) #

I n t a c t  Hock H a t in g 10 5 , 1 0
S t re n g th P e r c e n t 10# 6# & 3# 0 #

S p a c in g  and i f a t in g 4 5 , 5 8 , 2 0 , 1 5 , s
O r i e n t a t i o n P e r c e n t 4** 45# 47# 44# 55#

S e p a r a t io n , R a tin g 1 5 , 8 3„
C o n t in u i ty P e r c e n t 20# 24# 2 3 # 2 3 ,5 # 20#
a n d  G round

TABLE 1 .2 1

REVISED RATIHG ALLOCATION BOB THE GEOMECHANICS 
CLASSIFICATION SYSTEM

Rnck C la s s 1 a 3 4 5

T o ta l  R a t in g 1GG-81 SD-61 6 0 -41 4 0 -21 < 2 0

P a ra m e te r
G roup

20 17 15 8 3
E 5D P e r c e n t 20# 21# 2 4 # 3 « # -

R a tin g 15 7 4 2
I n t a c t  Hock P e r c e n t 13# 1 3 # 1 3 # l e #

S p a c in g  and R a tin g 30 2 3 . 1 5 , -7
O r i e n t a t i o n P e r c e n t 3W e a #

J o i n t  Con­ R a tin g 55 50 , 19 10 0
d i t i o n  and 33# 3 6 ,3 # 3 5 # 4 3 #
G round W ate r
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fro m  C la s s  1  t o  C la s s  5 .

The p e r c e n ta g e s  o f  th e  t o t a l  r a t i n g  v a lu e s  f i r s t  p ro p o se d  f o r  e a c h  

g ro u p  a r e  shown i n  T a b le  1 .2 0 .  The h ig h e s t  p e rc e n ta g e  h a s  b e e n  a l l o c a t e d  

to  t h e  g ro u p  c o m p ris in g  th e  S p a c in g  a n d  O r i e n t a t i o n  p a ra m e te r s ,  w h i l s t  th e  

lo w e s t  h a s  b e en  a s s ig n e d  t o  t h e  I n t a c t  Rock S t re n g th .  The o th e r  two 

g ro u p s  h av e  b e e n  a l l o c a t e d  a p p ro x im a te ly  e q u  -  p e rc e n ta g e s  o f  th e  t o t a l  

r a t i n g s .

A l lo c a t i n g  th e  h ig h e s t  p e rc e n ta g e  r a t i n g  t o  th e  j o i n t  s p a c in g  and 

j o i n t  o r i e n t a t i o n  d a t a  d o e s  n o t  seem  r e a l i s t i c  t o  th e  p r e s e n t  w r i t e r  c o n ­

s i d e r i n g  t h a t  t h i s  i n f o r m a t io n  can .nct a lw ay s  b e  o b ta in e d  from  i n  s i t u  

f i e l d  m e asu re m en ts  a s  s t i p u l a t e d  and m u st t h e r e f o r e ,  i n  many o a s e s ,  ue 

e s t im a te d  fro m  b o r e c o re s  a lo n e .  E ven i f  s u f f i c i e n t  r o c k  e x p o su re  does 

e x i s t  a t  s u r f a c e  w i th in  r e a s o n a b le  p r o x im ity  o f  a  p ro p o sed  t u n n e l ,  th e  

^ d e g re e  o f  r e l i a b i l i t y  w i th  w h ic h  one c a n  e x t r a p o la t e  t h e  j o i n t  d a t a  to

tu n n e l  l e v e l  i s  q u e s t i o n a b le .  A lth o u g h  i t  i s  r e a l i z e d  t h a t  th e s e  r a t i n g s  

h a v e  b e e n  d e v e lo p e d  fro m  c a s e  h i s t o r y  s t u d i e s  and a r e  th u s  r e l a t e d  to  th e  

r o c k  m ass ' a v io u r  r a t h e r  t h a n  to  th e  m e thods u se d  to  o b t a in  th e  d a t a ,  

i t  i s  n e v e r u i .e l e s s  c o n s id e r e d  t h a t  f o r  a  c l a s s i f i c a t i o n  sy s te m  to  b e  u s e ­

f u l  i n  p r a c t i s e ,  t h i s  ty p e  o f  p ro b lem  s h o u ld ,  when p o s s i b l e ,  b e  a c c o u n te d  

f o r .  The r a t i n g s  f o r  j o i n t  s p a c in g  a p p ly  t o  r o c k  m a sse s  h a v in g  th re e  

j o i n t  s e t s  a r -  - o n s e r v a t iv e  a s se s s m e n t i s  t h e r e f o r e  o b ta in e d  when o n ly  

one  o r  two j o i . ,  „ e t s  a r e  p r e s e n t .

The r a t i n g  a l l o c a t i o n s  f o r  th e  r e v i s e d  System  a r e  p r e s e n te d  in  

T a b le  1 .2 1 .  T hey  a r e  more e v e n ly  d i s t r i b u t e d  w i th  th e  J o i n t  C o n d i tio n  

and  G round W ater g ro u p  h a v in g  th e  h ig h e s t  a l l o c a t i o n .  A c o m p ariso n  o f  

t h e  c h a n g e s  made i s  o f  some i n t e r e s t .  

i  I n i t i a l l y  th e  S t r e n g th  p a ra m e te r  i n  Rock C la s s  5  h a d  a  r a t i n g  a l l o c ­

a t i o n  o f  z e r o  p e r  c e n t  w h ile  th e  S p a c in g  and  O r i e n t a t i o n  g ro u p  c o n s t i t u t e d  

53 p e r  c e n t  o f  th e  t o t a l .  A cc o rd in g  t o  th e  r e v i s e d  S ys tem , th e  l a t t e r  

g ro u p  h a s  a  Z ero  o r  n e g a t iv e  r a t i n g  i n  C l a s s e s  4  and  5 r e s p e c t i v e l y ,  

w h ile  th e  S t re n g th  p a ra m e te r  n a s  a n  a l l o c a t i o n  o f  up  t o  18 p e r  c e n t .  

A n o th e r  p o in t  i s  t h a t  th e  p e rc e n ta g e  r a t i n g  f o r  th e  S t r e n g th  o f  I n t a c t  

Rook M a te r i a l  i n c r e a s e s  w i th  a  d e c r e a s e  i n  r o c k  s t r e n g t h .  T h is  i s  a l s o  

c o n t r a r y  t o  th e  i n i t i a l l y  p ro p o se d  r a t i n g  a l l o c a t i o n ,  b u t  i s  c o n s i s t e n t  

w i th  th e  id e a  t h a t  th e  i v c k  s t r e n g th  i s  more s i g n i f i c a n t  t o  th e  r o c k  m ass 

b e h a v io u r  i n  th e  lo w e r  r o c k  s t r e n g th  r a n g e . The m oat im p o r ta n t  p o in t  

t h a t  t h e s e  o b s e r v a t io n s  i l l u s t r a t e  i s  th e  way a  r o c k  c l a s s i f i c a t i o n  sy stem  

o f  t h i s  ty p e  c an  b e  u p d a te d  to  b r in g  i t  i n to  l i n e  w i th  c u r r e n t  t h e o ry  

and p r a c t i c e .

/T h e  p ro c e d u re  ...........................
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The p ro c e d u re  t u  h e  a d o p te d  when u s in g  th e  G eom echanics C l a s s i f i c a t i o n  

S ys tem  w as o u t l i n e d  by  B i e n i a w s k i a n d  .is  sum m arised  be low :

The e n g in e e r in g  g e o lo g i s t  d iv id e s  th e  ro c k  

m ass i n t o  r e g io n s  and  p r o v id e s  th e  r e q u i r e d  

in p u t  d a t a  f o r  e a c h .

The r o c k  m ass i s  c l a s s i f i e d  and  r a t i n g  v a lu e s  

a s s ig n e d  to  th e  v a r io u s  p a ra m e te r s .  T hese 

a r e  th e n  a dded  to  g iv e  th e  t o t a l  r a t i n g  and 

th e  r o c k  c l a s s  i s  e s t a b l i s h e d .

The a v e ra g e  s ta n d - u p  tim e  and a c t i v e  u n s u p p o r te d  

sp a n  a r e  d e te rm in e d  f o r  th e  r e l e v a n t  r o c k  m ass

4 .  P r im a ry  tu n n e l  s u p p o r t  i s  s e l e c t e d .

Ti. i n i t i a l , s e c o n d a n d  l a t e s t ^1 

be tw ee n  th e  U n su p p o r ted  Span , S ta n d -u p  T im e, RM R-values a n d  Rock C la s s e s  

a r e  i l l u s t r a t e d  i n  P i g s .  1 . 5 , 1 .6  and  1 .7  r e s p e c t i v e l y .  I n  th e  se co n d  

p r o p o s a l  t h e  zone  o f  a p p l i c a b i l i t y  w as w idened  b y  r a i s i n g  th e  u p p e r  l i m i t  

t o  in c o r p o r a t e  new d a t a .  I n  t h e  l a t e s t  r e l a t i o n s h i p ,  th e  r o c k  c l a s s  

b o u n d a r ie s  a r e  i n  t h e  ,3ame p o s i t i o n  w i th  r e s p e c t  t o  th e  S ta n d -u p  Time 

a n d  U n su p p o r ted  Span  a s  i n  t h e  p r e v io u s  p r o p o s a l s ,  b u t  t h e  RM R -values 

r e l a t e d  t o  t h e s e  b o u n d r r "es  a r e  d i f f e r e n t .  F ig u re  1 .7  a l s o  show s th e  

r e l a t i o n s h i p  f o r  o u tp u t  d a t a  f ro m  o t h e r  c l a s s i f i c a t i o n  s y s te m s . I t  

s h o u ld  be n o te d  t h a t  w hen u s in g  t h i s  d ia g ra m  f o r  e v a lu a t in g  th e  S tan d -u p  

Time f o r  a  p a r t i c u l a r  r o c k  m ass c o n d i t io n ,  i t  i s  n o t  s u f f i c i e n t  t o  u s e  

t h e  r o c k  c r a s s  a lo n e  s in c e  t h i s  w ould  g iv e  to o  w ide  a  v a r i a t i o n  i n  th e  

r e s u l t .  The a c t u a l  RM R-value s h o u ld  b e  u se d  s in c e ,  " . . .  f o r  a n y  one 

v a lu e  o f  RMR th e re  i s  o n ly  one  g iv e n  S ta n d -u p  T i m e . . . " ^ l  The a p p ro x i ­

m a te  r a n g e s  o f  S ta n d -u p  Time a s s o c i a t e d  w i th  e a c h  Rock C la s s  a r e  l i s t e d  

i n  T a b le  1 .2 2 .

/T a b le  1 .2 2  .
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5

§

1

SIAND-UP TIME, hours A f t e r . B i e n ia v s k i  

F1C. 1 .6  G e o a e c h a n ic s  System ; Second  P ro p o se d  R e la t io n s h ip

E

I

STAND UP TIME, hours A f t e r :  B ie n ia w sk i
FIG . 1 .7  G eom echanics S ys tem ; F i n a l l y  P ro p o se d  R e la t io n s h ip  

b e tw ee n  U n su p p o r ted  S p - r  and S ta n d -u p  Time

L—



TABLE 1 .2 2  

GEOMECHAITICS CLASSIFICATION SYSTE-i;

STAJTO-UP TIMES RELS7AMT TO EACH HOCK CLASS

R ock C la s s A pprox im ate  S ta n d -u p  Time

C la s s  1 >  2 y e a r s

K ffi: ICO -  81

C la s s  2 1 m onth  -  2 y e a r s

RMR: 8 0 - 6 1

C la s s  5 2 d a y s  -  1  m onth

RMR: 6 0 - 4 1

C la s s  4 2  h o u r s  -  2  days

RMR: 4 0 - 2 1

C la s s  5 <  2 h o u rs

RMR: <  20

The g u id e l in e s  f o r  p r im a ry  su p p o r t  s e l e c t i o n ,  r e l e v a n t  t o  th e  d i f f e r ­

e n t  Rook C l a s s e s  a r e  p r e s e n te d  i n  T a b le s  1 .2 J  and  I . 2 4 . When th e  G eo- 

z sec h an ic s  S ys tem  was in t r o d u o e d ^ ^ ^  th e s e  g u id e l in e s  w ere  g iv e n  a s  

a l t e r n a t i v e  su p p o r t  s y s te m s  u s in g  e i t h e r  r o o k b o l t s ,  s h o to r e t e  o r  s t e e l  

a r c h e s .  The m o st r e c e n t  r e c o m m e n d a t i o n s ^ ^  in c lu d e  e x c a v a t io n  and 

s u p p o r t  g u id e l in e s  and  f o r  t h e  l a t t e r ,  a p p e a r  t o  s u g g e s t  t h a t  c o m b in a t io n s  

o f  r o o k b o l t s ,  s h o to r e t e  and  a rc h e s  may b e  a p p l i c a b l e .  The s u p p o r t  

rec o m m e n d a tio n s a r e  v e r y  s i m i l a r  i n  b o th  c a s e s  a l th o u g h  some m o d i f ic a t io n s  

h av e  b e e n  made i n  th e  l a t t e r  c a s e .  The g u id e l in e s  a r e  f o r  t u n n e l s  o f  

t e n  m e tr e s  sp a n  b u t  a l lo w  f o r  v a r i a t i o n s  i u  r o c k  b o l t  l e n g th s  f o r  d i f f e r ­

e n t  tu n n e l  d ia m e t e r s ,  u s in g  th e  c r i t e r i a  o f  b o l t  l e n g th  b e in g  a  t h i r d  to  

h a l f  th e  tu n n e l  d i a m e t e r ^ ^ .  An a b b r e v ia t e d  fo rm  o f  th e  l a t e s t  su p p o r t 

rec o m m e n d a tio n s , T ab le  1 .2 5 ,  h a s  be en  c o m p ile d  f o r  th e  p r e s e n t  c tu d y



36



57

•

!I
•!
H
i;

1 i I 1
1

IIif s I I
li
P

hi
1 i I

! . 1

k I S n H ■•51



38

TABLE 1 ,2 5

GEOMSCEAITICS CUSSIPICATIOl!? SYSTEM; SUHORT BECQMMStffiATIONa
( A b b r e v ia te d  fro m  B ie n ia w s k i ,  1976)

Z L S u p p o r t

V ery  Good Rook 

RMS: 81 -100

G e n e r a l ly  no su p p o r t  r e q u i r e d  e x c e p t  f o r  o c c a s ­

io n a l  s p o t  b o l t i n g .

Good Rook 

RMR: 61-80

B 2 ,5  m + e lm  (o c o a e io i  a l )

S 50 mm ( i n  crow n i f  r e q u i r e d )

F a i r  Rock 

3

RMR: 4 1 -60

B 1 ,5  -  2 m + olm (crow n)

S 50-100  mm (c ro w n ), 30 mm ( s id e s )

P o o r  Rook 

4

RMR: 21-40

B 1 - 1 ,5  m + elm

100-150  mm (c ro w n ), 100 mm ( s i d e s )  

1 ,5  m ( i f  requ i'T od )

V ery  P o o r  Rook

5

M R : < 20

B 1 - 1 ,5  oi + olm ( c lo s e  i n v e r t )

S 150-200  mm (c ro w n ) , 150 mm ( s i d e s ) ,  
50 mm ( f a c e )

M .R .-H .S . 0 ,7 5  oi + s t e e l  l a g g in g

B -  R o o k b o lts  (20  mm d iam . f u l l y  bonded ) 

e lm  -  W ire  mesh 

S -  S h o to re te

-  L ig h t , Medium and H eavy S t e e l  s e t s
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u s in g  te rm s  s i m i l a r  to  th e  H .G .I .  S ys tem , T h is  was done to  s im p l i f y  

t h e  p r e s e n t a t i o n  o f  r e s u l t s  l a t e r  i n  th e  t e x t .

The G eom echan ics  C l a s s i f i c a t i o n  System  a p p l i e s  o n ly  to  r o c k  e n g in ­

e e r i n g ^ 2  ̂ and  s in c e  i t  was in tr o d u c e d  h a s  h e e n  a p p l ie d  q u i t e  e x t e n s i v e ly  

i n  t h i s  c o u n t ry  t o  p ro b lem s o f  u n d e rg ro u n d  c o n s t r u c t io n .  G e n e ra l and 

d e t a i l e d  c o m p a riso n s  h av e  b e e n  made b e tw ee n  p r e d i c t e d  and e n c o u n te re d  

r o c k  m ass c o n d i t i o n s  and  s u p p o r t  r e q u i r e m e n ts .  T hese  a r e  d is c u s s e d  

l a t e r ,  a s  i s  th e  a p p l i c a t i o n  o f  t h i s  c l a s s i f i c a t i o n  sy s te m  to  p rob lem s 

o f  d e s ig n  and  c o n t r a c t  s p e c i f i c a t i o n s .

2 .5  The M IG .I. H ock M ass C l a s s i f i c a t i o n  System

T he e n g in e e r i n g  c l a s s i f i c a t i o n  o f  r o c k  m a sse s  f o r  d e s ig n in g  tu n n e l  

s u p p o r t s ,  w h ic h  h a s  become known a s  th e  H .G .I .  o r  ^ - C l a s s i f i c a t i o n  

S ys tem , w as d e v e lo p e d  in d e p e n d e n tly  o f  t h e  G eom echanics S ys tem  by  B a r to n , 

L ie n  and  L u n d e ^ ^  o f  t h e  ITorw egian G e o te o h n ic a l  I n s t i t u t e  i n  O s lo . The 

c l a s s i f i c a t i o n  sy s te m  was b a se d  o n  th e  a n a l y s i s  o f  a p p ro x im a te ly  200 

tu n n e l  c a s e  h i s t o r i e s  w hich  in c lu d e d  t h i r t e e n  ig n e o u s  r o c k  ty p e s ,  tw e n ty -  

f o u r  m e tam orph ic  r o c k  ty p e s  and  n in e  s e d im e n ta ry  r o c k  ty p e s .  I t  d e s ­

c r i b e s  th e  r o c k  m ass i n  te rm s  o f  i t s  q u a l i t y  Q, w here  Q i s  c a l c u l a t e d  

f ro m  s i x  p a ra m e te r s  com bined  i n  t h e  f o l lo w in g  way:

RQP -  r o c k  q u a l i t y  d e s ig n a t io n ,

J n  -  j o i n t  s e t  num ber,

J r  -  j o i n t  r o u g h n e s s ,

J a  -  j o i n t  a l t e r a t i o n ,

Jw -  j o i n t  w a te r  r e d u c t io n  f a c t o r ,

S .R .F , -  s t r e s s  r e d u c t io n  f a c t o r .

D e s c r ip t i o n s  and  r a t i n g s  f o r  e a c h  o f  th e s e  p a ra m e te r s  a s  g iv e n  b y  B a r to n  

e t  a r e  r e p ro d u c e d  i n  T a b le  1 .2 6 .

The p a ra m e te r  r a t i n g s  a r c  more t h a n  j u s t  a r b i t r a r y  s c a l e s  and a r e  

r e l a t e d  t o  th e  b a s i c  p r o p e r t i e s  c o n t r o l l i n g  tu n n e l  s t a b i l i t y  i n  ro o k  

m a s s e s ^ \  The q u o t i e n t ,  RQ D /Jn, i s  a  c ru d e  m easu re  o f  th e  " b lo c k  s i s e "  

o r ,  i n  o t h e r  w o rd s , th e  s i s e  o f  th e  i n t a c t  s e c t i o n s  o f  r o c k  b e tw een  j o i n t s ,  

w h ile  th e  f u n c t i o n  J r /u n .)0 way fo u n d  to  b e  a n  a p p ro x im a tio n  o f  th e





T ? m s  1 .2 6  
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• 1. JOINT ALTEMTION HUHB£H ( J , )  (# r )
(i)  Rock oall cmtaet (appro*.)

k. Tightly healeil, harfi, non- 
SDfbenlng, in-pereeable
filling I.e . quartz or epidote 0.75 ( - )

B. Unaltered joint walls. •
surface staining only .............  1.0 (25-35 )

C. Slightly altered joint walls.
Non-softening mineral coatings,
sandy particles, clay-free _
disintegrated rock etc.............. 2.0 (25-30 )

D.Silty-, or sandy-clay coatings, -
srell clay fraction (ra-soft.) 3.0 (20-25 )

i .  Softening or low friction clay 
mineral coatings, i.e . 
kaolinite or mica. Mso 
chlorite, talc, gypsum, 
graphite etc., and small
quantities of swd.ing clays . 4.0 (8-16 )
(b) Sock wall conMot before

F. Sandy particles, day-free _
disintegrated rock etc.............. 4.0 (25-30 )

G. Strongly over-consolidated 
non-softening clay mineral

\  fillings (continuous, but
w <5 mm thickness) ....................... 6.0 (16-24 )
H. Medium or low over-consoli­

dation. softening, clay
mineral fillings (continuous .
but <5 mm thickness)  ...........8.0 (12-16 )

J. Swelling -clay fillings, i.e . 
montmorillonite (continuous, 
but <5 imt thickness). Value of 
J depends on percent of 
smelling clay-size particles, „
and access to water etc 8-12 (6-12°)

K, Zones or bands of disintegrate!
I . or crushed rock and day (see
11. G, H, J for description of 6, 3,

clay condition) ........................ or 8-12 (6-24 )
N. Zones or bands of s ilty -  or 

sandy-clay, small clay
fraction (non-softening) ......... 5.0 ( - )

0, Thick, continuous zones or
P, bands of clay (see G, H, J  for 10, 13, .
R. description of clay condition) or 13-20 (6-24 )

REDUCTION FACTOR ( J J  ' Approx.

(kg/cm')
A. Dry excavations or minor inflcw 

i .e . <5 1/min. locally ...........
8, Medium inflow or pressure, oc­

casional outwasb of joint 
fillings .............. ....................

C. large inflow or high r-eseure 
, in competent rock wilu

unfilled jo in ts .......................
D. Large inflow or high pressure, 

considerable outwash of joint

E. Exceptionally higl'i Inflow or

F. Exceptionally high inflow or 
water pressure continuing 
without noticeable decay .......



TABUS 1 .2 6  
’ ( c o n t . y

STRESS REDUCTION FACTOR 
{a} Weakness zones intersecting 

eicanation, uhich may cause 
loosening of rook mss ohm 
tunnet is excavated, (SRF)

Multiple occurrences of weakness zones 
containing clay or chemically 
disintegrated rock, very loose
surrounding rock (any depth)  .....................  10

i. Single weakness zones containing clay 
or chemically disintegrated rock (depth
of excavation i  50 m)...  .............................. S
Single weakness zones containing clay or 
chemically disintegrated rock (depth of
excavation >50 m) .......................................  2.6

I. Multiple shear zones in competent rock 
(clay-free), loose surrounding rock
(any depth) .................................................. 7.5

;. Single shear zones in competent rock
(clay-free) (depth of excavation $S0 m) ..  5.0

\  Single shear zones in competent rock
(clay-free) (depth of excavation ' m) . .  2.5

1. Loose open joints, heavily joints ,
"sugar cube" etc. (any depth) ...................  5.0.

lote: (i) Reduce these values of SRF by
25-SOI if  the relevant shear zones 
only influence but do not intersect

(b) Competent rock, rook stress problems
oc/di ot /d) (SRF)

t. Low stress, near surface >200 >13 2.5
I. Medium s tr e s s ................ 200-10 13-0.66 1.0
;. Nigh stress, very tight 

structure (usually 
favourable to stability, 
may be unfavourable for
wall stability) ............  10-5 0.66-.33 0.5-2

.. Mild rock burst (massive
rock) .............................. 5-2.5 0.33-.16 5-10

(massive rock)   <2.5 <0.16 10-20
lote: ( ii)  For strongly anisotropic virgin stress 

field ( if  measured): when 5so /o s 10. 
reduce o and o, to 0.8 o and1 ’ 0.8 o ,. 
When o ./o ,>10, reduce o. and of to 0.6 o 
and 0.6 ot , where: o = unconfined 
compression strength, and ct  » tensile 
strength (point load) and o, and o are 
the major and minor principal stresses, 

( iii)  Few case records available where depth of 
crown below surface is less than span 
width. Suggest SRF increase from 2.5 to 5 
for such cases (see H).

(c) Squeezing rook plastic floo of

influence of high rock pressure (SRF)
. Mild squeezing rock pressure ...................  5-10
. Heavy squeezing rock pressure .................  10-20

(d) auotlvig rock chemical Bustling



A’DDITIOBAL BOTKS;

When making estimates of the rock mass quality (Q) 
the following guidelines should be followed, in 
addition to the notes listed In Tables 1 to 6:

1. When borecore is unavailable, RQD can be 
estimated from the number of joints per unit volume, 
in which the number of joints per metre for each

RQO = 115 - 3.3 J  (approx.)

2. The parameter J representing the number of 
Joint sets will often be effected by foliation, 
schistocity, slatey cleavage or bedding etc. If 
strongly dev-ioped these parallel "joints" should 
obviously b, .ounted as an complete joint set.
However, i f  there are few "joints" visible, or only 
occasional breaks in bore core due to these 
features, then i t  will be more appropriate to count 
them as "random joints" when evaluating Jn in Table 2,

3. The parameters J and J  (representing shear 
strength) should be relevant to the ueakeae 
significant joint set or clay fille d  discontinuity in 
the given zone. However, i f  the joint set or 
discontinuity with the minimum value of (J /d ) is 
favourably oriented far stab ility , then a second, 
less favourably orientated joint set or discontinu'cy 
may sometimes be of more significance, and its  higher 
value of djM, should be used when evaluating I) from 
equation I. The value of 3 /d  ) should in foot relate 
to the surface most likely to allati failure to i  itittc.

4. When a rock mas- contains clay, the fac or 
SRF appropriate to loosening loads should be eva'uated 
(Table 6a). In such cases the strength of the intact 
rock is of l i t t le  interest. However, when jointing 
is  minimal and clay is completely absent the strength 
of the intact rock may become the weakest link, and 
the stability  will then depend on the ratio rock- 
stress/rock-strength (Table 6b). A strongly 
anisotropic stress field is unfavourable for 
stability  and is roughly accounted for as in
Note ( i i ) .  Table 6b.

5. The compressive and tensile strengths (o 
and ot ) of the intact rock should be evaluated incthe 
saturated condition if  this is appropriate to present 
or Future in situ conditions. A very conservative 
estimate of strength should be made for those rocks 
that deteriorate when exposed to moist or saturated 
conditions.
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t o t a l  f r i c t i o n  a n g le s  m easu red  and p r e d i c t e d  f o r  th e  v a r io u s  c o m b in a t io n s  

o f  v a i l  ro u g h n e s s  and  a l t e r a t i o n .  V a lu e s  o f  t a n ~ ^ ( J r / J a ) °  f o r  th e  th r e e  

c a t e g o r i e s  o f  w a l l  r o c k  c o n ta c t  g iv e n  i n  T ab le  1 .2 6  a re  r e p ro d u c e d  in  

T ab le  1 .2 7 .

The q u o t i e n t ,  Jw /S .R .P . i s  a n  e m p i r i c a l  f a c t o r  d e s c r ib in g  th e  " a c t iv e  

s t r e s s e s " ^  and  c o n s i s t s  o f  tw o s t r e s s  p a ra m e te r s .  The p a ra m e te r  Jw i s  

a  m easu re  o f  w a te r  p r e s s u r e ,  w hich  r e d u c e s  th e  s h e a r  s t r e n g th  c f  j o i n t s  by  

r e d u c in g  th e  e f f e c t i v e  n o rm al s t r e s s  and th e  p a ra m e te r  S .H .F . i s  a  m easu re  

o f ,  ( l )  lo o s e n in g  lo a d s  i n  s h e a r  z o n es  and  c l a y  b e a r in g  r o c k s ,  ( 2 ) r o c k  

s t r e s s  i n  c o m p e te n t r o c k ,  ( 5 )  sq u e e z in g  o r  s w e l l in g  lo a d s  i n  p l a s t i c  ro c k .

B a r to n  e t  a l  n o te  t h a t  am ongst o t h e r  p a ra m e te r s ,  th e  j o i n t  o r i e n t ­

a t i o n  w ould  p r o b a b ly  im prove  th e  a c c u ra c y  o f  th e  c l a s s i f i c a t i o n  sy s te m . 

T hese  a u th o r s  fo u n d , h o w ev e r, t h a t  th e  p a ra m e te r s  J n ,  J r  a n d  J a  w ere  more 

im p o r ta n t  t h a n  o r i e n t a t i o n  b e c a u se  th e  num ber o f  j o i n t  s e t s  d e te r m in e s  th e  

d e g re e  o f  f re ed o m  f o r  b lo c k  m ovem ent, and  th e  f r i c t i o n a l  and  d i l a t i o n a l  

c h a r a c t e r i s t i c s  ( J a  and J r )  c a n  v a r y  more th a n  th e  g r a v i t a t i o n a l  com ponent 

o f  u n f a v o u r a b ly  o r i e n t a t e d  j o i n t s .

As im p l ie d  b y  i t s  d e s ig n a t io n ,  th e  m ain  p u rp o se  o f  t h i s  c l a s s i f i c a t i o n  

sy s te m  i s  th e  d e s ig n  o f  tu n n e l  s u p p o r t  sy s te m s . The % -value  o f  a  r o c k  

m ass c a n  v a r y  fro m  0 ,0 0 1  t o  100 0 , and  h a s  b e e n  e x p re s s e d  i n  r a n g e s  r e l a t e d  

t o  th e  r o c k  m ass q u a l i t y ,  T a b le  1 .2 8 .

TABUS 1 .2 8

W .C .I . CLASSIFICATION SYSTEM; Q.-VALUE RAMSES AMD RELATED BOCK 
QUALITY DESCRIPTIONS

i- r a n g e  Bock Q u a l i ty

1000 -  400 E x c e p tio n a l

400 -  100 E x tre m e ly  Good

100 -  40 V ery  Good

40 . 10 Good

10 -  4 ,0 P a i r

4 ,0  -  1 ,0 P o o r

1 ,0  -  0 , 1 V ery  P o o r

0 ,1  -  0 ,0 1 E x tre m e ly  Poo r

0 ,0 1  -  0 ,0 0 1 E x c e p t io n a l ly  Poo r

/T h e  r e s p e c t iv e
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T he r e s p e c t i v e  Q -ra n g es  a r e  lo g a r i th m ic  i n  f o r a  w i th  th e  u p p e r  Q -va lue  

f o r  e a c h  c l a s s  b e in g  a  m u l t i p l e  o f  i t s  lo w e r  v a lu e .  The m u l t i p l e  in  

v a r i a b l e  and i s  e q u a l  t o  1 0 ,0  f o r  th e  r o c k  c l a s s e s  w i th  Q -v a lu e s  from  

0 ,0 0 1  t o  1 ,0  and e i t h e r  2 ,5  o x  4 ,0  f o r  r o c k  c l a s s e s  w ith  0 ,-v a lu e s  o f  1 ,0  

t o  1 0 0 0 .

The r o c k  m ass q u a l i t y  was c o r r e l a t e d  w ith  tu n n e l  su p p o r t  m easu res 

g i v i n g  t h i r t y - e i g h t  s u p p o r t  c a t e g o r i e s ,  w h ic h  i n  a d d i t i o n  t o  b e in g  r e ­

l a t e d  t o  t h e  d e f in e d  Q -ra n g e s , a r e  a l s o  r e l a t e d  t o  o th e r  c o n d i t io n a l  

f a c t o r s  l i k e ,  'b l o c k - s i z e ' (H Q D /jn), i n t e r - b l o c k  s h e a r  s t r e n g th  ( J r / J a )  

and  th e  r a t i o  o f  t h e  e x c a v a t io n  sp a n  to  i t s  E x c a v a t io n  S u p p o r t R a tio  

( E .S .R . ) .  The B .S .r t .  i s  a  v a lu e  a s s ig n e d  to  d i f f e r e n t  ty p e s  o f  e xcav ­

a t i o n s  and r e f l e c t s  th e  d e g re e  o f  s a f e t y  and  s u p p o r t  a s  d e te rm in e d  b y  th e  

p u rp o s e  o f  t h e  e x c a v a t io n  and th e  p r e s e n c e  o f  m a c h in e ry  and p e r s o n n e l .

The v a r io u s  ty p e s  o f  e x c a v a t io n s  and t h e i r  a s s o c i a t e d  E x c a v a t io n  S u p p o rt 

R a t io s  a r e  l i s t e d  i n  T ab le  1 .2 9 .  The su p p o r t  c a t e g o r i e s  w i th  t h e i r  

recom m ended s u p p o r t  m e a su re s  and  a s s o c i a t e d  c o n d i t i o n a l  f a c t o r s  a r e  r e ­

p ro d u c e d  fro m  B a r to n  e t  a l ,  i n  A ppend ix  I .

T hese  c a t e g o r i e s  (R oe . 1  -  38 ) a r e  a l s o  r e c o rd e d  on  P i g .  1 .8 ,  w hich  

show s th e  r e l a t i o n s h i p  b e tw ee n  Q, th e  r e q u i r e d  su p p o r t  and th e  E q u iv a le n t  

D im e n sio n  o f  a n  e x c a v a t io n  (S P A K /E .S .ft .) . T h is  d ia g ra m  was d e v e lo p e d  

a f t e r  th e  s u c c e s s iv e  r e - a n a l y s i s  o f  th e  c a s e  h i s t o r i e s  u n t i l  a  c o n s i s t e n t  

r e l a t i o n s h i p  w as o b ta in e d  b e tw ee n  th e  th r e e  f u c t o r s ^ ^ .  The lo w e r  d i a ­

g o n a l  i n  t h i s  d ia g ra m  r e p r e s e n t s  th e  'n o - s u p p o r t  b o u n d a ry ' a n d  c an  be  

a p p ro x im a te d  b y  th e  e q u a t io n :

w here  th e  c a l c u l a t e d  sp a n  w ould  b e  th e  maximum u n s u p p o r te d  d im e n s io n  f o r  

a  r o c k  m ass w i th  a  p a r t i c u l a r  Q -v a lu e . C o n s id e r a t io n  o f  n a t u r a l  u n ­

s u p p o r te d  sp a n s  su c h  a s  th e  C a r lsb a d  C a v ern s  i n  th e  U n ite d  S t a t e s  s u g g e s ts  

t h a t  a  l e s s  c o n s e r v a t iv e  r e l a t i o n s h i p  may be a p p l i c a b l e F i g .  1 .9 .  

H ow ever u n t i l  a o r a  i n f o r m a t io n  becom es a v a i l a b l e ,  th e  more c o n s e r v a t iv e  

a p p ro a c h  g iv e n  above i s  u s e d .  T h is  r e l a t i o n s h i p  c an  b e  in v e r t e d  to  

e s t im a te  th e  " c r i t i c a l  Q -v a lu e "  o f  a n  u n s u p p o r te d  r o c k  m ass f o r  a  g iv e n

SPM /ESR

2 ESR Q° ‘ 4

ty p e  o f  e x c a v a t io n  w i th  a  g iv e n  s p s n ^ ^ ,

5

/W e n
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THE EXCAVATION SOPPOBT RATIO ( E . S . R . ) APPBC'PBIASB TO 
A VARIETY OF TODERGROTOTD 3XCAVATI0W3

A. S e E p o ra ry  m ine  o p e n in g s  e t c .  c a .  3 -  5 ?

B . V e r t i c a l  s h a f t s ;  ( i )  c i r c u l a r  s e c t i o n  c a .  2 ,5  ?

( i i )  r e c t a n g u l a r / s q u a r e
s e c t i o n  c a .  2 ,0  ?

C. P e rm an e n t m ine  o p e n in g s , w a te r  tu n n e ls

f o r  h y d ro  pow er ( e x c lu d e  h ig h  p r e s s u r e  

p e n s to c k s ) ,  p i l o t  t u n n e l s ,  d r i f t s  and

h e a d in g s  f o r  l a r g e  e x c a v a t io n s  e t c .  1 ,6

D. S to ra g e  ro o m s, w a te r  t r e a tm e n t  p l a n t s ,  

m in o r  r o a d  and  r a i l w a y  t u n n e l s ,  su rg e  

c h am b e rs , a c c e s s  t u n n e l s  e t c .

( c y l i n d r i c a l  c a v e rn s ? )  1 ,3

E . Pow er s t a t i o n s ,  m a jo r  r o a d  and  r a i l w a y  

tu n n e l s ,  c i v i l  d e fe n c e  c h am b ers , p o r t a l s ,  

i n t e r s e c t i o n s ,  e t c .  1 ,0

F . U nderg round  n u c l e a r  pow er s t a t i o n s ,  r a i l w a y  

s t a t i o n s ,  s p o r t s  and  p u b l ic  f a c i l i t i e s ,

f a c t o r i e s ,  e t o .  c a .  0 , 8  ?

M o d if ie d  a f t e r ;  B a r to n , L ie n  a n d  L unde, 1974
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5

ROCK MASS QUALITY <Q)
A f t e r :  B a r to n , 1976 

F IO . 1 .9  N .G .I ,  S ystem ; Maximum D es ig n  Span f o r  P e rm a n e n tly  
U n su p p o r ted  Man-made O penings

5

5

1

ROCK MASS QUALITY (Q )
A f t e r :  B a r to n , 1976 

F IG . 1 .1 0  H .G .I .  S ys tem ; S u g g e s te d  D e s ig n  L im i ts  f o r  V a r io u s  
E x c a v a t io n  T ypes



I

When e q u a t io n  2 w as e v a lu a te d  f o r  v a r io u s  E .5 .R .  v a lu e s ,  th e  assum ed 

s a f e  l i m i t s  f o r  v a r io u s  ty p e s  o f  e x c a v a t io n s  w ere  o b t a i n n d ^ ^ ,  P i g .  1 .1 0 .  

A p r e l i m in a r y  a t te m p t w as a l s o  made to  c o r r e l a t e  th e  S tan d -u p  Time, Q and  

th e  u n s u p p o r te d  sp a n , P i g .  1 .1 1 ,  w here th e  l a t t e r  i s  c o n s id e r e d  t o  b e  th e  

le n g th  fro m  th e  f a c e  t o  th e  s u p p o r te d  zone o r  th e  sp a n  i t s e l f ,  w h ic h ev e r 

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

d e s ig n ,  B a r t o n ^ ^  e m p h asize d  th e  v a lu e  o f  c a s e  r e c o r d s  o f  f a i l e d  l e n g th s  

o f  t u n n e l s .

I n  a d d i t i o n  to  c o r r e l a t i n g  th e  Q -v a lu e  w i th  th e  r e q u i r e d  su p p o r t  f o r  

a  r o c k  m a ss , B a r to n  e t  a l ^ ^  fo u n d , fro m  th e  c a s e  h i s t o r y  s t u d i e s ,  t h a t  

th e r e  was a n  e m p ir ic a l  r e l a t i o n s h i p  b e tw ee n  th e  pe rm a n en t r o o f  su p p o r t  

p r e s s u r e  i n  kg /cm 2 , and  th e  ro o k  m ass q u a l i t y .

 ^

T h is  r e l a t i o n s h i p  was im proved  w i th  t h e  i n c l u s i o n  o f  th e  j o i n t  s e t  num-

,   .  a ,  ( 0 ^ "  .......................,

B o th  e q u a t io n s  g iv e  th e  same e s t im a te s  o f  r o o f  s u p p o r t  p r e s s u r e  when th r e e  

j o i n t  s e t s  a r e  p r e s e n t  ( J n  = 9 ) .  b u t  e q u a t io n  5 w i l l  g iv e  lo w e r  o r  h ig h e r  

e s t im a te s  i f  l e s s  o i  -.ore th a n  t h i s  num ber o f  j o i n t  s e t s  o u c u r s ^ ^ .

Owing t o  th e  more f a v o u r a b le  p o s i t i o n  o f  e x c a v a t io n  w a l l s  a s  opposed  to  

r o o f s ,  a  h y p o th e t i c a l  " w a l l  q u a l i t y "  was d ^ v e l o p e d ^ ^  w hich  w as r e l a t e d  

t o  th e  Q -v a lu e  o f  th e  r o c k  m ass a s  f o l lo w s :

O .-value  Recommended 'W a ll Q u a l i ty '

Q > 1 0  5Q

0 ,1 < Q  < 10 2 .5Q

Q < 0 ,1  l.O Q

I t  w as p o in te d  o u t  b y  t h e s e  a u th o r s  t h a t  i n  e x c e p t io n a l  c a s e s  o f  i n v e r t  

s w e l l in g ,  th e  f l o o r  end  w a l l s  m ig h t r e q u i r e  lo w e r  v a lu e s  o f  Q th a n  u se d  

f o r  th e  r o o f .

The H .G .I ,  C l a s s i f i c a t i o n  System  h a s  a p p a r e n t l y  o n ly  b e e n  a p p lie d  

to  a  l i m i t e d  e x t e n t  i n  t h i s  c o u n try .  H ow ever, B a r t o n ^ ^  g iv e s  exam ples 

o f  i t s  u s e  i n  o v e rs e a s  p r o j e c t s  and d e s c r ib e s  some o f  th e  d i s c r e p a n c ie s  

b e tw e e n  b o r e h o le  and  i n  s i t u  e s t im a te s .  T hese  w i l l  be d is c u s s e d  i n  a  

f o l lo w in g  s e c t i o n .



^ n - a N V is
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1 .6  G en e ra l  Comments a b o u t  th e  G eoinechanics a n d  N .G .I .  C l a s s i f i c a t i o n

The G eom eohanics S o ak  M ass C l a s s i f i c a t i o n  S y s tem  r e p r e s e n t s  a  s y n th e s is  

o f  p r e v io u s  i d e a s  d e v e lo p e d  m a in ly  f o r  r o c k  t u n n e l l i n g  p u r p o s e s . I t s  

a p p l i c a t i o n  h a s  been  e x te n d e d  to  o th e r  .rock  e n g in e e r in g  p ro b le m s , su c h  

a s  f o u n d a t io n s  end  s lo p e s ,  a l th o u g h  i t  h a s  a p p a r e n t l y  n o t  b e e n  a s  w e l l  

t e s t e d  i n  t h e s e  f i e l d s .  The r o c k  c l a s s e s  d e f in e d  f o r  th e  sy s te m  a re  

b r o a d ,  and h e n ce  th e  s u p p o r t  recom m endations f o r  e a c h  c l a s s  i n e v i t a b l y  

r e p r e s e n t  some d e g re e  o f  g e n e r a l i s a t i o n .  The p a ra m e te r s  and  a s s o c i a te d  

c a t e g o r i e s  h av e  b e e n  s im p ly  d e f in e d  and  a p p e a r  t o  r e q u i r e  no more th a n  a  

b a s i c  know ledge o f  e n g in e e r in g  g e o lo g y  f o r  t h e i r  e v a lu a t io n .

A lth o u g h  d ra w in g  to  some e x t e n t  on  p r e v io u s  c o n c e p ts ,  t h e  H .G .I.  

C l a s s i f i c a t i o n  S ys tem , w h ich  h a s  b e e n  d e v e lo p e d  fro m  a n  a n a ly s i s  o f  a l ­

m o st 200 tu n n e l  c a s e  r e c o r d s ^ ) ,  i s  a  r e l a t i v e l y  u n iq u e  a p p ro a c h  to  th e  

p ro b lem  o f  r o c k  c l a s s i f i c a t i o n  f o r  u n d e rg ro u n d  s u p p o r t  d e s ig n .  The 

s u p p o r t  rec o m m e n d atio n s a r e  d e t a i l e d ,  and  have  b e e n  r e l a t e d  t o  o th e r  

f a c t o r s ,  in c lu d in g  th e  p u rp o se  o f  th e  e x c a v a t io n ,  i t s  d im e n s io n s  and 

l i k e l y  su p p o r t  p r e s s u r e s .  The sy s te m  c a n  be u s e d  t o  e v a lu a te  su p p o r t  

r e q u i r e m e n ts  i n  b o th  h a rd  and  s o f t  g ro u n d  t u n n e l s .  F o r  a p p l i c a t i o n  to  

o t h e r  e n g in e e r i n g  p ro b le m s . B a r to n  e t  a l ^ ^  s u g g e s t  t h a t  t h e  s i x  p a r a ­

m e te r s  w ould  n e e d  to  b e  r e - e v a l u a t e d .  T hey  n e v e r th e l e s s  f e e l  t h a t  th e  

f o u r  p a ra m e te r s  (BQP, J n , J r ,  J a )  c a n , w i th  m o d i f i c a t i o n s ,  p r o b a b ly  fo rm  

th e  b a s i s  f o r  many r o c k  m ass c l a s s i f i c a t i o n  s y s te m s . The p a ra m e te r s  and  

r e l a t e d  c a t e g o r i e s  a r e  d e t a i l e d ,  b u t  h av e  b e e n  c l e a r l y  d e f in e d  and  sh o u ld  

p o se  no  p ro b le m s i n  t h e i r  i n t e r p r e t a t i o n .  T hey  a p p e a r ,  ho w ev e r, t o  r e ­

q u i r e  a  r e a s o n a b l y  good  u n d e r s t a n d in g  o f  e n g in e e r in g  g e o lo g ic a l  p rob lem s 

f o r  t h e i r  e v a lu a t io n .

1 .7  P r e v io u s  Work

L i t t l e  w ork  i n  th e  same c o n te x t  a s  th e  p r e s e n t  i n v e s t i g a t i o n  a p p e a rs  to  

h a v e  be en  p r e v io u s ly  u n d e r ta k e n ,  a l th o u g h  c o m p ariso n s  o f  r e s u l t s  from  

d i f f e r e n t  c l a s s i f i c a t i o n  sy ste m - ".ave b e e n  m ade.

T i n k l e r ^ )  a p p l ie d  th e  Geon. 't u n ic s ,  H .G . I . , R@D and HSR c l a s s i f i ­

c a t i o n  sy s te m s  to  v a r io u s  e n g i n e . - . ' . g  p ro b lem s on th e  Z am bian C o p p e rb e l t .  

In fo r m a t io n  w as o b ta in e d  fro m  a  c o m b in a t io n  o f  d e t a i l e d  u n d e rg ro u n d  m apping  

a n d  d r i l l h o l e  in f o r m a t io n ,  p i l o t  h o i :  d r i l l  c o r e s  o n ly  and  e x p lo r a t i o n  

c o r e s .  He c o n c lu d e d  from  th e  f i e l d  - n t a  t h a t  th e r e  a r e  c o n s id e r a b le

/ d i f f e r e n c e s  .
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d i f f e r e n c e s  b e tw een  th e  r o c k  m ass q u a l i t y  r a t i n g s  in d i c a t e d  by  e a c h  sy s te m , 

- id  c o n s e q u e n t ly  b e tw ee n  th e  p r e d i c t e d  sp a n s  a n d  su p p o r t  recom m endations 

a s  w e l l .  He recom m ended th e  G eom eohanics sy s te m  a s  b e in g  s im p le  and  e a s y  

;o a p p ly  i n  a  g e n e r a l  m in in g  e n v iro n m e n t.

H o u g h t o n ^ )  com pared  th e  r e s u l t s  o f  t h r e e  r o c k  maos c l a s s i f i c a t i o n  

s y s te m s , v i z .  t h e  RSR, RMR and  H .G .I .  s y s te m s , fro m  th e  K ie ld e r  E x p e r i­

m e n ta l  T u n n e l i n  th e  U n ite d  K ingdom and  c o n c lu d e d  t h a t  t h e r e  w as l i t t l e  

d i ^ c r  nee  b e tw ee n  s u p p o r t  p r e d i c t i o n s  f o r  e a c h . He f e l t  t h a t  h i s  w ork 

c o n f irm e d  th e  v a lu e  o f  n u m e ric * !  i n d i c e s  f o r  r o c k  q u a l i t y  a s s e s s m e n t ,  and  

a l s o  c o n c lu d e d  t h a t  th e  G eom eohanics sy s te m  was p r a c t i c a l l y  th e  e a s i e s t  

to  a p p ly .

P a y n e ^ ^  rev ie w ed  th e  o b j e c t i v e s  and  p a ra m e te r s  o f  r o c k  c l a s s i f i ­

c a t i o n  f o r  e n g in e e r i n g  p u r p o s e s .  F i e l d  t r i a l s  w ere  u n d e r ta k e n  and th e  

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

i f i c a t i o n .

B e r g m a n ^ )  a s s e s s e d  f i v e  m e thods o f  s u b s u r f a c e  i n v e s t i g a t i o n  f o r  

t h e i r  r e l i a b i l i t y  o f  o b t a in in g  c e r t a i n  d a t a ,  and  found  t h a t  w i th  c e r t a i n  

p r e r e q u i s i t e s  i n t e g r a l  s a m p lin g , a s  d e v e lo p e d  by  R o c h a a n d  t e l e v i s i o n  

e x a m in a t io n  o f  b o r e h o le s  w ere  th e  m ost r e l i a b l e  f o r  r o c k  m ass e v a lu a t io n .  

C o n v e n tio n a l  c o re  d r i l l i n g  w as fo u n d  to  p r o v id e  am biguous in f o r m a tio n  

w h ich  c o u ld  r e s u l t  i n  u n d e r - r a t i n g  th e  r o c k  m ass p r o p e r t i e s .

T i n k l e r ' s  and H o u g h to n 's  r e s p e c t iv e  c o n c lu s io n s  r e g a r d i n g  su p p o r t 

p r e d i c t i o n s  fro m  v a r io u s  c l a s s i f i c a t i o n  sy s te m s  a r e  c o n t r a d i c to r y  and  

in d i c a t e  th e  n e e d  f o r  f u r t h e r  c o m p a ra t iv e  s t u d i e s .  B e rg m an 's  c o n c lu s io n  

w i th  r e s p e c t  t o  th e  in f o r m a t io n  o b ta in e d  fro m  c o n v e n tio n a l  c o re  d r i l l i n g  

e m p h a s is e s  th e  v a lu e  o f  th e  p r e s e n t  p r o j e c t .
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The m e th o d s  u s e d  i n  t h i s  s tu d y  t o  o b t a in  find e v > .lu a te  th e  p a ra m o te rs  r e ­

q u i r e d  by th e  G e o e e c h a n ic s  and  C l a s s i f i c a t i o n  S y s tem s, from  th e

b o r e h o le  c o r e s  and  i n  s i t u  e x p o s u re s ,  a r e  d s o c r ib e d  i n  th e  f o l lo w in g  

s e c t i o n s .  E x i s t i n g  te c h n iq u e s  fro m  w hich  th o s e  m e thods hove be en  a d a p te d  

a r e  a l s o  b r i e f l y  d is c u s s n d .  The m ain  c o n s id e r a t i o n  h a s  b e e n  t o  o b ta in  

th e  i n f o r m a t io n  r e l e v a n t  t o  e a c h  c l a s s i f i c a t i o n  sy s te m  a s  s im p ly  and a s  

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

S in ce  a  num ber o f  th e  p a ra m e te r s  r e q u i r e d  f o r  b o th  c l a s s i f i c a t i o n  

sy s te m s  a r e  r e l a t e d  to  t h e  j o i n t i n g  i n  th e  r o c k ,  i t  i s  a p p r o p r i a t e  t h a t  

some fo rm  o f  j o i n t  s u r v e y  b e  u s e d .  l i n e  s u r v e y s ,  w h ich  in v o lv e  r e c o r d in g  

in f o r m a t io n  a b o u t th o s e  j o i n t s  w h ich  in te r se c * -  a  s p e c i f i c  l i n e ,  a re  s u i t ­

a b le  f o r  b o th  b o re  c o re  and  i n  s i t u  m e asu re m en ts . I n  th e  f i r s t  co.oe, th e  

s u r v e y  l i n e  i s  r e p r e s e n te d  by  th e  b o r e h o le ,  and th e  r e q u i r e d  in f o r m a tio n  

i s  o b ta in e d  from  s m a ll  s e c t i o n s  o f  e a c h  j o i n t  s u r f a c e  e x p o sed  i n  th e  c o r e .  

In  t h e  l a t t e r  C a sa , t h e  l i n e  i s  d e f in e d  by  •a ta p e  f i x e d  to  th e  r o c k  f a c e  

and  l a r g e r  j o i n t  s u r f a c e  a r e a s  a r e  v i s i b l e .  A d d i t io n a l  in f o r m a tio n  c en  

be  o b ta in e d  fro m  th e  e x p o se d  r o c k  a d ja c e n t  t o ,  o r  i n  th e  v i c i n i t y  o f ,  th e  

i n  s i t u  s u r v e y  l i n e .  More r e l i a b l e  j o i n t  in f o r m a t io n  c an  c o n s e q u e n tly  

be  o b ta in e d  fro m  i n  s i t u  s u r v e y s  th a n  from  b o r e h o le  j o i n t  s u rv e y s  i n  w hich  

c e r t a i n  in f e r e n c e s  may b e  n e c e s s a r y  to  p ro v id e  t h f  r e q u i r e d  p a ra m e te r s .  

Ow ing to  t h i s ,  d i f f e r e n t  a p p ro a c h e s  a re  ne ed e d  to  e v a lu a t e  tn e  r e s p e c t i v e

The f o l lo w in g  s e c t i o n s  d e a l  f i r s c l y  w i th  th e  typa  o f  e r r o r  common to  

l i n e  j o i n t  s u r v e y s . The m e thods u se d  to  r e c o r d  th e  d a ta , fro m  tu e  b o re  

c o re s  and i n  s i t u  e x p o s u re s  a r e  th e n  d e s c r ib e d ,  and  a r e  f o l lo w e d  b y  d i s ­

c u s s io n s  r e l a t e d  t o  th e  e v a lu a t io n  te c h n iq u e s  a d o p te d .

2 . 1  E r r o r s  i n  S o o n -L in e  J o i n t  S u rv ey s end  t h e i r  C o r r e c t io n

S c a n - l i n e  j o i n t  s u r v e y s  w ere  a d o p te d  f o r  r e c o r d i n g  j o i n t  d a t a  from  b o th  

t h e  b o re  c o re s  and  th e  i n  s i t u  e x p o s u re s .  T h is  m e thod , w h ich  in v o lv e s  

m e a su r in g  j o i n t s  a lo n g  u n i - d i r e c t i o n a l  l i n e s  o f  l im i t e d  le n g th ,  can  

g iv e  e rr o n e o u s  e s t im a te s  o f  th e  j o i n t  s p a c in g  and  j o i n t  f re q u e n c y  o f  a  

p a r t i c u l a r  j o i n t  s e t ,  i f  th e  o u rv ey  l i n e  d i r e c t i o n  i s  n o t  a t  r i g h t  a n g le s  

t o  t h e  j o i n t  s e t  d i r e c t i o n T h i s  i c  i l l u s t r a t e d  i n  F i g .  2 .1 ,  w here 

tw o h y p o th e t i c a l  s u r v e y  l i n e s  o f  e q u a l  le n g th  a r c  show n. The one l i n e  i s

/ p e r p e n d i c u l a r  .
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r e c p a r .d io u la r  to  th e  j o i n t  s e t  d i r e o U o n  and th e  j o i n t  s p a c in g ,  d ,  i s  th e  

t r u e  s p a c in g  o f  t h a t  S h t .  The e t h e r  l i n e  i n t e r s e c t s  th e  sc o e  j o i n t  s e t  

a t  a n  a n g le  o f  d e g re e s ,  a n d  th e  s p a c in g  B !.s n o t  t r u l y  r e p r e s e n ta t i v e  

o f  th e  s e t .  The j o i n t  f r e q u e n c ie s  a lo n g  e a c h  su rv e y  l i n e  a r e  d e n o te d  a s  

'■y, a n d  r #  r e s p e c t i v e l y ,  w here  th e  f i r m e r  i s  th e  t r i e  f re q u e n c y  a lo n g  th e  

l i n e  a t  d e g re e s  t o  th e  j o i n t  o r i e n t a t i o n  and  th e  l a t t e r  i s  th e  f re q u e n c y  

r e c o rd e d  a lo n g  th e  l i n e  w i th  th e  i n t e r s e c t i o n  a n g le ,  c t .

F ro r . s im p le  t r i g o n o m e t r i c a l  r e l a t i o n s h i p s  i t  c an  h e  s e e n  t h a t  s in c e ,

3y  d iv id i n g  t h t  num ber o f  j o i n t s  o f  a  p a r t i c u l a r  j o i n t  s e t ,  r e c o rd e d  a lo n g  

a  s u r v e y  l i n e  o f  known le n g th ,  b y  th e  s in e  o f  th e  a n g le  o f  i n t e r s e c t i o n  

b e tw ee n  th e  s u r v e y  l i n e  and th e  j o i n t  s o t  d i r e c t i o n ,  i t  i s  th u s  p o s s ib l e

s u r v e y  l i n e  ( i . e .  i n  a  b o r e h o le  o r  -n m u e j)  c o u ld  e i t h e r  r e p r e s e n t  an  i s o ­

l a t e d  random  j o i n t ,  o r  c o u ld  b e  m s  B o m b e r  o f  a n  im p o r ta n t  s e t  w i th  a  

s p a c in g ,  D, p o s s ib l y  e x c e e d in g  t h e  su rv e y  le n g th  L , F i g .  2 .2 .  N e i th e r  

p o s s i b i l i ' y  c a n  b e  assum ed to  b e  c o r r e c t ,  h o w ev e r, and m e a n in g fu l c o r r e c t io n s  

c a n n o t ,  t h e r e f o r e ,  b e  made f o r  v a lu e s  o f  d  b e tw ee n  a p p ro x im a te ly  0  d e g re e s  

end 20 d e g r e s s .  Owing to  l o c a l  v a r i a t i o n s  o f  s p a c in g  and c o n t i n u i t y  d i s ­

p la y e d  b y  j o i n t s  i n  r e a l  r o c k ,  i t  i s  a l s o  o f t e n  im p o s s ib le  t o  o b t a in  r e ­

l i a b l e  i n f o r m a t io n  r e g a r d i n g  su c h  j o i n t s .

T h is  p ro b lem  c a n  b e  overcom e b y  c o n d u c tin g  j o i n t  s u rv e y s  a lo n g  a  

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

s e c te d  a t  a n  a n g le  e x c e e d in g  20 d e g re e s ,  b y  a t  l e a s t  one su rv e y  l i n e ^ \

The low  a n g le  j o i n t s  m easu red  a lo n g  a n y  s i n g l e  d i r e c t i o n  can  th e n  b e  d i s ­

r e g a r d e d .  T h is  f r e q u e n t ly  c o n n o t b e  a c h ie v e d ,  how ever, and  i t  i s  n e c e s s a r y  

t o  r e l y  on d a t a  fro m  s in g l e  d i r e c t i o n  s u r v e y s  o n ly .  The low a n g le  j o i n t s  

c a n n o t  b e  d is r e g a r d e d  in  t h e s e  c a s e s  b e c a u se  no  o th e r  in f o r m a tio n  c o n c e rn ­

i n g  them  w i l l  b e  a v a i l a b l e .

A lth o u g h  th e  m e thods a d o p te d  to  e s t im a te  th e  num ber o f  j o i n t  s e t s  and 

t h e i r  s p a c in g  v a lu e s  fro m  th e  b o r e  c o re s  end  i n  s i t u  m e asu rem en ts  r e s p e c t ­

i v e ly  a r e  d e s c r ib e d  i n  th e  f o l lo w in g  s e c t i o n s ,  i t  i s  p e r t i n e n t  a t  t h i s  s ta g e  

to  i n d i c a t e  v u n  th e  above  c o r r e c t i o n  w as a p p l i e d .  S t e r e o 'r r a p h ic  p l o t s ,

Mgo -  L /d  : = L /l)  ; and  D -  d /S in < x ,

:;<% -  L S in  % /d  

Ncio = / s i n c e .

L cu la te  th e  t r u e  s p a c in g  and  f re q u e n c y  v a lu e s  f o r  th a t  

m  t o  p r o p o s in g  th e  above c o r r e c t i o n ,  T erzag h J 

- le  j o i n t  i n t e r s e c t e d  a t  a  low  a n g le  ( «: = 0°

/ s u p p o r te d
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F - ~ . 5 .1  S e c t io n  a lo n g  J o i n t  S u rvey  L in su  i n t e r s e c t i n g  a  
J o i n t  S a t  a t  50° an d c£ °  r e s p e c t i v e l y .

I

Possible joint>

• Joint Inteisecting survey

?1G . 2 .2  S in g le  J o i n t  i n t e r s e c t e d  b y  a  Su rvey  L in e  a t  a  < 2 0 ° .
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s u p p o r te d  "by a d d i t i o n a l  i n f o r m a t io n  fro m  th e  e x p o sed  ro o k  s u r f a c e  a d ja c e n t  

t o  th e  s u r v e y  l i n e s ,  w ere  u se d  t o  e s t im a te  th e  num ber o f  j o i n t  s e t s  from  

th e  i n  s i t u  d a t a .  T h is  c o m b in a t io n  gave  r e a s o n a b le  e s t im a te s  o f  th e  j o i n t  

s e t  num ber r-nd no c o r r e c t io n  w as u se d  u n le s s  s u rv e y s  a lo n g  more th a n  one 

d i r e c t i o n  w ere  p o s s i b l e .

The j o i n t  m e asu rem en ts  made on th e  b o re  c o r e s  c o u ld  n o t  b e  o r i e n t a t e d  

w i th  r e s p e c t  t o  a  known p o in t  how ever, 'n d  th e  m ost s u i t a b l e  m ethod f o r  

e s t im a t in g  th e  num ber o f  j o i n t  s e t s  w:- w ith  th e  a id  o f  h is to g ra m s  show ing  

th e  num ber o f  j o i n t s  w i th  s i m i l a r  i n c l i n a t i o n  a n g le s .  The c o n t r a s t  b e ­

tw e en  th e  p e a k s  w h ic h  r e p r e s e n te d  in d iv i d u a l  j o i n t  s e t s ,  was e m p h asize d  by  

a p p ly in g  th e  recommended c o r r e c t i o n  to  t h e  d a t a .  A lth o u g h  i t  w as r e a l ­

iz e d  t h a t  t h i s  a p p ro a c h  ‘enh an c ed  th e  p o s s i b i l i t y  o f  i n t r o  h ie in g  e r r o r s  by  

in d i c a t i n g  n o n - e x i s t e n t  lo w -a n g le  j o i n t  s e t s ,  i t  was c o n s id e r e d  t o  be 

re a s o n a b le  b e c a u se  th e y  w ould  b e  u n l i k e l y  t o  a f f e c t  th e  j o i n t  s e t  num ber 

s i g n i f i c a n t l y .  T e r s a g h i 's  c o r r e c t i o n  w as a p p l ie d  t o  b o th  th e  b o re h o le  

and  i n  s i t u  m e asu re m en ts  i n  o r d e r  to  e s t im a te  th e  s p a c in g  v a lu e s  o f  th e  

d i f f e r e n t  j o i n t  s e t s .

2 .2  B o re h o le  C ore  L og g ing

B o re h o le  d r i l l i n g  u s in g  r o t a r y  c o re d  b o r e h o le s  i s  c u r r e n t l - -  n e  o f  th e  m ost 

p o p u la r  s i t e  i n v e s t i g a t i o n  te c h n iq u e s  i n  u s e ,  and  h a s  r e s u l t e d  i n  th e  d e ­

v e lo p m en t o f  s p e c i a l i z e d  fo rm a  o f  r e c o r d i n g  g e o lo g ic a l  d a t a  f o r  e n g in e e r in g  

a p p l i c a t i o n s .  T h ese  d i f f e r  i n  many r e s p e c t s  fro m  th e  m e thods u se d  f o r  

r e c o r d i n g  g e o lo g ic a l  i n f o r m a t io n  f o r  s t r a t i g r a p h i s  o r  m in e r a l  e- . p lo r a t io n  

p u r p o s e s  and  e m p h asize  m a in ly  th o s e  f e a t u r e s  i n f lu e n c in g 1 th e  s t r e n g th  

c h a r a c t e r i s t i c s  o f  th e  r o c k  m a ss .

The n e e d  f o r  s t a n d a r d i z a t i o n  a n d , w hen p o s s i b l e ,  q u a n t i f i c a t i o n  in  

e n g in e e r in g  g e o lo g ic a l  b o r e h o le  lo g g in g  h a s  b e e n  r e c o g n iz e d  f o r  so n s  tim e  

and  num erous e f f o r t s  h av e  b e e n  made to  m se t t h e s e  r e q u i r e m e n t s ^ 2" " ^ .  

A lth o u g h  m o st p a r t i e s  c o n c e rn e d  a p p e a r  t o  a g re e  on  th e  e s s e n t i a l  r e q u i r e ­

m en ts  o f  a  b o r e h o le  l o g ,  d i f f e r e n c e s  re m a in  i n  th e  a c t u a l  te rm in o lo g y  and  

fo rm a t u s e d  to  r e c o r d  th e  d a t a .  The d e v e lo p m e n t o f  e n g in e e r in g  r o c k  m ass 

c l a s s i f i c a t i o n  sy s te m s  u s in g  s p e c i f i e d  p a ra m e te r s  f o r  c l a s s i f y i n g  th e  r o c k  

m ass g r e a t l y  a s s i s t  i n  s t a n d a r d i z in g  th e  lo g g in g  p ro c e d u re  i n  t h a t  th e  i n ­

f o rm a t io n ,  and  i t s  fo rm , r e q u i r e d  b y  th e  e n g in e e r ,  h a s  b e e n  c l e a r l y  d e f in e d .

T h ree  m e th o d s  o f  e n g in e e r in g  g e o lo g ic a l  b o r e h o le  lo g g in g  h av e  r e c e n t l y  

b e e n  p ro p o se d  i n  t h i s  c o u n t r y ^ ’ Of t h e s e ,  th e  sy s te m  s u g g e s te d

/ b y  g e o l o g i s t s  . . . . . . . .
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■fay g e o l o g i s t s  o f  th e  G e o lo g ic a l  S u rv e y  o f  South. A f r i c a * ' '^  i s  m a t  p e r t i ­

n e n t  t o  th e  p r e s e n t  s tu d y  b e c a u se  d a t a  r e l e v a n t  to  b o th  th e  G eoneck-m ics 

and  :r .C . '  . O s s i f i c a t i o n  S ys tem s a r e  r e c o rd e d . The i n c lu s io n  o f  an

a s se s s m e n t . " u n b e r  o f  j o i n t  s e t s  p r e s e n t  i n  th e  r o c k  i s  a  u n iq u e

a n d  u se fu "  . o f  t h i s  m e thod . H ow ever, a s  in d i c a t e d  b y  th e  a u th o r s ,  

t h i s  p s ra .... - e r  i s  n o t  e a s i l y  d e te rm in e d  from  a  b o r e h o le  c o re  a n d , i f  no 

o th e r  i n f o r m a t io n  so u rc e  i s  a v a i l a b l e ,  may r e q u i r e  some in f e r e n c e  o r  

g u e ssw o rk . T h is  i s  a c c e p ta b le  p r o v id e d  t h a t  some in d i c a t i o n  i s  g iv e n  

r e g a r d i n g  th e  p o s s ib l e  r e l i a b i l i t y  o f  th e  given v a lu e ; p r o v is io n  f o r  

t h i s  h a s  u n f o r t u n a t e ly  b e e n  o m i t te d .  The a u th o r s  o f  t h i s  b o re h o le  l o g  

a s s e r t  t h a t  p a ra m e te r s  su c h  a s  th e  j o i n t  c o n t i n u i t y ,  w av in ess  and j o i n t  

s e p a r a t i o n  c a n n o t  be m easu red  f ro m  a  b o r e h o le  c o re  a lo n e .  The p r e s e n t  

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

t h a t  b o th  th e  w a v in e s s  ( u n d u la t io n s  i n  t h i s  c a s e )  and th e  j o i n t  s e p a r a t i o n ,  

c a n  i n  c e r t a i n  i n s t a n c e s  b e  r e c o rd e d  w i th  r e a s o n a b le  c e r t a i n t y .  In fo rm ­

a t i o n  c o n c e rn in g  s t r e n g t h  and  w e a th e r in g  c h a r a c t e r i s t i c s  i s  p r e s e n te d  b o th  

v e r b a l l y  and  g r a p h i c a l l y .  To th e  p r e s e n t  w r i t e r  t h i s  seem s to  be s n  u n -  

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

The C .S . I .R .  G eom eohanics c o re  l o g ^ ' ^  h a s  b e e n  s p e c i f i c a l l y  d e s ig n e d  

f o r  u s e  w i th  th e  G eo c ec h en io s  S o ck  C l a s s i f i c a t i o n  System . I t  i s  u se d  in  

c o n ju n c t io n  w i th  a  j o i n t  s u r v e y  and  th e  G eom eohanics d a t a  i n p u t  f o r a  and 

c a n n o t  be u s e d  a lo n e  to  c l a s s i f y  th e  r o c k  m a ss . To th e  p r e s e n t  w r i t e r  

t h i s  im p o ses some r a t h e r  s t r i c t  l i m i t a t i o n s  on th e  p r a c t i c a l  v a lu e  o f  t h i s  

l o g  b e c a u s e , a s  a l r e a d y  m e n tio n e d  ( S e c t i o n  l . l ) ,  i n  some c a s e s  s u r f a c e  ex ­

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

i n t e r p o l a t i o n  o f  s u r f a c e  d a t a  t o  th e  tu n n e l  l e v e l .  I n  a d d i t i o n ,  a l th o u g h  

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

t o  t h e  K .G .I .  C l a o s i f i c a t i o n  System  and  i s  t h e r e f o r e  n o t  r e a l l y  u s e f u l  t o  

t h e  p r e s e n t  s tu d y .

The c o re  lo g g in g  g u id e  p ro p o se d  b y  t h e  S ou th  \ f r i o = n  S e c t io n  o f  th e  

A s s o c ia t io n  o f  E n g in e e r in g  G e o l o g i s t s ^ )  i s  a  g e n e r a l  m ethod  o f  d e s c r i b ­

in g  th e  p a ra m e te r s  commonly o f  i n t e r e s t  i n  ro o k  e n g in e e r in g .  I t  u s e s  

q u a l i t a t i v e  d e s c r i p t i o n s  d e p e n d e n t on  v i  ,u a l  in s p e c t io n  and  s im p le  m echan­

i c a l  f i e l d  t e s t s ,  and i s  in te n d e d  oo a  b a s e  upon  w hich  to  e n la r g e ,  i f  more 

s p e c i f i c  p a ra m e te r s  a r e  r e q u i r e d .  The g u id e  t a k e s  c o g n iz a n c e  o f  e x i s t i n g  

a c c e p te d  m ethodo  o f  s o i l  and r o c k  d e s c r i p t i o n  and  a t te m p ts  to  rem a in  com­

p a t i b l e  w ith  t h e s e  w hen p o s s i b l e .  To th e  p r e s e n t  w r i t e r ,  t h i s  c o re lo g g in g  

m ethod  i s  v e i l  s u i t e d  f o r  i t s  in te n d e d  p u rp o se  b u t  i s  to o  g e n e r a l  f o r  d e ­

t a i l e d  r o c k  m ass c l a s s i f i c a t i o n .
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A n o v e l  c n i  o x t r e a e l y  u s e f u l  m ethod  c f  c o re  lo g g in g  f o r  e n g in e e r in g  

p u r p o s e s  v a s  su g g o a ta d  by  K m k i l o r ^ 2 ^ . The aetfcod  ir r /o lv e a  th e  d raw in g  

o f  a l l  t h e  j o i n t s  o s  th e y  o c c u r  i n  th e  c o re  end th e  ne -u su ren e n t o f  t h e i r  

i n c l i n a t i o n  a n g le s  r e l a t i v e  t o  th e  l o n g  a x i s  o f  th e  c o r e .  I f  u n d e r ta k e n  

c a r e f u l l y ,  t h i s  m ethod  p r o v id e s  a n  u n b ia s e d  p i c t u r e  o f  t h e  c o re  from  w h ich  

an  fcssessr.eub  - f  th e  num ber o f  j o i n t  s e t s ,  t h s i r  a v e ra g e  i n c l i n a t i o n  a n g le s  

and  s p a c in g s  can  b e  m a le . The r o c k  d e s c r i p t i o n  fo rm at a d o p te d  by h a n lc i lo r  

i s  s i m i l a r  to  t h a t  p ro p o se d  by  F r a n k l in  e t .  The fo r ,n o r  u s e s  th e

r o c k  nam e: c o lo u r ;  h a rd n e s s ;  la m in a t io n ;  and o th a r ,  w h ile  fr.c l a t t e r

a u th o r s  s a k e  u s e  o f  t h e  ro o k  nam e; w e a th e r in g  s t a t e ;  s t r u c t u r e ;  c o lo u r ;  

and  t e x t u r e .

The u s e  o f  m e c h a n ic a l i n d i c e s ,  p a r t i c u l a r l y  t h e  P o i n t  Load S t re n g th  

I n d e x , a s  su g g e s te d  b y  F r a n k l in  e t .  i s  becom ing  i n c r e a s in g ly

p o p u la r  i n  b o r e h o le  c o re  lo g g in g .  The P o in t  Load S t re n g th  In d ex  e l im ­

i n a t e s  th e  n e e d  f o r  d e s c r i p t i v e  te rm s  f o r  r e c k  s t r e n g t h .  S im ple  f i e l d  

t e a t s  c an  be u s e d  to  i n d i c a t e  r o c k  h a r d n e s s ^ '’  ̂ b u t  m ust b e  s t r i c t l y  ad ­

h e re d  t o  i f  th e y  n r e  t o  b e  u se d  a s  i n d i c a t o r s  o f  t h s  u n c o n f in e d  c o m p re ss iv e  

s t r e n g t h  o f  t h e  r o c k .  T hese  t e s t s  a r s  more s u i t a b l e  f o r  th e  lo w e r  s t r e n g th  

r o c k s  w here  th e  P o i n t  Lo.'id T e s t  i s  l e s s  r e l i a b l e .

The m ain  p re m ise  t h a t  w as c o n s id e r e d  when s e l e c t i n g  th e  m ethod  m ost 

s u i t a b l e  f o r  r e c o r d i n g  th e  b o re  c o re  d a t a  f o r  th e  p r s s s n t  s tu d y ,  was t h a t  

t h e  c o re  l o g  s h o u ld  p r e s e n t ,  a s  c l o s e l y  a s  p o s s i b l e ,  a  t r u e  p i c t u r e  o f  th e  

r o c k  c e r e  w i th  a  minimum am ount c f  d e s c r i p t i o n  and  i n t e r p r e t a t i o n  b e in g  

u s e d .  The o b je c t  b s h in d  t h i s  a p p ro a c h  i s  to  e n a b le  th e  r o c k  m ass to  be 

c l a s s i f i e d  b y  anybody  fro m  th e  b o r e h o le  l o g  a lo n e ,  w ith o u t  t h e i r  judgem en t 

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

T he lo g  s h e e t s  d e v e lo p e d  f o r  th e  p re s .  ■' and  p r e s e n te r  i n

A ppendix  I I ,  h av e  th r e e  m a in  s e c t i o n s  d e a l .  t i v e l y ,  from  l e f t  to

r i g h t  a c r o s s  t h e  s h e e t ,  w i th  th e  r o c k ,  th e  u -11 th e  r o c k ,  and l a s t l y

w i th  t e s t  d a t a ,  g e n e r a l  re m a rk s  and d r i l l i n g  d a t a .

The f i r s t  s e c t i o n  in c lu d e s  c  d e p th  s c a l e ,  a  le g e n d  co lum n and a  r o c k  

d e s c r i p t i o n  co lum n. The r o c k  d e s c r i p t i o n  fo rm a t i s  b a s e d  on  th o se  

su g g e s te d  by  F r a n k l in  e t .  a l . ^ 4 4  ̂ and  R a n k i l o r ^  and  in c lu d e s  th e  ro c k  

name (  i . e .  l i t h o l o g i c a l  t y p e ) ,  c o lo u r ,  t e x t u r e  and  w e a th e r in g  s t a t e .

Any a d d i t i o n a l  i n f o r m a t io n ,  e . g .  i n d i c a t i o n s  o f  s h e a r in g  o r  s e c o n d a ry  

c em e n t, a re  in c lu d e d  i n  t h e  g e n e r a l  rem a rk s  co lum n in  th e  t h i r d  s e c t i o n  

o f  th e  l o g  o h s e t .  The te rm s  u s e d  f o r  the d e s c r i p t i o n  o f  t h e  te x tu r e  and

/w e a th e r i n g  ........................
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w e a th e r in g  s t a t e  liave  b e e n  a d o p te d  fro.-s th e  s ta n d a r d s  s u g g e s te d  by  th e  

S o u th  A f r ic a n  S e c t io n  o f  th e  A s s o c ia t io n  ex E n g in e e r in g  G e o lo g is ts  

and  a r e  r e p ro d u c e d  i n  A ppendix  I I I A . Two f u r t h e r  co lum ns have  b e e n  i n ­

c lu d e d  i n  t h i s  s e c t i o n  o f  t h e  l o g  s h e e t  and  rh o v  g r a p h ic a l ly  th e  p e rc e n ta g e  

c o re  r e c o v e r y  and  Rock C J ia l i ty  D e s ig n a t io n  (fv^D) r - .s p > o t iv e ly .  C o n t ra ry  

t o  n o rm a l p r a c t i c e  i n  w h ich  th e s e  v a lu e s  a r e  u s u a l ly  e x p re s s e d  f o r  e ac h  

c o l 's  r u n ,  th e y  h a v e  be en  c a l c u l a t e d  h e r e  f o r  in d iv i d u a l  g e o lo g ic a l  u n i t s .  

T h is  w as done i n  o r d e r  t o  o b t a in  v a lu e s  r e l a t e d  t o  th e  r o c k  m ass a s  a  w hole 

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

The se co n d  s e c t i o n  o f  th e  l o g  s h e e t  in c lu d e s  a  d e p th  s c a l e ,  a  j o i n t  

d ia g ra m  co lum n  and  co lum ns f o r  th e  i n c l i n a t i o n  a n g le s  o f  e a c h  j o i n t  r e ­

c o rd e d , a n d  t h e i r  r o u g h n e s s  and  a l t e r a t i o n  r e s p e c t i v e l y .  I n  o r d e r  to  

p r o v id e  a s  r e a l i s t i c  a  p i c t u r e  o f  th e  c o re  a s  p o s s ib l e ,  i t  was n e c e s s r r y  

t o  t r y  t o  r e c o n s t r u c t  i t  b e f o r e  c o m p ilin g  th e  j o i n t  d ia g ra m . I n i t i a l l y  

a n  a t te m p t  was made to  m easu re  b o th  th e  s t r i k e  and  d ip  ( w i th  r e s p e c t  t o  

an  a r b i t r a r i l y  s e l e c t e d  l i n e  on  th e  c o re )  o f  e a c h  j o i n t  so  t h a t  th e  number 

o f  j o i n t  s e t s  c o u ld  b e  e s t im a te d  from  a  s te r e o g r a p h ic  p l o t  o f  th e  d a to ^ ® ^ .  

T h is  w as fo u n d  to  g e n e r a l l y  be  p o s s ib l e  o v e r  r e l a t i v e l y  s h o r t  c o re  l e n g th s  

o n ly  b e c a u se  o f  t h e  d i f f i c u l t y  o f  r e l a t i n g  a d j a c e n t  c o re  r u n s ,  and was 

t h e r e f o r e  a b an d o n e d . As a  r e s u l t ,  o n ly  t h e  i n c l i n a t i o n  a n g le  o f  eac h  

j o i n t  r e l a t i v e  t o  t h e  lo n g  a x i s  o f  th e  c o re  w as r e c o rd e d  and no a t te m p t ,  

e x c e p t  i n  v e r y  o b v io u s  c a s e s ,  was made to  r e l a t e  th e  in d iv i d u a l  j o i n t  

d i r e c t i o n s  t o  e a c h  o th e r .  T h ese  m e asu rem en ts  w ere  made t o  th e  n e a r e s t  5 

b y  u s in g  a  g r a d u a te d  o l i n o r u l e ,  P l a t e  I .

The ro u g h n e s s  and a l t e r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  j o i n t  s u r f a c e s  

w ere  r e c o rd e d  q u a l i t a t i v e l y  i n  te rm s  a p p l i c a b l e  t o  t h e  c l a s s i f i c a t i o n  

sy s te m s  b e in g  s tu d i e d .  I n  o r d e r  to  d e s c r ib e  th e  r o u g h n e s s ,  a  s im p le  

d i f f e r e n t i a t i o n  w as made b e tw ee n  u n d u la t in g  o r  p l a n a r  s u r f a c e s  w h ich  w ere 

e i t h e r  ro u g h  o r  sm o o th . S l ic k e n s id e s  w ere  r e c o rd e d  w henever a p p a r e n t .

The j o i n t  s u r f a c e  a l t e r a t i o n ,  when p r e s e n t ,  w as d e s c r ib e d  i n  te rm s  o f  

s t a i n i n g  and  s o f t e n in g  o r  n o n - s o f t e n in g  m in e r a l  c o a t in g s .  W henever so a s  

j o i n t  f i l l  was n o te d  a n  e s t im a te  o f  i t s  t h i c k n e s s  was r e c o r d e d .  A bbrev­

i a t i o n s  u s e d  to  i n d i c a t e  t h e  j o i n t  a l t e r a t i o n  a r e  p r e s e n te d  i n  A ppendix  I I I A .

A lth o u g h  th e  te rm s  o f  d e s c r i p t i o n  u s e d  f o r  t h e  ro u g h n e s s  and a l t e r a t i o n  

c h a r a c t e r i s t i c s  o f  th e  j o i n t  s u r f a c e s  a r e  d e r iv e d  d i r e c t l y  fro m  th e  c a t e ­

g o r i e s  d e f in e d  b y  th e  H .G .I ,  C l a s s i f i c a t i o n  Sys tem , th e y  w ere a l s o  found  

t o  be q u i t e  s u i t a b l e  f o r  u s e  w ith  th e  G eom echm ico  C l a s s i f i c a t i o n  System .

Two a d d i t i o n a l  co lum ns f o r  r e c o r d in g  th e  e s t im a te d  num ber o f  j o i n t  s e t s  

and th e  j o i n t  s p a c in g  w ere  a l s o  in c lu d e d  on  vhe lo g  s h e e t .  A lthough

A h e s e  ..............
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th e s e  e s t im a te s  c o u ld  o n ly  be  made a f t e r  th e  e v a lu a t io n  o f  t h e  b o re h o le  

d a t a ,  t h e y  a r e  r e l e v a n t  t o  b o th  r o c k  c l a s s i f i c a t i o n  sy s te m s  end w ere  i n ­

c lu d e d  f o r  a  c o n v e n ie n t  a s s e s s m e n t  o f  th e  r o c k  m ass from  th e  l o g  s h e e t .

T he t h i r d  s e c t i o n  o f  t h e  l o g  s h e e t  i n c lu d e s  colum ns f o r  t h e  P o in t  

Load S t r e n g th  In d e x , w hich  w as d e te rm in e d  f o r  a s  many p o in t s  a s  p o s s ib l e ,  

a n y  o t h e r  t e s t s  w hich  may have p r o v id e d  a  r e l e v a n t  d a t a ,  a  rem a rk s  co lum n, 

and  o t h e r  co lum ns r e f e r r i n g  to  w a te r  l o s s e s ,  c a s in g  u s e d , c o re  s iz e  and 

m ethod  o f  d r i l l i n g .  F i n a l l y  a n o th e r  d e p th  s c a l e  was p ro v id e d .  Owing 

t o  la c k  o f  th e  r e le v rv  d a t a ,  th o s e  co lum ns r e f e r r i n g  to  w a te r  l o s s e s  and 

c a s in g  c o u ld  n o t  b e  c o m p le te d .

T h is  m ethod o f  lo g g in g  w as u se d  o v o r  s e l e c t e d  s e c t i o n s  o f  th e  c o re  

o b ta in e d  fro m  b o r e h o le s  d r i l l e d  i n  th e  v i c i n i t y  o f  th e  t u n n e l s  b e in g  

s t u d i e d .  I d e a l l y ,  d e p e n d in g  on  th e  s i z e  o f  th e  e x c a v a t io n ,  i t  w ould o n ly  

be n e c e s s a r y  t o  u n d e r ta k e  a  d e t a i l e d  a s se s s m e n t o f  th e  j o i n t i n g  in  th e  

c o re  f o r  a  l i m i t e d  d i s t a n c e  ( e . g .  5 m i n  t h e s e  c a s e s )  above th e  p la n n e d  

c row n l e v e l  t o  a  few  m e tr e s  i n t o  th e  i n v e r t .  The re m a in d e r  o f  th e  c o re  

ne ed  o n ly  b e  r e c o rd e d  i n  g e n e r a l  te rm s  a s  s u g g e s te d  by  th e  A s s o c ia t io n  o f  

E n g in e e r in g  G e o lo g is t s .

I n  m o st c a s e s  th e  c o re s  a v a i l a b l e  w ere  i n  r e a s o n a b ly  good c o n d i t io n  

f o r  th e  r e q u i r e d  p u rp o s e . I n  some o f  th e  c o re s  from  th e  B ushkopp ies  

T u n n e l ,  ho w ev e r, th e  r e q u i r e d  l e n g th  above th e  crow n l e v e l  c o u ld  n o t  be 

o b ta in e d  and  i t  was assum ed t h a t  th e  a v a i l a b l e  c o re  was r e p r e s e n t a t i v e  o f  

t h e  r o c k  m ass a t  th e  p a r t i c u l a r  s i t e ,  T h io  was c o n s id e r e d  t o  be a 

r e a s o n a b ly  v a l i d  a s su m p tio n  i n  v ie w  o f  th e  g e n e r a l l y  hom ogeneous n a tu re  

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

2 .3  I n  S i t u  M easurem ents

The i n  s i t u  d a t a  f o r  th e  c l a s s i f i c a t i o n  o f  th e  r o c k  m ass w as o b ta in e d  

u s in g  a  d e t a i l  l i n e  j o i n t  s u r v e y  m ethod  a d a p te d  from  t h a t  p ro p o se d  by  

P i t e a u ^ \  a s  w e l l  a s  v i s u a l  e s t im a te s  and a p p ro x im a te  m e asu re m en ts .

The d e t a i l  l i n e  j o i n t  s u r v e y  m ethod  e n t a i l s  s u s p e n d in g  a  m e asu r in g  ta p e  

h o r i z o n t a l l y  a lo n g  th e  tu n n e l  w a l l  end r e c o r d i n g  in f o r m a tio n  a b o u t e v e ry  

j o i n t  w h ich  i n t e r s e c t s  th e  ta p e  l i n e .  The j o i n t  f e a t u r e s  r e c o rd e d  by  

P i t e a u  a re  l i s t e d  below :

A-
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C o - o r d in a t e s  (x  end y )

E le v a t i o n  ( t a p e )

3 . H ock ( t y p e ,  h a rd n e s s ,  s t r u c t u r e )

4 .

5 . D ip  ( a n g le ,  d i r e c t i o n )

6 . C o n t in u i ty  ( d ip ,  s t r i k e )

7 . Gouge ( t h i c k n e s s ,  ty p e ,  h a rd n e s s )

8 . R oughness

9- Wo.vineas ( a m p l i tu d e  and  b a s e  le n g th )

F o r  t h e  p u r p o s e s  o f  t h e  p r e s e n t  s tu d y  some o f  th e  d e t a i l s  o f  t h e s e  n in e  

f e a t u r e s  w ere  e x c lu d e d  f ro m  th e  j o i n t  s u r v e y  a s  n o t  b e in #  r e l e v a n t  to  

th e  G eom echanics o r  H .G .I .  C l a . s s i f i c a t i o n  S y s tem s . T hose e x c lu d e d  w e re :

1 . th e  x -  and y -  c o - o r d in a t e s  o f  t h e  j o i n t  b e in g  

m easu red  and th e  ta p e  e l e v a t io n ;

2 . th e  s t r i k e  d i r e c t i o n  o f  e a c h  j o i n t  b e c a u se  i t  

d u p l i c a t e d  th e  in f o r m a t io n  g iv e n  by  th e  d ip  

and  d ip  d i r e c t i o n ;

5 . th e  d i f f e r e n t i a t i o n  b e tw een  s t r i k e  and  d ip  con ­

t i n u i t y  t o g e t h e r  w i th  a n y  r e f e r e n c e  t o  th e  a c t u a l  

l e n g th  o f  th e  j o i n t  t r a c e  v i s i b l e ;

4 .  t h e  a m p litu d e  a n d  w a v e le n g th  m e asu rem en ts  o f  th e  

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

The in f o r m a t io n  o b ta in e d  f ro m  th e  j o i n t  s u r v e y s  was r e c o rd e d  on  j o i n t  

s u r v e y  d a t a  s h e e t s  w h ic h  a r e  p r e s e n te d  in  A ppendix  I I I B .

An o u t l i n e  o f  th e  f e a t u r e s  w h ich  w ere  r e c o rd e d  i s  g iv e n  be lo w , nnn 

d e t a i l e d  d e s c r i p t i o n s  o f  th e  v a r io u s  c a t e g o r i e s  ( a f t e r  P i t e a u )  a r e  a l s o  

in c lu d e d  i n  A ppendix  I I I A .  The d e s c r i p t i o n s  be low  a r e  r e l a t e d  t o  th e  

co lum ns o n  th e  j o i n t  s u r v e y  s h e e t s ,  num bered  fro m  1 t o  1 4 , i n  w hich  e a c h  

f e a t u r e  was re c o rd e d :

/C olum n 1
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C o lxon  1  : I n d i c a t e s  t h s  p o s i t i o n  a lo n g  th e  ta p e  a t

w h ich  th e  p a r t i c u l a r  j o i n t  w as i n t e r s e c t e d .

Column 2 : I n d i c a t e s  th e  l i t h o l o g i c a l  ty p e  o f  t h e  r o c k

a t  t h e  j o i n t  b e in g  m e asu re d .

Column 3 '• I n d i c a t e s  t h e  h a rd n e s s  o f  t h e  r o c k  a d ja c e n t

t o  th e  j o i n t .

Column 4 : I n d i c a t e s  t h e  ty p e  and  o r i g i n  o f  th e

s t r u c t u r e  b e in g  m e asu re d , i . e .  b e d d in g  

j o i n t ,  s h e a r  j o i n t ,  e t c . ;  t h i s  p a ra m e te r  

c a n n o t  a lw ay s  b e  d e te rm in e d .

Column 5 '  I n d i c a t e s  t h e  d ip  a n g le .

Column 6 s I n d i c a t e s  t h e  d i r e c t i o n  o f  d ip .

Column 7 :  I n d i c a t e s  th e  t h i c k n e s s  o f  a n y  j o i n t

f i l l  o r  gouge on  th e  j o i n t  b e in g  m e asu re d .

Column 8 : I n d i c a t e s  th e  ty p e  o f  a l t e r a t i o n ,  i f  any ,

on th e  j o i n t  b e in g  m e asu red .

Column 5 i I n d i c a t e s  th e  h a r d n e s s ,  a s  d e f in e d  f o r

Column 3 . o f  a n y  n o ta b le  th ic k n e s s  o f  f i l l  

m a te r i a l  a lo n g  th e  j o i n t  b e in g  m e asu re d .

Column 10 : I n d i c a t e s  th e  r o u g h n e s s  o f  th e  j o i n t

s u r f a c e  b e in g  m e asu re d .

Column 11 s I n d i c a t e s  w h e th e r  th e  j o i n t  s u r f a c e  i s

p l a n a -  ( p )  o r  u n d u la t i n g  ( i f ) .

Column 12 : I n d i c a t e s  w h e th e r  t h e  j o i n t  b e in g

m e asu re d  i s  d is c o n t in u o u s ;  c o n tin u o u s  

o u t  o f  th e  f a c e  a t  one e n d ; o r  c o n t in u ­

o u s  o u t  o f  th e  f a c e  a t  b o th  e n d s .

Column 13 : I n d i c a t e s  t o  w h at e x t e n t  w a te r  i s  p r e s e n t

on  th e  j o i n t  s u r f a c e  b e in g  m e asu re d .

Column 14 ; P r o v id e s  f o r  g e n e r a l  r e m a rk s .

The i n  s i t u  m e asu re m en ts  w ere  c a r r i e d  o u t  a s  c lo s e  a s  p o s s ib l e  t o  th e  

u n d e rg ro u n d  p o s i t i o n s  o f  th e  r e l e v a n t  b o r e h o le s .  A t th e  B u sh k o p p ies  and 

D e lv e ro  T u n n e ls  th e  b o r e h o le s  w ere  d r i l l e d  fro m  s u r f a c e ,  a lo n g  o r  a d ja c e n t

/ t o  th e  c e n t r e  . . . . . . . . .
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to  t h e  c e n t r e  l i n e s  o f  th e  p la n n e d  e x c a v a t io n s .  At t h e  Du T o i t s k l o o f  

p r o j e c t  th e  h o le s  w ere  d r i l l e d  from  w i th in  th e  tu n n e l .  I n  a l l  th r e e  

t u n n e l s  th e  u n d e rg ro u n d  p o s i t i o n s  o f  t h e  h o le s  w ere  e a s i l y  lo c a t e d .

The d e t a i l  l i n e  j o i n t  s u r v e y  m ethod w as u s e d  a t  th e  B u sh k o p p ies  and 

Du T o i t s k l o o f  T u n n e ls .  I n  th e  fo rm e r  th e  s u r v e y s  w ere  a l l  a  s ta n d a r d  

le u g th  o f  1 0 ,0  ra w i th  th e  s u r v e y  l i n e s  c e n u re d  a s  c lo s e l y  a s  p o s s ib l e  

a b o u t  t h e  i n t e r s e c t i o n  p o in t s  o f  th e  v a r io u s  b o r e h o le s .  The j o i n t i n g  

p a t t e r n s  i n  th e  r o c k  o f t e n  d is p l a y e d  n o t i c e a b le  l o c a l  v a r i a t i o n s  o v e r  

r e l a t i v e l y  s h o r t  d i s t ;m o e s .  The 1 0 ,0  m su rv e y  le n g th  w as t h e r e f o r e  

s e l e c t e d  ' 'e i n g  m o st c o n v e n ie n t  b e c a u s e , w h i l s t  g e n e r a l l y  f u r n i s h in g  

s u f f i c i e n t  t  "o”  a n a l y s i s ,  i t  l e s s e n e d  th e  p o s s i b i l i t y  o f  in c lu d in g  

in f o r m a t io n  /  tc h  m ig h t n o t  h av e  been  i n t e r s e c t e d  b y  th e  r e l e v a n t  b o r e h o le .

The j o i n t  m e-.su rem sn ts a t  th e  Du T o i t s k l o o f  T u n n e l w ere g e n e r a l l y  

c a r r i e d  o u t  a lo n g  th e  w a l l s  o f  d r i l l i n g  r e c e s s e s  c u t  i n to  th e  s id e  o f  th e  

t u n n e l .  T h is  made i t  p o s s ib l e  to  o b t a in  m e asu rem en ts  a lo n g  two d i r e c t i o n s  

o r i e n t a t e d  a p p ro x im a te ly  p e r p e n d ic u l a r  to  e a c h  o t h e r .  The l e n g th s  o f  th e  

s u r v e y  l i n e s  v a r i e d  w i th  th e  d im e n s io n s  o f  th e  p a r t i c u l a r  r e c e s s ,  ou t an  

e f f o r t  w as made to  u s e  s i m i l a r  l i n o  l e n g th s  f o r  b o th  d i r e c t i o n s .  Owing 

to  a c c e s s  p ro b le m s duo t o  th e  p r e s e n c e  o f  u n d e rg ro u n d  m a ch in e ry  i t  was 

n o t  p o s s ib l e  t o  o b t a in  i n  s i t u  j o i n t  m e asu re m en ts  from  two o f  th e  s ix  

l o c a t i o n s  f r o n  w h ich  b o r e h o le s  had  be en  d r i l l e d .  I t  was t h e r e f o r e  d e ­

c id e d  to  u s e  j o i n t  s u r v e y  d a t a  from  a d ja c e n t  l o c a l i t i e s  w i th  s i m i l a r  geo ­

lo g i c a l  c o n d i t i o n s ,  w h ic h  had  p r e v io u s ly  beer, o b ta in e d  b y  M e ss r s . Van 

N ie k o rk , K le y n  and  E dw ards e t .  a i . ^ A \  d u r in g  t h o i r  r o u t in e  tu n n e l  c a p p in g . 

D e t a i l e d  maps o f  th e  j o i n t  p a t t e r n s  a t  f i v e  o f  t h e  sam ple  l o c a t i o n s  w ere 

a l s o  c o m p ile d  i n  o r d e r  t o  su p p le m e n t th e  j o i n t  s u r v e y  d a t a .

The l i m i t e d  sp a c e  and  th e  c o n t in u a l  i n s t a l l a t i o n  o f  s t e e l  te m p o ra ry  

s u p p o r ts ,  t o g e t h e r  w i th  th e  s im u lta n e o u s  c o n s t r u c t io n  o f  th e  f i n a l  c o n c r e te  

l i n i n g ,  p r e c lu d e d  t h s  u s e  o f  t h e  d e t a i l  l i n e  j o i n t  s u r v e y  i n  th e  D e lv e r s  

T u n n e l .  I n  t h i s  c a s e  th e  a s se s s m e n t o f  t h e  r o c k  m ass was b a se d  on  a  

v i s u a l  a p p r a i s a l  and  a p p ro x im a te  m e asu re m en ts .

2 ,4  S t r e n g th  T e s t in . r  o f  th e  C ora H ano les

The P o i n t  Load S t r e n g th  In d e x  t e n t ^ 1  ̂ w as u se d  to  d e te rm in e  th e  s t r e n g th  

c h a r a c t e r i s t i c s  o f  th e  r o c k  c o re s  exam ined  f o r  t h i s  p r o j e c t .  The to u t  

i s  i d e a l  a s  a  r a p id  m eans of e v a lu a t in g  th" s t r e n g th  o f  r o c k  p ro v id e d  i t  

i n  n e t  to o  c o f t ^ 5^ .  F o l lo w in g  B ie n ia w o k i’a s u g g e s t io n ' ' ,  i t  was

/ in c lu d e d  .......... ..................
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in c lu d e d  i n  th e  p r e s e n t  s tu d y ,  a s  a  r o u t i n e  p a r t  o f  th e  c o re  lo g g in g  p r o ­

c e d u re  t o  r e p l a c e  q u a l i t a t i v e  r o c k  h a rd n e s s  d e s c r ip t i o n s . .  :Xn E n g in e e r in g  

L a b o r a to ry  E quipm ent m achine  w as u s e d ,  P l a t e  I I ,  t o  t e s t  th e  sa m p le s .

The t e s t i n g  p ro c e d u re  h a s  b e e n  o u t l i n e d  by  B ro c h  and  P r a n k l i r /  .

T h re e  ty p e s  o f  p o in t  lo a d  t e s t s  a r e  p o s s i b l e ,  v i z .  th e  d ia m e t r a l  t e s t ,  

t h e  a x i a l  t e s t ,  end  th e  i r r e g u l a r  lum p t e s t .  The f i r s t  two t e s t s  a p p ly  

t o  t e s t i n g  r o c k  c o r e s ,  and w ere  fo u n d  b y  th o s e  a u th o r s  t o  y i e l d  more con ­

s i s t e n t  r e s u l t s  th a n  th e  l a s t  m ethod  p r o v id e d  t h a t  c e r t a i n  le n g th  (L ) to  

d ia m e te r  (D) r a t i o s  o f  th e  c o re  sp e cim en s w ere  m a in ta in e d . F o r  th e  d i a ­

m e t r a l  t e s t ,  c o re s  w i th  1  e q u a l  t o ,  o r  g r e a t e r  th a n ,  1 ,4  x  D a r e  s u i t a b l e  

f o r  t e s t i n g ,  w h ile  f o r  th e  a x i a l  t e s t  a  r a t i o  o f  1 ,1  -  0 ,0 5  i s  r e q u i r e d .

F o r  bedded  o r  o t h e r  o b s e rv a b ly  a n i s o t r o p ic  r o c k s ,  th e  t e s t  s h o u ld  be  

u n d e r ta k e n  i n  b o th  t h e  s t r o n g e s t  and  w e a k e s t d i r e c t i o n s  o f  th e  r o c k ,  w ith  

t h e  lo a d in g  d i r e c t i o n s  p e r p e n d ic u l a r  t o  and  p a r a l l e l  w ith  th e  w eakness 

p l a n e s  r e s p e c t i v e l y .  F o r b o th  th e  d i a m e t r a l  and  a x i a l  t e s t s ,  t e n  o r  

m ore t e s t s  p e r  sam ple  e r e  recom m ended.

The P o i n t  Load S t r e n g th  In d e x  f o r  a  p a r t i c u l a r  r o c k  sam ple  i s  ob ­

t a in e d  f ro m  th e  m ed ian  v a lu e  o f  u  : e r  o f  t e s t  r e s u l t s ^ ' '1 '*. B roch  end 

F r a n k l in  s u g g e s t  t h a t  f o r  s ta n d a r d  l a s a l f i c a t i o n  th e  in d e x  I s ( 5 0 ) ,  w hich  

i s  th e  p o in -  lo a d  in d e x  c o r r e c t e d  t o  a  r e f e r e n c e  c o re  d ia m e te r  o f  50 m i l l i ­

m e t r e s ,  s h o u ld  be q u o te d . B ien ia w ak i^ " -^ ,  how ever, f e e l s  t h a t  th e  I s ( 5 4 )  

in d e x  w ould  be  more s u i t a b l e  a s  a  s ta n d a r d  b e c a u se  1% d ia m e te r  (54  m i l l i ­

m e t r e s )  c o r e s  a r e  t h e  i n t e r n a t i o n a l l y  recom m ended s i c e  f o r  s i t e  i n v e s t i ­

g a t io n  d r i l l i n g ,  s ta n d a r d  Rock Q u a l i t y  D e s ig n a t io n  (RQD) d e te r m in a t io n s  

and  s ta n d a r d  r o c k  s t r e n g t h  t e s t s .

A l i n e a r  r e l a t i o n s h i p  h a s  b e e n  shown t o  e x i s t  be tw ee n  th e  p o in t  lo a d  

in d e x  and  th e  u n i a x i a l  c o m p re s s iv e  s t r e n g th  o f  a  r o c k  a a a p l e ^ ’ and  

i s  e x p re s s e d  by  th e  e q u a t io n :

C = K. I s  .....................   6

w here;

C -  U n co n f in e d  C o m p ressiv e  S t r e n g th  o f  t h e  sam ple

I s  -  P o i n t  Load In d ex

K -  V a r ia b le  d e p e n d e n t on  th e  d i m e t e r  o f  th e  c o re  
t e s t e d .

F o r  GX c o r e ,  a n d  th e r e f o r e  f o r  a n y  I s ( 5 4 )  in d e x ,  a  v a lu e  f o r  K e q u a l  to  

24 h a s  b e e n  shown to  b e  a  good a p p ro x im a tio n  ̂  ̂ .

The sp e c im en s  t e s t e d  fro m  th e  B u sh k o p p ies  and  Du T o i t s k l o o f  T u n n e ls  

w ere  HX s i z e  c o r e s ,  w h ile  th o s e  t e s t e d  fro m  th e  D e lv e r s  T u n n e l w ere 60 m i l l i ­

m e t r e s  i n  d ia m e te r .  A l l  s a m p le s  t e s t e d  w ere  i n  fu, s i r - d r y  s t a t e .  The

/num ber ............
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nua'oex o f  t e s t s  u r .d e r ts k e r .  C or e a c h  bai-f.lto le  v a r i e d  d e p e n d in g  on  th e  con ­

d i t i o n  o f  th e  c o re  and  on th e  n e e d  to  m a in ta in  i n t a c t  sp e c im en s  f o r  l a t e r  

r e f e r e n c e  by  th e  o w n ers . The d ia m e t r a l  t e s t  o n ly  was u s e d .  S e v e ra l  

u n s u c c e s s f u l  a t te m p ts  w ere made t o  d e te rm in e  th e  sam ple  a n is o t r o p y  o f  th e  

o u a r t z i t e s  a n d  q u a r t z i t i o  s a n d s to n e s  fro m  th e  D e lv e r s  and  Du T o i t s k l o o f  

T u n n e ls  r e s p e c t i v e l y .  The m ain  p ro b lem  i n  t h i s  r e s p e c t  was t h a t  i t  was 

e x tre m e ly  d i f f i c u l t  t o  o b t a in  sp e c im en s  w ith  le n g th  t o  d ia m e te r  r a t i o s  

w i th in  th e  n a rro w  l i m i t s  r e q u i r e d  f o r  t h e  a x i a l  t e s t .  O nly  r e s u l t s  from  

sp e c im en s  w h ic h  f a i l e d  w i th  a  t e n s i l e  f r a c t u r e  be tw ee n  th e  lo a d in g  p o in t s  

w ere  c o n s id e r e d  to  b e  r e l i a b l e ^ 2 ^.

The mean and  median v a lu e s  o f  e a c h  s e t  o f  p o in t  lo a d  t e s t s ,  t o g e th e r  

w i th  t h e  num ber o f  t e s t a  p e rfo rm ed  a n d  th e  u n c o n f in e d  c o m p re s s iv e  s t r e n g th s  

c a l c u l a t e d  fro m  th e  m ed ian  v a lu e  a r e  p r e s e n te d  i n  A ppendix  IV . The I s ( 5 4 )  

in d e x  v a lu e  h a s  be en  a d o p te d  f o r  t h i s  s tu d y .  D n co n fin e d  c o m p re ss iv e  

s t r e n g t h  v a l u e s ,  a v a i l a b l e  from  p r e v io u s  w ork , a r e  a l s o  t a b u la t e d ,  and 

h av e  o c c a s io n a l ly  b e en  u s e d  i n  l i e u  o f  t h e  p o in t  lo a d  t e n t  r e s u l t s  f o r  

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

d iv id u a l  c o re  sp e c im en s  a r e  shown a t  th e  a p o r o p r in t s  d e p th s  on  th e  b o r e h o le  

l o g  s h e e t s .

2 .5  E v a l u a t io n  o f  th e  B o re h o le  H sa s u rc m sn ts

To a s s ig n  v a lu e s  t o  th e  v a r io u s  p a ra m e te r s  s p e c i f i e d  by  th e  G eom echanics 

and  3 . C . I .  C l a s s i f i c a t i o n  S y s tem s , th e  p ro c e d u re  l i s t e d  be low  was a d o p te d  

to  e v a lu a t e  th e  b o r e h o le  c o re  m e asu re m en ts . The r e s u l t s  f o r  e a c h  s te p  

h av e  b e e n  t a b u l a t e d  s e p a r a t e l y  and  a r e  p r e s e n te d  i n  A ppendix  V.

1 . The num bers o f  j o i n t s  w i th  s i m i l a r  i n c l i n a t i o n  

a n g le s  w ere  r e c o r d e d  and  c o r r e c t e d  f o r  o r i e n t ­

a t i o n a l  b i a s  ( S e c t i o n  2 .1 ) .

2 . The r e s u l t s  o f  S te p  1 w ere  p l o t t e d  u s  h is to g ra m s  

and  th e  num bers o f  j o i n t  s e to  p r e s e n t  i n  oaoh 

b o r e h o le  w ere  e s t im a te d .

3 . The a v e ra g e  s p a c in g  o f  th e  j o i n t s  i n  e a c h  s e t  

was e s t im a te d .
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4- The lu m b e rs  o f  j o i n t s  i n  e a c h  s e t  w ith  s in i l . - '"  

s u r f a c e  ro u g h n e s s  and a l t e r a t i o n  o h a r a o t e r - a t i c s  

w ere  r e c o rd e d .

5 . The m o st t y p i c a l  s u r f a c e  r o u g h n e s s  and a l t e r a t i o n  

c h a r a c t e r i s t i c s  o f  e a c h  j o i n t  s e t  was e s t im a te d .

6 . D a ta  fo rm s w ere  c o m p ile d  f o r  e a c h  c l a s s i f i c a t i o n  

sy s te m  show ing  th e  p a ra m e te r s  c o n s id e r e d  to  be 

r e p r e s e n t a t i v e  o f  th e  r o c k  m ass a t  e a c h  b o re h o le  

lo c a t i o n .

7 . C a lc u la t io n  s h e e t s  w ere  c o m p ile d  f o r  e a c h  c l a s s i ­

f i c a t i o n  sy s te m  u s in g  th e  p a ra m e te r s  s e l e c t e d  i n  

S te p  6 .  The 'HMR1 and  'Q ' v a lu e s  f o r  th e  ro c k  

m ass a t  e a c h  b o r e h o le  l o c a t i o n  w ere  c a l c u l a t e d .

The num ber o f  j o i n t  e a t s  p r e s e n t  i n  e a c h  b o r e h o le  c o re  was e s t im a te d  

by c o u n t in g  j o i n t s  w i th  s i m i l a r  i n c l i n a t i o n  a n g le s .  T en in c l i n a t i o n  

a n g 1 e  c a t e g o r i e s  w are  s e l e c t e d ,  a t  10° i n t e r v a l s  from  0 °  t o  90°• As 

p r e v io u s ly  e x p la in e d  ( S e c t i o n  2 . 2 ) ,  th e  i n c l i n a t i o n  a n g le s  o f  th e  j o i n t s  

w ere  m easu red  t o  tn e  n e a r e s t  5 • J o i n t s  w i th  i n c l i n a t i o n  a n g le s  i n t e r ­

m e d ia te  t o  th e  s e l e c t e d  c a t e g o r i e s ,  i . e .  5 ° ,  1 5 ° , 2 5 ° , w ere  th e r e f o r e  

in c lu d e d  i n  th e  n e x t  h ig h e s t  c a te g o ry .

The t o t a l  num ber o f  j o i n t s  i n  e a c h  c a te g o r y  was r e c o rd e d  i n  Row A 

o f  t h e  p r e p a re d  t a b l e  ( r e f e r  A ppendix  V"). T hese  v a lu e s  w ere  m u l t i p l i e d  

by l / s i n  «  t o  c o r r e c t  f o r  o r i e n t a t i o n a l  b i a s  ( S e c t io n  2 .1 )  and w ere  e x ­

p r e s s e d  a s  p e rc e n ta g e s  o f  th e  t o t a l  c o r r e c t e d  num ber o f  j o i n t s  r e c o rd e d  

in  a  p a r t i c u l a r  c o r e .  The r e s u l t s  w ere  r e c o rd e d  in  Rows B and C r e s ­

p e c t i v e l y  o f  th e  t a b l e .  The f i n a l  r e s u l t s  r e c o rd e d  i n  Row C w ere  r e p r o ­

duced  a s  h is to g ra m s  i n  S te p  2 . T h is  f a c i l i t a t e d  v i s u a l  e s t im a te s  o f  th e  

j o i n t  s e t  num ber and  th e  ran ,geo  o f  th e  i n c l i n a t i o n  a n g le s  o f  e a c h  s e t .

When in f o r m a t io n  from  o n ly  one  b o r e h o le  i s  a v a i l a b l e ,  th e  o r i e n t ­

a t i o n a l  b i a s  c o r r e c t io n  o o u ld  i n t r o d u c e  s i g n i f i c a n t  e r r o r s  i n to  e s t im a te s  

o f  th e  num bers o f  j o i n t  s e t s  p r e s e n t  ( S e c t i o n  2 .1 ) .  W ith o u t a d d i t i o n a l  

in f o r m a tio n  c o n c e rn in g  th e  j o i n t s  i n t e r s e c t i n g  th e  c o re  a t  low  a n g le s  i t  

i s  im p o s s ib le  to  d e te rm in e  t h e i r  im p o r ta n c e , and  f o r  a  c o n s e r v a t iv e  

a p p ro a c h  i t  m ust be assum ed t h a t  t h e y  r e p r e s e n t  j o i n t  s e t s  w h ich  a r e  

p e r t i n e n t  t o  th e  c l a s s i f i c a t i o n  o f  the- ro o k  m.'.so. T h is  a p p ro a c h  m u st be 

ta k e n  i r r e s p e c t i v e  o f  how few  low  a n g le  j o i n t s  may be i n t e r s e c t e d  b y  th e

/b o r e c o l e . . . . . . . . . . . .
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b o r e h o le .

The c o r r e c t e d  j o i n t  num bers a ss?  u te d  n e a t l y  i n  e m p h as iz in g  th e  low  

a n r l e  j o i n t  s e t s  on th e  h is to g ra m s .  T hey  w e re , how ever, n o t  u se d  t o  

c a l c u l a t e  th e  j o i n t  s p a c in g  o f  th o s e  s e t s  w i th  i n c l i n a t i o n  a n g le s  b e tw een  

0 °  and  2 0 °  ( S te p  5 ) .  The s p a c in g s  o f  th e  re m a in in g  j o i n t  s e t s ,  w ith  

i n c l i n a t i o n  a n g le s  g r e a t e r  t h a n  20 , w ere  o b ta in e d  by  d iv id i n g  th e  le n g th  

o f  c o re  exam ined  (L ) from  e a c h  b o r e h o le ,  by  th e  c o r r e c te d  num ber o f  j o i n t s  

r e c o rd e d  i n  th e  a n g u la r  r a n g e s  d e f in e d  i n  S te p  2 .

I n  S t e p  4 t h e  num bers o f  j o i n t s  i n  eac h  s e t  w ith  s i m i l a r  s u r f a c e  

ro u g h n e s s  and  a l t e r a t i o n  c h a r a c t e r i s t i c s  w ere c o u n te d . The ro u g h n e s s  

w as e x p re s s e d  a s  e i t h e r  u n d u la t i n g  o r  p l a n a r ,  w i th  ro u g h  o r  sm ooth  s u r ­

f a c e s .  S l ic k e n s id e d  j o i n t s  w ere  n o t  r e c o rd e d  s e p a r a t e ly  b u t  w ere  n o te d  

a s  a  num ber o f  th e  u n d u la t i n g  o r  p l a n a r  j o i n t s  a l r e a d y  r e c o r d e d .  The 

a l t e r a t i o n  c h a r a c t e r i s t i c s  w ere  e x p re s s e d  a s :  c lo s e d ;  no  a l t e r a t i o n  o r

s u r f a c e  s t a i n i n g  o n ly ;  n o n - s o f t e n in g  m in e r a l  c o a t in g s ;  c l a y  o r  s o f t e n ­

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

i n  S te p  5 a s  b e in g  t y p i c a l  o f  a  p a r t i c u l a r  j o i n t  s e t  w ere  th o s e  e x h :b i t e d  

m ost f r e q u e n t ly  by  t h a t  s e t .

An e s t im a te  o r  t h e  j o i n t  s e t  m ost c r i t i c a l  t o  t h e  tu n n e l  s t a b i l i t y  

w as a l s o  g iv e n  i n  S te p  5* The e f f e c t  a  j o i n t  s e t  h a s  on  th e  s t a b i l i t y  

o f  a  tu n n e l  i s  r e l a t e d  t o  t h e  o r i e n t a t i o n  o f  th e  j o i n t s  w i th  r e s p e c t  t o  

th e  a x i s  o f  t h e  t u n n e l^ 20 ’ a s  w e l l  a s  b e in g  in f lu e n c e d  by  th e  s u r fa c e

c o n d i t io n  o f  t h e  j o i n t s .  I n  th e  c a s e  o f  j o i n t  m e asu rem en ts  o n  u n o r i e n t ­

a t e d  b o r e h o le  c o r e s ,  o n ly  t h e  a n g le  o f  d ip  i s  know n, w h ile  th e  s t r i k e  

d i r e c t i o n  c a n n o t  b e  d e te r m in e d . The c r i t e r i a  o u t l i n e d  b y  Wickham o i . a l . ^ 2 0  ̂

and m o d if ie d  by  B i e n i a w s k i^ " ^  c a n n o t t h e r e f o r e  b e  a p p l ie d  b e c a u se  j o i n t s  

w i th  d ip  a n g le s  g r e a t e r  t h a n  20°  c an  v a r y  from  " v e r y  u n f a v o u r a b le "  t o  

" v e r y  f a v o u r a b le "  w i th  r e s p e c t  t o  a  t u n n e l 's  s t a b i l i t y ,  d e p e n d in g  on  t h e i r  

s t r i k e  d i r e c t i o n s  r e l a t i v e  t o  th e  tu n n e l  a x i s .  O nly  j o i n t s  w i th  d ip s  o f  

l e s s  th a n  20°  c a n  b e  c o n s id e r e d  a s  c o n s i s t e n t l y  " u n fa v o u ra b le " , i r r e s p e c t i v e  

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

I n  o r d e r  t o  e s t im a te  w h ich  o f  t h e  j o i n t  s e t s  i n  a  p a r t i c u l a r  b o r e h o le  

was m ost l i k e l y  to  i n f lu e n c e  th e  s t a b i l i t y  o f  th e  tu n n e l  th e  v a r io u s  i n ­

c l i n a t i o n  a n g le s  o f  t h e  j o i n t  s e t s  w ere  e x p re s s e d  a s  d ip  a n g le s .  T h is  

w as e a s i l y  a c h ie v e d  b e c a u se  t h e  m a jo r i t y  o f  b o r e h o le s  h a d  b e en  d r i l l e d  

e i t h e r  h o r i z o n t a l l y  o r  v e r t i c a l l y .  The j o i n t  c o t  s e l e c t e d  a s  b e in g  m ost 

c r i t i c a l  w as tli& t w h ic h  o c c u r re d  m ost f r e q u e n t ly  i n  th e  b o r e h o le .  When 

more th a n  one s e t  h a d  a p p ro x im a te ly  th e  sumo f re q u e n c y , tha s e t  w i th  th e  

s h a l lo w e s t  d ip  w as s e l e c t e d  i f  i t s  d ip  a n g le  w as l e s s  th a n  2 0 ° . I f  none
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o f  t h s  s e t s  d ip p e d  a t  l e s s  t h s j i  2 0 ° , th e n  th e  o ns w ith  th e  l e a s t  f a v o u r ­

a b le  s u r f a c e  c o n d i t i o n s  was s e l e c t e d .  I f  a  j o i n t  s e t  w ith  p a r t i c u l a r l y  

u n f a v o u r a b le  s u r f a c e  c o n d i t io n s  ( i . e .  t h i c k  o l - y  y c u g e)  o c c u r re d  w ith  a  

n o t i c e a b ly  lo w e r  f r e q u e n c y  th a n  a  s e t  w i th  v e r y  f a v o u r a b le  s u r fa c e  con ­

d i t i o n s  ( i . e .  u n d u la t in g  and ro u g h , c lo s e d )  t h e  fo rm e r  was s e l e c t e d  a s  

m oat c r i t i c a l  to  th e  s t a b i l i t y  o f  t h e  e x c a v a t io n .

The d a t a  fo rm s  w ere  c o m p ile d  i n  S to p  6 u s in g  th e  r e s u l t s  from  S te p s  

1 - 5  to g e th e r  w i th  RQ,-) e s t im a te s  and  th e  p o i n t  lo a d  in d i c e s .  I n  S te p  7 

t h e  r a t i n g  v a lu e s  f o r  e a c h  p a ra m e te r  w ere  s u b s t i t u t e d  i n t o  th e  r e l e v a n t  

e q u a t io n s ,  and  th e  SMI and  Q -v a lu e s  c a l c u l a t e d  f o r  eac h  b o re  c o re .

2 ,6  E v a l u a t io n  o f  th e  I n  S i t u  M easurem ents

A s i m i l a r  a p p ro a c h  wag a d o p te d  to  e v a lu a te  t h e  i n  s i t u  j o i n t  su rv e y  

m e asu re m en ts  a s  ws.a u s e d  f o r  th e  b o r e h o le  d a t a .  The s te p s  f o llo w e d  a re  

l i s t e d  be low  and th e  r e s u l t s  a r e  p r e s e n te d  i n  A ppendix  V I:

1 . The num bers o f  j o i n t  s e t s  w ere  d e te rm in e d  w i th  th e  

a id  o f  a  s t e r e o g r a p h ic  p r o j e c t i o n .

2 . The j o i n t  s u r v e y  d a t a  was r e - l i s t e d  fro m  th e  f i e l d  

s h e e t s ,  a c c o rd in g  to  th e  s e t s  d e te rm in e d  i n  S te p  1 .

3 . The i n t e r s e c t i o n  a n g le s  (tf) w ere  d e te rm in e d  f o r  each  

o f  th e  j o i n t  s e t s  end  th e  num bers o f  j o i n t s  i n  eac h  

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

s p a c in g s  w ere  th e n  d e te rm in e d  end  th e  R Q p 's  w ere  

c a l c u l a t e d .

A. The a n g u la r  r e l a t i o n s h i p  b e tw ee n  th e  tu n n e l  a x i s  and 

th e  s t r i k e  o r i e n t a t i o n s  o f  th e  v a r io u s  j o i n t  s e t s  

w ere  d e te rm in e d  and  t h e i r  in f lu e n c e  on th e  tu n n e l  

s t a b i l i t y  r e c o rd e d ,

5-Q . T hese  f o u r  s t e p s  w ere i d e n t i c a l  t o  t h e  l a s t  f o u r

s t e p s  u s e d  t o  e v a lu a t e  th e  b o r e h o le  d a t a  and  in c lu d e d  

th e  d e t e r m in a t io n  o f  th e  t y p i c a l  s u r f a c e  ro u g h n e ss  

and. a l t e r a t i o n  c h a r a c t e r  1 s t  l a s  o f  e a c h  j o i n t  s e t  

( S te p s  5 and  6 )  and  th s  c o m p ila t io n  o f  d a t a  fo rm s 

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

sy s te m  ( S te p s  7 and  8 ) .

/ i n  S te p  1
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I n  S t e p  1 th e  p o le s  to  th e  j o i n t  s u r f a c e s  m easu red  w ere  p l o t t e d  on 

t r a n s p a r e n t  s h e e t s  o v e r la y in g  a  10 cm r a d i u s ,  Schm idt E q u a l A rea  s t e r e o ­

g r a p h ic  p r o j e c t i o n .  The c e n t r e  and c irc u m fe re n c e  o f  th e  s t e r e o n e t  wore 

m arked o n  th e  s h e e t s  w h ich  w ere  th e n  l a i d  o v e r  a  c e n t im e t r e  sq u a re  g r i d  

so  t h a t  th e  m arked  c e n t r e - p o i n t  o f  th e  s t e r e o n e t  c o in c id e d  w i th  a  g r id  

i n t e r s e c t i o n  p o in t  a n d  th e  n o r th - s o u th  and e a s t - w e s t  a x e s  o f  t h e  s te r e o n e t  

w ere  p a r a l l e l  to  th e  g r i d  l i n e s .  The p o le s  w ere  th e n  c o n to u re d  u s in g  

th e  c i r c u l a r  c o u n te r ,  F i g .  2 . 3 ,  m ethod d e s c r ib e d  by  S a d g e ly ^ * ^  and W hhl- 

s t r o m ^ ^ ,  w hereby  a  c o u n te r  w i th  an  a r e a  e q u a l  t o  1 p e r  c e n t  o f  t h a t  o f  

th e  s t e r e o n e t  ( i n  t h i s  c a s e  w i th  a  r a d iu s  o f  1  cm) was moved a c r o s s  th e  

s h e e t  and  th e  num ber o f  p o le s  w i th in  th e  a r e a  o f  th e  c o u n te r  w ere  re c o rd e d  

a t  eac h  no d e  o f  th e  g r i d .  A p e r i p h e r a l  c o u n te r ,  "F ig . 2 .3 ,  w as u se d  t o  

r e c o r d  th e  num bers o f  p o le s  w h ich  o c c u r re d  c lo s e  t o  t h e  edge  o f  th e  s t e r e o ­

n e t .  The num ber o f  p o in t s  r e c o rd e d  a t  e a c h  node w ere c a l c u l a t e d  a s  p e r ­

c e n ta g e s  o f  th e  t o t a l  num ber o f  j o i n t s  m e asu re d  a t  a  p a r t i c u l a r  l o c a l i t y  

and th e  d ia g ra m s  w ere  c o n to u re d  a t  r u i t a b l e  i n t e r v a l s .  When more th a n  

one j o i n t  s u r v e y  d i r e c t i o n  was p o s s ib l e  ( i . e .  Du T o i t s k l o o f  T u n n e l ) ,  t h e  

num bers o f  p o le s  r e c o rd e d  a t  e ' ch  node c o u ld  b s  c o rre c te d , f o r  o r i e n t a t i o n a l  

b i a s  by  m u l t i p ly in g  cy  l / l i n  a . I n  t h e s e  c a s e s  th e  c o r r e c t e d  num bers 

th e m se lv e s  w ore c o n to u re d  and  w ere  n o t  e x p re s s e d  a s  p e r c e n ta g e s .  The 

num bers o f  j o i n t  s e t s  a t  e a c h  l o c a l i t y  and t h e i r  r e s p e c t iv e  a v e ra g e  o r i e n t ­

a t i o n s  w ere  th e n  e s t im a te d .  The o r i e n t a t i o n  o f  th e  tu n n e l  e x i a  t o g e th e r  

w ith  t h e  d i r e c t i o n  o f  a d v an c e  w as a l s o  shown on  e a c h  s t e r e o - p l o t .

After: WAIILSTHOM,

■'10. 2 .3  C i r c u l a r  C o u n te r  M ethod o f  C o n to u r­
in g  S t e r e o g r a p h ic  P l o t s
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A f t e r  t h e  a n a l y s i s  o f  th e  s t e r e o - p l o t s  i n  S t e p  1 th e  j o i n t  su rv e y  

d a t a  w as g ro u p e d  rn d  r e - l i s t e d  on  new d a t a  s h e e t s  a c c o rd in g  to  th e  r e s ­

p e c t iv e  j o i n t  s e t s .  T h is  was d en e  to  f a c i l i t a t e  th e  c o n p a r is o n  be tw een  

th e  j o i n t s  i n  a n y  p a r t i c u l a r  s e t  end  f o r  a n  e a s y  a s se s s m e n t o f  th e  r o u g h ­

n e s s ,  a l t e r a t i o n  and w a te r  c o n d i t i o n s .

I n  S te p  5 th e  i n t e r s e c t i o n  a n j l e a  (<X) b e tw ee n  th e  j o i n t  s u r v e y  l i n e s  

and  th e  s t r i k e  d i r e c t i o n s  o f  th e  r e s p e c t iv e  j o i n t  s e t s  w ere m easu red  on 

th e  s t e r e o - p l o t .  The num bers o f  j o i n t s  m e asu re d  in  e a c h  s e t  w ere th e n  

m u l t i p l i e d  by  l/G inO C to  c o r r e c t  f o r  o r i e n t a t i o n a l  b i a s .  The mean s p a c ­

i n g  o f  th e  j o i n t s  i n  e a c h  s e t  w as c a l c u l a t e d  b y  d iv id i n g  th e  le n g th  o f  th e  

j o i n t  s u r v e y  l i n e  ( h )  by  th e  c o r r e c t e d  num ber o f  j o i n t s .  The i n v e r s e  o f  

t h e  c a l c u l a t e d  s p a c in g  v a lu e  g av e  th e  num ber o f  j o i n t s  p e r  m e tre .

W henever p o s s ib l e  two in d e p e n d e n t m e thods w ere  u se d  to  c a l c u l a t e  t h s  

HQD p e r  c e n t  f ro m  th e  i n  s i t u  m e asu re m en ts . I n  th e  f i r s t  i t  w as c a l c u l a t e d  

from  th e  e x p r e s s io n  su g g e s te d  by  P a lm s trS a ^ '’^  f o r  c l a y - f r e e  ro o k  m a sse s : 

RfJD?- = 115 -  3 .3  Jv ( a p p r o x .)  

w hore  J v  -  t o t a l  num ber o f  j o i n t s  p e r  c u b ic  m e tre

OR th e  sum o f  th e  num ber o f  j o i n t s  p e r  
m e tre  f o r  e n c h  j o i n t  s e t .

The second  r e l a t i o n s h i p  u se d  w as p ro p o sed  b y  P r i e s t  and H u d s o r / ^  and 

a ssum es a  n e g a t iv e  e x p o n e n t ia l  fo rm  f o r  t h s  f re q u e n c y  v e r s u s  s p a c in g  c u rv e  

f o r  m oot n a t u r a l l y  o c c u r r i n g  j o i n t s .

= 100 e - 0 ’ 1 * (C ,1 ? | + 1)

w here  % -  a v e ra g e  num ber o f  d i s c o n t i n u i t i e s
p e r  m e tre .

The l a t t e r  m ethod  c o u ld  o n ly  b e  u se d  when th e  i n  s i t u  d a t a  w as o b ta in e d  

fro m  d e t a i l  l i n e  j o i n t  s u r v e y s ,  and was n o t  s u i t a b l e  when th e  j o i n t  sp a c ­

in g  v a lu e s  f o r  in d iv i d u a l  j o i n t  s e t s  w ere  e s t im a te d  v i s u a l l y ,  i . e .  D e lv e r s  

T u n n e l and Du T o i t s k l o o f  T u n n e l , L o c a t io n s  4 end  5 ( S e c t i o n  3»4)* I n  

th e s e  o a s e s  th e  f i r s t  m ethod was u se d  a l th o u g h  i t  was a l s o  n o t  r e a l l y  

s u i t a b l e  b e c a u se  c l a y  f i l l i n g s  w ere  q u i t e  common on  many o f  t h e  j o i n t s .

The in f lu e n c e  o f  th e  j o i n t  o r i e n t a t i o n s  on  th e  tu n n e l  s t a b i l i t y  was 

e s t i r u ’ t s d  from  c l a s s e s  d e f in e d  by  th e  G eom ochrn ics C l a s s i f i c a t i o n  Sys tem , 

w h ich  a re  b a a e d  on  th e  s t r i k e  o f  th e  j o i n t s  b e in g  p a r a l l e l  o r  p e r p e n d ic u l a r  

to  th e  u x io  o f  th e  tu n n e l .  Few j o i n t s  w ere  o r i e n t a t e d  e x a c t ly  a lo n g  th e s e  

d i r e c t i o n s  and  i t  was t h e r e f o r e  assum ed t h a t  j o i n t  s e t s  w i th  s t r i k e  d i r e c ­

t i o n s  i n t e r s e c t i n g  the tunnel a x i s  a t  a n g le s  from  O1 to  45° w are  " p a r a l l e l ” , 

w h ile  th o se  w i th  i n t e r s e c t i o n  a n g le s  g r e a t e r  th a n  45° w ere " p e r p e n d i c u la r " .

/ i t  was ..................................
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I t  w is  a l s o  n e c s s s a i r -  t o  c o n s id e r  th e  d i r e c t i o n  o f  a d vance  o f  t h e  tu n n e l  

when c o n s id e r in g  th o s e  j o i n t s  s t r i k i n g  p e r p e n d ic u l a r  t o  th e  tu n n e l  a x i s .

S te p s  1 - 3  '-■'tre o m it te d  w hen e v a lu a t i n g  th e  d a t a  f r o a  t h e  S a lv e r s  

T u n n a l .  The num bers o f  j o i n t  s e t s  p r e s e n t  a t  a  p a r t i c u l a r  l o c a t i o n ,  

t h e i r  o r i e n t a t i o n s ,  a v e ra g e  s p a c in g  v a lu e s  and  t y p i c a l  s u r f a c e  c o n d i t io n s  

w ere  e s t im a te d  v i s u a l l y  and  r e c o rd e d  d i r e c t l y  and  th e  HQ3 c a l c u l a t e d  by  

th e  m ethod  a l r e a d y  d e s c r i b e d ^ ^ .  The d ip  d i r e c t i o n s  and s t r i k e  d i r e c ­

t i o n s  o f  th e  j o i n t  s e t s  w ere  d e s c r ib e d  l e s s  a c c u r a t e l y  th a n  f o r  th e  o th e r  

t u n n e l s  s tu d i e d  b u t  w ere  fo u n d  to  be a d e q u a te  f o r  a s s e s s in g  th e  s t a b i l i t y  

o f  t h e  t u n n e l .

The p o in t  lo a d  t e s t  r e s u l t s  fro m  th e  b o r e h o le  c o re  sa m p le s  w ere  a l s o  

u s e d  f o r  th e  i n  s i t u  c l a s s i f i c a t i o n  o f  th e  ro o k  m a sse s . The c o m p ila t io n  

o f  t h e  d a t a  fo rm s  and c a l c u l a t i o n  s h e e t s  wac th e  same a s  f o r  th e  b o r e h o le

2 .7  E v a l u a t io n  o f  th e  B o re h o le  a n d  I n  S i t u  R a s u l t s

I n  o r d e r  to  h av e  some b a s i s  f o r  co m p arin g  th e  i n  s i t u  end  b o r e h o le  r e s u l t s ,  

th e  fo rm e r  w ere  assum ed to  b e  r e p r e s e n t a t i v e  o f  th e  t r u e  r o c k  m ass c o n ­

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

e a c h  r o c k  m ass c l a s s i f i c a t i o n  sy s te m  ( i . e .  R IH -v a lu e s  f o r  th e  G eom echanics 

'System  and  ^ - v a lu e s  f o r  th e  IT .G .I. S y s te m ), th e  b o r e h o le  and  i n  s i t u  r a t ­

i n g s  f o r  th e  i n d i v i d u a l  p a ra m e te r s  w ere  a l s o  com pared . The y ro u n d -w a te r  

r a t i n g s  a n d  r o c k  s t r e n g th  d a t a  w ere  n o t  e v a lu a te d  how ever, b e c a u se  th e  

o r i g i n a l  d a t a  i n  th e  fo rm e r  c a s e  was n o t  s u f f i c i e n t l y  r e l i a b l e ,  a n d  i n  th e  

l a t t e r  th e  same d a t a  was u se d  f o r  b o th  th e  b o r e h o le  and  i n  s i t u  c a l c u l a t i o n s .  

The r e s u l t s  w ere  p l o t t e d  on  g r a p h s  w i th  th e  i n  s i t u  and b o r e h o le  v a lu e s  

a lo n g  th e  a b s c i s s a e  and  o r d in a t e s  r e s p e c t i v e l y .  The s c a t t e r  o f  p o in t s  

w as t h e n  com pared  w i th  th e  i d e a l  l i n e a r  r e l a t i o n s h i p ,  y  = x ,  w here: 

y  -  B o reho le  v a lu e  

x  -  i n  s i t u  v a l u e .

T he S t a n d a rd  E r r o r  o f  E s t im a te , S yx , w as c a l c u l a t e d  f o r  e ac h  s e t  o f  

r e s u l t s  and  th e  90 p e r  c e n t  c o n f id e n c e  l i m i t s  a b o u t  t h e  l i n e  y  « x ,  w ere  

shown 011 e a c h  g r a p h .  T hese  l i m i t s  w ere  g e n e r a l l y  n o t  r e l e v a n t  t o  th e  

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

f i c a t i o n  sy s te m  and th e  r e s u l t s  w ere e v a lu a te d  in a t^ a d ,  v i r h  r o s p e c t  to  

l i m i t s  r e l a t e d  t o  th e  d i f f e r e n c e s  b e tw een  t h s  c l a s s e s  o r  c a t e g o r i e s .  The 

num bers o f  p o in t s  w i th in  th e  s e l e c t e d  l i m i t s  w ere  r e c o rd e d , to g e th e r  w ith

/ t h e  number ................... ....
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th e  num ber o f  p o in t s  o n , above  end  below  th e  y  = X l i n e .  T hese  n u a b s rs  

w ere  e x p re s s e d  os p e rc e n ta g e s  o f  th e  t o t a l  num ber o f  o b s e r v a t io n s .

The S ta n d a rd  E r r o r  o f  E s t im a te  a b o u t a  l i n e a r  r e g r e s s io n  l i n e  i s  

d e f in e d  b y  S p i e g e l ^ 3  ̂ a s :

Syx b /  v 2 -  c  v  -  n  xy  ..................  7
V H

w here  y  and  x  a r e  d e f in e d  above

c  -  i n t e r c e p t  o n  t h e  y - a x i s  

ra -  g r a d i e n t  o f  th e  l i n e  

IT -  sam p le  num ber

F o r  IT < 5 0 , IT i n  th e  above e q u a t io n  i s  r e p la c e d  by  (S  -  2 ) ,  and  ow ing  to  

th e  r e s t r i c t i o n s  o f  th e  assum ed r e l a t i o n s h i p ,  y  = x , th e  S ta n d a rd  E r ro r  

o f  E s t im a te  c an  be c a l c u l a t e d  f ro m  th e  e q u a t io n :

Syx = /  v 2 -  x v  .................. 8
/  If -  2

The S ta n d a rd  E r r o r  o f  E s t im a te  i s  a n a lo g o u s  to  th e  s ta n d a r d  d e v i a t i o n ^ 3  ̂

and  c a n  be u se d  i n  a  s i m i l a r  m anner t o  c a l c u l a t e  th e  c o n f id e n c e  l i m i t s  

a b o u t a n  a ssum ed r e g r e s s io n  l i n e .  The 90 p e r  c e n t  c o n f id e n c e  l i m i t s  a b o u t 

y  = x  a r e  g iv e n  b y :

1 ,6 4 5  Spc(5 8 )  ( p .  157 )

Owing to  th e  l o g - lo g  r e l a t i o n s h i p  b e tw een  th e  i n  s i t u  q - v a lu e s  , '3 (1 8 3 ) , 

and  th e  b o r e h o le  q - v a lu e s  , 3(BH) , th e  l i n e a r  r e l a t i o n s h i p ,

LOO 0(BH) « LOG a  i b  LOG 0 /I 8 S )

w as a p p l i c a b l e ^ 3 '  ( p .  2 1 8 ) .  To c a l c u l a t e  Syx, t h e r e f o r e ,  LOG Q.(BH) and 

LOG Q (lH S) w ere  s u b s t i t u t e d  f o r  y  and  x  r e s p e c t i v e l y  i n  e q u a t io n  8 .

The r e l a t i o n s h i p  b e tw ee n  HJffi and  3  f o r  t h e  b o r e h o le  and  i n  s i t u  r e ­

s u l t s  r e s p e c t i v e l y  was a l s o  a s s e s s e d .  G ra p h s w ere p r e p a re d  w i th  th e

R IR -v a lu e s  p l o t t e d  a lo n g  th e  o r d in a t e s  a n d  th e  Q -v a lu e s  a lo n g  th e  a b s c is s a e

and  th e  b e s t  f i t  l i n e a r  r e g r e s s io n  l i n e s  w ere  c a l c u l a t e d  f o r  e a c h  c ase  

u s in g  th e  m ethod  o f  l e a s t  s q u a r e s .  Owing t o  th e  lo g -n o rm a l r e l a t i o n s h i p  

be tw ee n  Q a n d  RFH1 th e  e x p r e s s io n ,

LOG 3  = LOG a  + IDE LOG b

w as a p p l i c a b l e ^ ' )  (p . 2 1 9 ) .  W ith  th o  a p p r o p r i a t e  m a n ip u la t io n  t h i o  i s

e q u iv a l e n t  to  th e  e x p r e s s io n ,
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21® -  1 . LOG Q -  LOG a
LOG b LOG b

The 90 p e r  c e n t  c o n f id e n c e  l i m i t s  a b o u t  th e  r e g r e s s i o n  l i n e  w ere  a l s o  

c a l c u l a t e d  and  p l o t t e d .  The r e l a t i o n s h i p s  o b ta in e d  i n  e a c h  c a s e  w ere  

com pared  w i th  e a c h  o th e r  and  a l s o  w i th  th e  r e l a t i o n s h i p  e s t a b l i s h e d  by  

B i e n i a w s k i ^ ^ .
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3 .  XBSCaiFTIONS -'F THB PROJECTS STUDIED

3 .1  The B u sh k o p p ies  T unnel

3 .1 .1  I n t r o d u c t i o n  to  t h e  P r o . ie c t^ ' ^

The B u sh k o p p ie s  T u n n e l i s  s i t u a t e d  a b o u t 15 km to  th e  s o u th  o f  th e  C i ty  

o f  J o h a n n e sb u rg  and  f o l lo w s  an  a p p ro x im a te  n o r th  w e s t -  s o u th  e a s t  r o u te  

f ro m  th e  v i c i n i t y  o f  t h e  K lip to w n  S t a t i o n ,  b e n e a th  P im v i l l e  T ow nship , t o  

th e  f u tu r e  B ush k o p p ie  sewage p u r i f i c a t i o n  w orks e a s t  o f  t h e  m a in  h ighw ay 

b e tw e e n  Jo h a n n e sb u rg  a n d  V a n d e r b i j lp a r k ,  P i g .  3 . 1 .  The tu n n e l  w i l l  be 

u s e d  f o r  se w e rag e  t r a n s p o r t a t i o n  and  h a s  b e e n  d e s ig n e d  b y  th e  J o h a n n e sb u rg  

C i ty  E n g in e e r 's  D epartm en t a s  P hase  I  o f  a  scheme p la n n ed  to  a l l e v i a t e  th e  

o v e rc h a rg e d  se w e rs  i n  t h e  O l i f a n t s v l e i  b a s in  to  t h e  w e s t o f  Jo h a n n e sb u rg .

The t o t a l  le n g th  o f  th e  tu n n e l  i s  a p p ro x im a te ly  6 ,5  km a n d  i t  com­

p r i s e s  two s e c t i o n s ,  3 777 a  and  2 766 m lo n g  r e s p e c t i v e l y .  The l a t t e r ,  

known a s  th e  w e s t  t u n n e l ,  c o n s i s t s  o f  an  e x c a v a t io n  w i th  e q u a l  v e r t i c a l  

a n d  h o r i z o n t a l  d im e n s io n s  o f  a p p ro x im a te ly  2 ,6  m to  3 ,0  m, w i th  a  f l a t  

i n v e r t ,  v e r t i c a l  s i d e w a l l s  and an  a rc h e d  crow n . The fo rm e r , known a s  th e  

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

d im e n s io n s  o f  a b o u t  .?>3° m and  3 ,4 5  m r e s p e c t i v e l y .  F i g .  3 . 2 .  The tu n n e l  

w i l l  b e  l i n e d  th r o u g h o u t  i t s  l e n g th  w i th  a p p ro x im a te ly  300 mm o f  c o n c r e te  

t o  b r in g  th e  c o m p le ted  d im e n s io n s  o f  th e  e a s t  and w s s t  t u n n e l s  t o  2 ,7 5  m x  

2 ,5  o ,  and  2 ,0  m x  2 ,0  m r e s p e c t i v e l y .  The e a s t  tu n n e l  i s  l a r g e r  th a n  

th e  w e s t  b e c a u s e  i t  h a s  b e e n  d e s ig n e d  to  c a r r y  th e  a d d i t i o n a l  f lo w  from  

P h a se  I I  o f  th e  schem e . The d e p th  o f  t h e  tu n n e l  be low  g ro u n d  l e v e l  v a r i e s  

f ro m  a b o u t 5 m a t  th e  p o r t a l s  t o  65 m a t  i t s  d e e p e s t  p o i n t ,  F i g .  3 .5*

A cc ess  t o  th e  w orks w as fro m  a n  i n c l i n e  s h a f t  lo c a t e d  a t  th e  m e e tin g  

p o i n t  o f  t h e  e a s t  and  w e s t  t u n n e l s .  The m a jo r  p a r t  o f  th e  tu n n e l  was e x ­

c a v a te d  a t  tw o h e a d in g s  a d v a n c in g  i n  s o u th  e a s t  a n d  n o r th  w e s t  d i r e c t i o n s  

r e s p e c t i v e l y  u s in g  c o n v e n t io n a l  d r i l l  and  b l a s t  te c h n iq u e s .  A t h i r d  f a o e  

w as a l s o  s t a r t e d  fro m  th e  s o u th  e a s t  p o r t a l  o f  th e  tu n n e l, and  was a dvanced  

f o r  a p p ro x im a te ly  300 m th ro u g h  b a d ly  j o i n t e d  and h ig h ly  w e a th e re d  r o c k  

u s in g  h a n d -h e ld  p n e u m atic  d ig g e r s  to g e th e r  w i th  c o n v e n tio n a l  m e thods.

The b o r e  c o re s  u s e d  f o r  t h i s  s tu d y  w ere  o b ta in e d  from  b o r e h o le s  

d r i l l e d  d u r in g  th e  s i t e  i n v e s t i g a t i o n  o f  th e  p r o j e c t .  I n  a l l ,  tw e lv e  

sam ple  s i t e s  w ere  s e l e c t e d ,  F i g .  3 . 4 .  A v a r i e t y  o f  r o c k  m ass c o n d i t io n s  

w ere  s tu d i e d .  U n f o r tu n a te ly  t h e  b o r e c o re s  w h ich  had  be en  o b ta in e d  fro m  

th e  v e r y  p o o r  q u a l i t y  r o c k  i n  th e  v i c i n i t y  o f  th e  s o u th  e a s t  p o r t a l  had

/ d e t e r i o r a t e d  ..................



PIG . 3 .1  B u sh k o p p ies  T u n n e l -  L o c a l i t y  Map

FIG . 3*2 B u sh k o p p ies  T u n n e l -  C r o s s - S e c t io n s  
th ro u g h  E a s t  and W est T u n n e ls



FI
G

. 
3.

5 
P

ro
fi

le
 

al
on

g 
T

un
ne

l 
R

ou
te



78

5.
4 

Pl
an

 
sh

ov
in

g 
Si

te
 

lo
ca

ti
o

n
s 

en
d 

M
aj

or
 

G
eo

lo
gi

ca
l 

F
ea

tu
re

s



79

d e t e r i o r a t e d  to o  much to  b e  u s e f u l .  The sam ple  s i t e s  and b o r e h o le  num­

b e r s  to g e th e r  w i th  t h e i r  r e s p e c t iv e  p o s i t i o n s  i n  th e  tu n n e l a n d  th e  r o c k  

ty p e s  e n c o u n te re d  a t  e a c h  a r e  l i s t e d  i n  T ab le  3 .1 .

TAELS 3 .1

BUSHKOPPIES TOMSL 

LOCATION. NUMBER AND LIT HO LOGY OF EACH SAMPLS SITS

S i t e  and  B o re h o le  
Number

S i t e  l o c a t i o n  
( i n  m fro m  S .E . P o r t a l )

L i  th o lo g y

Bos 1 624 L ava

Bos 2 1076 L ava

Bos 3 19W D ia b a se  and

Bos 4 2195 D ia b ase

2621 L ava

Bos 6 5175 L ava

Bos 7 W O L ava

Bos B 4295 L ava

Bos 9 5036 L ava

Bos 10 6000 Lava

Bos 11 6357 L ava

a .  12 6665

/ 3 . 1 . 2



3 - 1 .2  R e g io n a l  G eo logy  o f  the- Jo h a n n e sb u rg  A rea

L i th o lo g y

Jo h a n n e s b u rg  i s  s i t u a t e d  on  th e  n o r th e r n  edge o f  th e  V itv r a te r s r a n d  s e d i ­

m e n ta ry  b a s i n  w h ic h  c o n ta in s  a  se q u en c e  o f  a r g i l l a c e o u s  and  a re n a c e o u s  

s e d im e n ts  d e p o s i te d  u n c o n fo rm a b ly , b e tw ee n  2 200 and  2  $00 m i l l i o n  y e a r s  

a g o ^°0 '1,  o n  a  f l o o r  o f  A rc h ea n  G r a n i te s  and s c h i s t  r e m n a n ts  o f  th e  Sw azi­

la n d  S u p e rg ro u p . T hese  s e d im e n ts  a r e  o v e r l a i n  b y  v o lc a n ic  and  s e d im e n ta ry  

r o c k s  o f  t h e  V e n te r s d o rp ,  T r a n s v a a l  and  K arro o  S u p e rg ro u p s r e s p e c t i v e l y ,

F i g .  3 . 5 . The s u c c e s s io n  a lo n g  a  n o r th - s o u th  l i n e  th ro u g h  c e n t r a l  J o h a n n e s ­

b u r g  s /as c o m p ile d  fro m  M e l l o r ^ *  b y  P r e t o r i u s ^ ^ ,  and i s  p r e s e n te d  i n  

T a b le  3 .2 .

The A rc h ea n  G ra n ite  o c c u r s  t o  th e  n o r th  o f  th e  c i t y .  O u tc ro p s  i n  

t h e  v i c i n i t y  o f  O range  G rove h av e  b e e n  d e s c r ib e d  by  H o rw o o d ^ ^  a s  d a rk  

g r e y ,  b i o t i t e  g r a n i t e  w i th  some m u sc o v ite  and  M e l l o r ^ * ’ ^  h a s  r e c o rd e d  

a  v a r i e t y  o f  a a p h ib o le  and  t a ' c  s c h i s t s  and  s e r p e n t i n i t e  r e m n a n ts  w i th in  

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

The o u tc ro p s  o f  th e  W itw a te r s ra n d  S u p e rg ro u p  s t r i k e  a p p ro x im a te ly  

e a s t - w e s t  i n  th e  v i c i n i t y  o f  Jo h a n n e sb u rg  and  assum e a  g e n t ly  a r c u a te  

s h a p e , c o ncave  t o  th e  n o r t h ^ X  The d ip  i s  t o  t h e  s o u th  a n d  th e  d ip  

CUIAJ.B g e n e r a l l y  d e c r e a s e s  s t r a t i g r a p h i c a l l y  upw ards i n  th e  s u c c e s s io n .

I t  h a s  b e e n  d iv id e d  i n t o  a n  U pper G roup and  a  Lower G roup .

The Lower W itw a te r s ra n d  G roup  c o n s i s t s  o f  th e  H o s p i ta l  H i l l  F o rm a tio n , 

th e  G overnm ent R e e f  F o rm a tio n  and  th e  J e p p es to w n  F o rm a tio n  and  c o n ta in s  

b e tw ee n  45 p e r  c e n t  and  65  p e r  c e n t  o f  a r g i l l a c e o u s  r o c k s ^ ) .  P e t r o ­

l o g i c a l  w ork  b y  F u l l e r  h a s  shown t h a t  t r u e  q u a r t z i r e s  o c c u r  o n ly  i n  

th e  H o s p i ta l  H i l l  F o rm a tio n , w h ile  th e  q u a r t z i t i o  r o c k s  r e c o rd e d  i n  th e  

o t h e r  tw o s u b d iv i s io n s  a r e  su b -g ra y w ac k es  com posed o f  q u a r tz  and  c h l o r i t e  

w i th  s m a ll  am oun ts o f  m u s c o v ite .  T here  i s  a  p r o g re s s iv e  c o a r s e n in g  o f  

th e  g r a i n - s i z e  o f  th e  a re n a c e o u s  members fro m  th e  b a s e  unw ards w ith  th o se  

i n  th e  G overnm ent R e e f  F o rm a tio n  f r e q u e n t ly  b e in g  g r i t t y

The U pper W itw a te r s ra n d  G roup  c o n s i s t j  o f  tn e  M a in -B ird  F o rm a tio n  

and  th e  K im b e r le y -E ls b u rg  F o rm a tio n  and  c o n ta in s  o n ly  10 p e r  c e n t  -  20 p e r  

c e n t  o f  a r g i l l a c e o u s  h o r i z o n s F u l l e r h a s  i n d i c a t e d  t h a t  thu 
q u a r t z i t e s  o f  t h i s  u p p e r  d i v i s i o n  a r e  i n  f a c t  h y d r o th e r m a lly  a l t e r e d  

f e l s p h a t h i o  q u a r t z i t e s .  A s i m i l a r  upw ard  c o a r s e n in g  to  t h a t  n o te d  in  

t h e  Lower W itw a te r s ra n d  i a  a l s o  p r e v a l e n t .

The v o lc a n ic  r o c k s  o f  th e  V e n te r s d o rp  S u p e rg ro u p  o c c u r  i n  two l o c a l ­

i t i e s  i n  th e  Jo h a n n e sb u rg  a r e a .  The m a in  one  i s  i n  th e  K l i p r i v i e r s b e r g

/ t o  th e    ...........................
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TABL2 5 .2

REGIONAL 3T5ATIGRAPHIC SPCCSSSIOH AUDiC A KQHTH-SOOTH LIMB 
THRCGOg SEE CENTRAL PORTION 0 ?  CENTRAL RAM

S u p e rg ro u p F o rm a tio n to i c k n e s s  ( n )

K arro o  : 61 m E c o , 61

P r e t o r i a 457

T r a n s v a a l  : 1097 n D olom ite 610

B la c k  R e e f 30

V e n te r s d o rp  2 1525 m V e n te r s d o rp  L avas 1525

K im b e r le y -E lsb u rg 1860

M a in -B ird

W itw a te r s ra n d  ; 7410 m Je p p e s to -  - 1128

G overnm ?r.t i . s e f 1921

H o s p i t a l  H i l l 1494

O ld  G ra n ite G ra n i te  and  G n e is s -

S w a z ilan d  : 213 m O nverw acht 213

M o d if ie d  a f t e r :  P r e t o r i u s ,  B.A . 1964
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to  th e  s o u th  o f  Jo h a n n e sb u rg  w here  th e  v a r io u s  la v a  h o r iz o n s  h av e  b e e n  

r e f e r r e d  to  c o l l e c t i v e l y ^ ^  a s  th e  K l i p r i v i e r s b e r g  G roup . The se co n d  

l e s s  e x t e n s i v e  o c c u r re n c e  i s  p r e s e n t  i n  a  dow nthrow n f a u l t  b lo c k  w hich  

e x te n d s  e a s tw a rd  fro m  th e  c e n t r e  o f  J o h a n n e s b u r g ^ ^ .  S i c o l a y s e n ^ ^  

c o n c lu d e d  t h a t  t h e s e  ro o k s  w ere d e p o s i te d  fro m  v o lc a n ic  e r u p t i o n s  w h ich  

to o k  p la c e  a p p ro x im a te ly  2  100 m i l l i o n  y e a r s  a g o . The m a in  o c c u r re n c e  

to  th e  s o u th  o f  J o h a n n e sb u rg  c o n s i s t s  o f  b e tw ee n  1 500 m and 1 700 m o f  

v o lo s n i c s ,  w h ic h  co n fo rm a b ly  o v e r l i e  th e  W itw a te r s ra n d  S u p e rg ro u p  and  u n ­

c o n fo rm a b ly  u n d e r ly  th e  T r a n s v a a l  S u p e r g r o u p ^ ^ .

The b a s e  o f  th e  T r a n s v a a l  S u p e rg ro u p  i s  m arked by  th e  B la c k  R e e f ,  

w hich  c o n s i s t s  o f  a  s c a t t e r e d  p e b b le -c o n g lo m e ra te  u n d e r l a in  by  a  t h i n  

c a rb o n a c e o u s  s h a le  and o v e r l a i n  b y  a l t e r n a t i n g  b a n d s  o f  q u a r t s ! t e  and 

s h a l e ^ ^ .  The M a lo a n i D olom ite  F o rm a tio n  o c c u r s  above  th e  B la c k  R e e f ,  

end i s  com posed o f  d o lo m i t ic  l im e s to n e s  and  c h e r t s .  I t  i s  f o l lo w e d  u p ­

w ard s  i n  th e  se q u en c e  b y  th e  P r e t o r i a  F o rm a tio n , w hich  c o n s i s t s  b r o a d ly  

o f  a n  a l t e r n a t i n g  se q u en c e  o f  q u a r t z i t e s  and s h a l e s .

The K arro o  S u p e rg ro u p  i s  r e p r e s e n te d  i n  th e  J o h a n n e sb u rg  a r e a  by  

h o r i z o n t a l l y  d is p o s e d  s a n d s to n e s  and  s h a le s  o f  th e  E cca  G roup . T hese 

r o c k s  fo rm  a n  u n c o n fo rm a b le  c o v e r  on th e  W itw a te r s ra n d , V e n te r s d o rp  and  

T r a n s v a a l  S u p e rg ro u p s  and  become p r o g r e s s iv e ly  more e x te n s iv e  to  th e  e a s t  

o f  J o h a n n e s b u r g ^ ^ .

Numerous p o s t- W itw a te r e r a n d  d ykes and s i l l s  a r e  p r e s e n t  i n  th e  J o ­

h a n n e sb u rg  a r e a .  The o l d e s t  and  m ost a b u n d a n t a r e  c o n s id e r e d  to  b e  o f  

V e n te r s d o rp  age  and  c o n s i s t  o f  d ia b a s e  and  e p i d i o r i t e  and a re  f r e q u e n t ly  

h ig h ly  a l t e r e d ,  s h e a r e d  and f a u l t e d .  O th e r  i n t r u s i v e s  in c lu d e  th o s e  o f  

th e  B u sh v e ld , P i l a n s b e r g  and K arro o  a g e s  r e s p e c t i v e l y .

The s t r a t a  o f  th e  W itw a te r s ra n d  S u p e rg ro u p  h av e  s u f f e r e d  lo w -g ra d e  

r e g i o n a l  n e ta m o r p h ia m ^ 8  ̂ w ith  th e  m a in  e f f e c t s  h a v in g  b e en  th e  a l t e r a t i o n  

o f  a r g i l l a c e o u s  s e d im e n ts  t o  com pac ted  s h a l e s  and  s l a t e s ,  and  th e  change  

o f  t h e  a re n a c e o u s  members t o  q u a r t z i t e s  w i th  s e c o n d a ry  s i l i c i f i c a t i o n  and 

p y r o p h y l l i t i z a t i o n ^ 8 ^ .  L o c a l m e tam orph ic  e f f e c t s  a r e  common and  a r e  

o f t e n  a s s o c i a t e d  w ith  th e  p r e s e n c e  o f  i n t r u s i v e  r o c k s .

S t r u c tu r e

The C e n t r a l  Rand fo rm s  a  p o r t i o n  o f  th e  n o r th e r n  lim b  o f  t h e  m a in  W it­

w a te r s ra n d  s y n c l i n o r i u c / ^ .  The lim b  d ip s  so u th w a rd  o f f  th e  Jo h a n n e sb u rg -  

P r e t o r i a  g r a n i t e  dome and  t h e r e  i s  a  p r o g r e s s iv e  d e c r e a s e  i n  th e  i n c l i n a t i o n  

o f  s u c c e s s iv e ly  h ig h e r  s t r s .c a  a lo n g  a  n o r th - s o u th  l i n e  th ro u g h  Jo h a n n e sb u rg . 

I n  p l a c e s  t h e  H o s p i ta l  H i l l  and  G overnm ent R e ef  F o rm a tio n s  d ip  a t  a n g le s  o f

/7 0 °  .......................................



70° -  90° w h ile  t h s  J e p p e s to w n , M a in -B ird  and  K im b e rley  h o r iz o n s  d ip  a t  

7 5 ° , 50°  and  40° r e s p e c t i v e l y .  A sc h e m a tic  s e c t i o n  th ro u g h  th e  C e n t r a l  

K a n d ^ ^  i s  p r e s e n te d  i n  P i g .  3 .6

Jeppistown 'j
Governmenl Reef | low9: 
Hmpllel Hill I

WITWATERSHANO SUPERGROUP

ANCIENT GRANITE

FIG . 3 .6  S c h e m atic  S e c t io n  T h rough  th e  C e n t r a l  Hand

Two a p p ro x im a te ly  p e r p e n d ic u l a r  f o l d  d i r e c t i o n s  h a v e  b e e n  re c o g n iz e d  

o n  th e  C e n t r a l  R and . The a x e s  o f  t h e s e  f o ld s  s t r i k e  EVi and NW  r e s p e c t ­

i v e l y  and  a r e  b o th  g e n t l e ,  op en  s t r u c t u r e s  w h ic h , a p a r t  from  a x i a l - p l a n e  

c le a v a g e  i n  soma s h a le  h o r i z o n a ^ - ^ ,  h a v e  h a d  no m a jo r  in f lu e n c e  on th e  

o v e r a l l  s t r u c t u r e  o f  th e  a r e a .

S e v e ra l  l o n g i t u d i n a l  f a u l t s  s u b p a r a l l e l  t o  th e  s t r i k e  o f  th e  s t r a t a

w ere  r e c o g n is e d  by  M e l lo r ' on  th e  C e n t r a l  H and. The m ost p e r s i s t e n t  

o f  t h e s e  i s  th e  R i e t f o n t e i n  f a u l t ,  w h ich  i s  a c t u a l l y  a  g ro u p  o f  p a r a l l e l  

f a u l t s  d ip p in g  n o r th ,  w i th  a  dow nthrow  to  th e  n o r t h ^ X  They a re  accom ­

p a n ie d  b y  i n t e n s e  c ru s h in g  and  s h e a x i n g ^ ^ .  I n  th e  Jo h a n n esb u rg  a re a  

t h i s  d is p la c e m e n t  h a s  e l im in a te d  m ost o f  th e  G overnm ent R e ef F o rm a tio n .

R e i n s c k e ^ )  r e c o g n is e d  th r e e  o th e r  g ro u p s  o f  m a jo r  f a u l t s ,  ' 

e a s t - w e s t  s e t  accom pan ied  by  o v e r th r u s t i n g ,  ( i i )  a  n o r th - w e s t  and n o r t  

e a s t  s e t  w i th  n o r m l  d is p l a c e m e n ts ,  and  ( i i i )  a  n o r th - s o u th  t r e n d i n g  s

( i )  a n o th e r



F a u l t  p la n e s  a r e  o f t e n  o c c u p ie d  by  d y kes and  z o n es  o f  in t e n s e  m y lo n i t iz -  

a t i o n .  Ih e  Jo h a n n e sb u rg  a r e a  i s  a l s o  c h a r a c t e r i z e d  b y  an  e a s t - w e s t  

s t r i k i n g  g r a b e n  s t r u c t u r e  c o n ta in i n g  d e e p ly  w e a th e re d  l a v a s  o f  th e  V e n te r a -  

d o r p  S u p e rg ro u p . The b o u n d a ry  f a u l t s  o f  t h i s  f e a t u r e  a r e  a l s o  c h a r a c t e r ­

i z e d  b y  i n t e n s e  s h e a r in g  i n  th e  a d j a c e n t  s e d im e n ts .

B rook  a n d  P r e t o r i u s ^ " ^  h av e  r e l a t e d  t h e s e  s t r u c t u r a l  f e a t u r e s ,  

t o g e t h e r  w i th  o th e r s  e v id e n t  e ls e w h e re ,  to  th e  g e o lo g ic a l  d e v e lo p m e n t o f  

t h e  W itw a te ra ra n d  b a s i n .  The m a jo r  f a u l t s ,  s u b p a r a l l e l  to  th e  r e g io n a l  

s t r i k e ;  th e  in w a rd ly  d e c r e a s in g  d ip s  o f  th e  s t r a t a ;  and th e  p e r ip h e r a l  

g r a b e n  a r e  'b a s i n  edge s t r u c t u r e s '  ( o p . o i t . ,  p . 56 ) w h ic h  may b e  e x p e c te d  

a t  th e  b o u n d a ry  o f  a  s e d im e n ta r y  b a s in  su c h  a s  th e  W itw a te r s ra n d  b a s in .

T hey  a r e  a s s o c i a t e d  w i th  th e  p r o c e s s e s  o f  v e r t i c a l  t e c t o n i c  a d ju s tm e n t 

w h ic h  w ere  a c t i v e  d u r in g  th e  d e p o s i t i o n  o f  th e  a p p ro x im a te ly  7 400 m t h i c k  

s e q u e n c e  o f  s h a llo w  w a te r  s e d im e n ts  and  m in o r  v o lc a n ic  h o r iz o n s .

3 .1 .3  L o ca l G eo logy  

The e n t i r e  tu n n e l  p a s s e s  th ro u g h  th e  X l i p r i v i e r s b e r g  G roup o f  th e  V e n te r s -  

d o rp  S u p e rg ro u p . A d e t a i l e d  s tu d y  o f  th e s e  r o c k s  w as u n d e r ta k e n  by  

W y a t t w h o  h a s  su b d iv id e d  them  from  t h e i r  b a sa  upw ards i n t o  th e  W eston- 

a r i a ,  A lb e r to n ,  O rkney  and  K ib l e r  P a rk  F o rm a tio n s  r e s p e c t i v e l y .  G e n e ra l­

i z e d  d e s c r i p t i o n s  o f  e a c h  F o rm a tio n  a r e  g iv e n  i n  T a b le  3 . 3 .

The tu n n e l  i s  l o c a t e d  i n  th o  u p p e r  two F o rm a tio n s  o n ly ,  w h ic h , 

t o g e th e r  w i th  th e  A lb e r to n  F o rm a tio n , have  b e e n  r e f e r r e d  to  c o l l e c t i v e l y  

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

t h e s e  r o c k s  i s  art e a s t - w e s t  s t r i k e  w i th  a  s h a l lo w  ( 10°  -  30° )  d ip  to  th e  

s o u th .  (A lth o u g h  no p o s i t i v e  i d e n t i f i c a t i o n  o f  "b ed d in g "  s u r f a c e s  was 

made i n  th e  tu n n e l ,  a  f l a t ,  s o u th - w e s t  d ip p in g  j o i n t  s e t  a p p e a re d  to  be  

d e v e lo p e d  a lo n g  m oat o f  i t s  le n g th  and  was assum ed to  r e p r e s e n t  som e th in g  

s i m i l a r  t o  a  b e d d in g  p l a n e . )

The O rk .iey  and K ib le r  P a rk  F o rm a tio n s  a r e  d e s c r ib e d  b y  W y a t t^ " ^  a s  

b e in g  " c h a r a c t e r i z e d  b y  th e  l a c k  o f  i d e n t i f i a b l e  a t r a t i g r a p h i c  m a rk e rs"  

a n d  a r e  su b d iv id e d  by  h im  a c c o rd in g  to  th e  p r e s e n c e  o r  a b se n c e  o f  v o lc a n ic  

b r e c c i a  h o r iz o n s .  The la v a  ty p e  o f  th e s e  u p p e r  F o rm a tio n s  i s  c h a r a c t e r ­

i s t i c  o f  a n d e s i t i c  b a s a l t s  and  o a n  b e  c l a s s i f i e d  i n t o  th r e e  m o rp h o lo g ic a l

( i )  M a ss iv e , hom ogeneous h o r iz o n s ,

( i i )  A m y g d a lo id i!  h o r iz o n s ,

( i i i )  V o lc a n ic  b r e c c i a  h o r iz o n s .

/T h e  m a ss iv e
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The n a s s -iv e  f lo w s  a r e  g r e y is h - g r e e n  i n  c o lo u r  and  h av e  a  f i n e - g r a in e d  

t e x t u r e .  The a m y g d a lo id a l h o r iz o n s  c o n ta in  am y g d ales  v a r y in g  i n  d i s a s t e r  

from  1  -  100 mm f i l l e d  by  q u a r t z ,  and l e s s e r  am oun ts o f  o h l o r i t e ,  c l i n o -  

z o i s i t e  and c a l c i t e .  The v o lc a n ic  b r e c c i a s  a r e  a  c h a r a c t e r i s t i c  f e a tu r e  

o f  th e  K l i p r iv i e r s t - e r g  G roup and  c o n s i s t  o f  a iy u la j r  t o  su b ro u n d ed  v o lc a n ic  

f r a g m e n ts ,  v a r y in g  i n  s i z e  g e n e r a l l y  fro m  10 me -  100 :lb , s = t  i n  ?. m a t r ix  

o f  f i n e r  v o l c a n ic  m a te r i a l  o r  cem en ted  by  s e c o n d a ry  m in e r a ls  su c h  a a  q u a r tz j  

c h a lc e d o n y , c a l c i t e  and e p id o te .  T hese b r e c c i a  h o r iz o n s  a r e  c o n s id e re d ^  

to  r e p r e s e n t  a n c i e n t  f lo w  to p  b r e c c i a s .  W yatt c o n c lu d e s  t h a t  " th e  "bulk 

o f  th e  X l i p r i v i e r s b e r g  v o lc n n ic s  r e p r e s e n t  a  a e r i e s  o f  la v e  f lo w s  v h ic b  

w ere  e r u p te d  c o n t i n u a l l y  w ith o u t  any  m a jo r  i n t e r r u p t i o n s . . -noS u n l ik e  

m odem  o r  r e c e n t  f lo o d  b a s a l t s . "

C o n t in u a l  lo g g in g  o f  th e  tu n n e l  was n o t  r e l e v a n t  t o  t h e  p ro b lem  b e in g  

s tu d i e d  and  d e t a i l e d  e x a m in a t io n s  o f  th e  sam p le  s i t e s  o n ly  w ere u n d e r ta k e n . 

A g e n e r a l i z e d  g e o lo g ic a l  p le n  h a s  b e e n  in c lu d e d ,  ho w ev e r, P i g .  5«4» 01"

th e  t h r e e  l a v a  ty p e s  d e s c r ib e d  above o n ly  th e  a m y g d a lo id a l and m a ss iv e  

h o r i z o n s  w ere  r e c o g n iz e d  u n d e rg ro u n d . S u r fa c e  o u tc ro p s  o f  th e  v o lc a n ic  

b r e c c i a s  c a n , ho w ev e r, b s  o b s e rv e d  above th e  s e c t i o n  o f  th e  tu n n e l  b e tw een  

1 0 0 0  m and 2 000  m, and  u n d o u b te d ly  a l s o  o c c u r  a t  tu n n e l  l e v e l .

I n  a d d i t i o n  to  th e  a n d e s i t i c  l a v a s ,  a  num ber o f  d ia b a s e  d y k e s  w ere 

i n t e r s e c t e d  by  th e  t u n n e l .  The l a r g e s t  o f  th o s e  i s  a p p ro x im a te ly  SO n 

w id e  and  o c c u r s  i n  th e  v i c i n i t y  o f  s i t e  num ber Bos 4 . The r o c k  i s  a  

t y p i c a l  medium to  f i n e - g r a i n e d ,  g r e e n i s h  c o lo u re d  d ia b a s e  w ith  f i n e - g r a in e d  

c h i l l  c o n ta c t s  d i s t i n g u i s h a b l e  fro m  th e  a d j a c e n t  l a v a  o n ly  a f t e r  v e r y  

c a r e f u l  e x a m in a t io n . O th e r  n a rro w  d y k e s  w ere  a l s o  i n t e r s e c t e d  a lo n g  th e  

tu n n e l  r o u t e .  The m eet s i g n i f i c a n t  o f  t h e s e  o c c u r s  a t  th e  l o c a t i o n  o f  

Bos 5 and  c o n s i s t s  o f  a  h ig h ly  s h e a r e d  o h l o r i t i c  r o c k  w i th  a  f i n e l y  p o r ­

p h y r i t i c  t e x t u r e  and a  v e r y  da ric  g re e n  c o l o u r .  I t  i s  c h a r a c t e r i s e d  b y  

th e  d e v e lo p m e n t o f  a  f i b r o u s  m in e r a l  a lo n g  i t s  b o u n d a r ie s .

A num ber o f  f a u l t s  and  f a u l t  z o n e s ,  w hich  a p p e a re d  to  be  o r i e n t a t e d  

g e n e r a l l y  alon<j EW and  HWE d i r e c t i o n s  r e s p e c t i v e l y ,  w ere  i n t e r s e c t e d  i n  

th e  t u n n e l .  T hese  s t r u c t u r e s  c on fo rm  g e n e r a l l y  w ith  th e  d is p la c e m e n ts  

e v id e n t  on  th e  B la c k  R e e f  g u a r t z i t e s  o u tc ro p p in g  a p p ro x im a te ly  1 -  3 km 

s o u th  o f  th e  tu n n e l  r o u t e L o c a l i z e d  s u b h o r iz o n ta l  f a u l t i n g  was 

e v id e n t  to w a rd s  t h e  w e s te r n  end  o f  t h e  tu n n e l .

3 . 1 . 4  E n g in e e r in g  G eo logy

G e n e ra l  Hoc’-c C o n d i t io n s  and S u p p o r t I n s t a l l a t i o n s  

The V e n to rs d o r p  I n v a  e x p o sed  d u r in g  th e  e x c a v a t io n  o f  th e  tu n n e l  v a r ie d

/ c — .....................................



fro m  s o f t ,  c o m p le te ly  w e a th e re d  and v e r y  c l o s e l y  j o in t e d  r o c k  a t  th e  

e a s t  p o r t a l ,  t o  v e ry  h a r d ,  a lm o s t  m a ss iv e  r o c k  a lo n g  o th e r  s e c t i o n s  o f  

t h e  tu n n e l .  O ver th e  l a r g e  p r o p o r t io n  o f  th e  tu n n e l  th e  ro o k  i a  h a rd ,  

w id e ly  to  c l o s e l y  j o i n t e d ,  w i th  t h r e e  o r  more j o i n t  s e t s  and  o c c a s io n a l  

c l a y  f i l l e d  f a u l t s  and  f a u l t  z o n e s , w h ich  e r e  a s s o c i a t e d  w ith  more num­

e ro u s  c l a y  c o a te d  j o i n t s .  I n  g e n e r a l  th e  r o c k  ms.ss p r o v id e d  a  good 

m a t e r i a l  f o r  th e  e x c a v a t io n  o f  a  s m a ll  d im e n s io n  tu n n e l .

From a n  e n g in e e r i n g  g e o lo g ic a l  v ie w p o in t  th e  tu n n e l  c a n  h e  d iv id e d  

v e r y  b r o a d ly  i n t o  f o u r  s e c t i o n s .  T hese  a r e :

1 . From th e  e a s t e r n  p o r t a l  a t  150 m t o  624 n ,

2 .  From 624 m t o  3 500 m and  from  4 000 m to  5 150 m,

3 . From 3  $00 m t o  4 000 m,

4 . From 5 150 m to  6 688 m,

and  may b e  d e s c r ib e d  i n  p u r e ly  q u a l i t a t i v e  t e r n s  a a  f o l lo w s :

1 . 150 -  6 24  a :  The w e a th e re d  ro o k  e x p o sed  a t  t h e  e a s t  p o r t a l  

( P l a t e  I I I )  i s  t y p i c a l  o f  th e  ty p e  o f  r o c k  e n c o u n te re d  a lo n g  th e  

f i r s t  100  a  -  150 m o f  t h i s  s e c t i o n  o f  th e  tu n n e l  and i s  r e l a t e d  

l a r g e l y  to  th e  e f f e c t s  o f  n o rm a l w e a th e r in g  p r o c e s s e s !  a p p a r e n t ly  

a c t i v e  t o  a b o u t 10 m be low  th e  g ro u n d  s u r f a c e .  F r e s h e r  r o c k  was 

e n c o u n te re d  a s  th e  e x c a v a t io n  a d v an c ed , b u t  num erous c l a y  f i ll ," id  

j o i n t s  c o n t r i b u t e d  t o  th e  g e n e r a l l y  u n s t a b l e  n a tu r e  o f  t h e  ro c k  

m a ss . O th e r  w e a th e re d  o r  p a r t i a l l y  w e a th e re d  and  c l o s e l y  jo in t e d  

s e c t i o n s ,  w h ich  a p p e a re d  to  be r e l a t e d  t o  a  f a i r l y  e x te n s iv e  f a u l t  

z o n e , w ere  e n c o u n te re d  f u r t h e r  i n  a lo n g  t h i s  p a r t  o f  th e  tu n n e l .  

T h is  w as m ost n o t i c e a b l e  a t  th e  end  o f  th e  s e c t i o n .

A dvance r a t e j  w ere  g e n e r a l l y  s lo w  (18  -  20 m /w e e k ) ^ 1 '1 th ro u g h  

t h i s  s e c t i o n  o f  th e  t u n n e l ,  w i th  h a n d -h e ld  p n e u m atic  d ig g e r s  u se d  

a t  th e  s t a r t  o f  th e  p o r t a l  s e c t i o n ,  and  s h o r t  ( l  -  1 ,5  m ) ^ " ^  

ro u n d s  b e in g  b ro k en  when th e  r o c k  h a rd n e s s  n e c e s s i t a t e d  b l a s t i n g .  

H eavy s u p p o r t  was o f t e n  r e q u i r e d  nnd m esh r e in f o r c e d  s h o tc r e t e  

to g e th e r  w i th  s t e e l  a r c h e s  w ere  u s e d .

2 . 624 m -  3 500 m; 4 000 m -  5 150 m: The ty p e  o f  r o c k  a lo n g  

t h e s e  s e c t i o n s  o f  th e  tu n n e l  a s  w e l l  a s  a lo n g  p a r t s  o f  s e c t i o n  4 , 

i s  r e p r e s e n t a t i v e  o f  th e  m ost common r o c k  c o n d i t io n  e n c o u n te re d . 

W ith  t h e  e x c e p t io n  o f  l o c a l i z e d  u n s t a b l e  z o n e s  c au se d  b y  m ino r 

f a u l t s  th e  ro o k  was h a rd  and w id e ly  j o i n t e d  w i th  c lo s e d  o r  cem ented  

j o i n t s .  The e x c& v a tIo n  o u t l i n e  was g e n e r a l l y  good w i th  o n ly  m inor 

o v o rb re -ak  a lo n g  =or# o lo a e ly  j o in t e d  s e c t i o n s .  Minimum ndvance



r a t t iu  o f  a p p ro x im a te ly  50 m p e r  w e e k ^ ^  w ere  u s u a l l y  c a in t a in e d ,  

e v e n  th o u g h  d r i l l i n g  tim e s  w ars  o f t e n  u n e x p e c te d ly  h ig h  ( 2 ,5  -  3 ,0  

h r s / r o u n d ) ^ ’''-1  ̂ ow ing  to  th e  c o n s id e r a b le  s t r e n g th  and to u g h n e s s  o f  

th e  r o c k .  M in im al s u p p o r ts ,  u s u a l l y  s p o t - b o l t i n g  o n ly  o r  none a t  

a l l ,  w ere  u s e d .  M ino r w a te r  f lo w s  w ere  n o te d  from  some o f  th e  

f a u l t s .

3 500 m -  4  000 m: T h is  s e c t i o n  o f  th e  tu n n e l  i s  a s s o c i a t e d  w ith

th e  g ro im d  s u r f a c e  d e p r e s s io n  i n  th e  v i c i n i t y  o f  th e  i n c l i n e  s h a f t .

The r o c k  i s  h a r d ,  u n w e a th e re d  and  w id e ly  j o i n t e d ,  b u t h a s  a  much 

m ore b lo o k y  a p p e a ra n c e  th a n  n o te d  a lo n g  s e c t i o n  2 . T h is  i s  a p p a r e n t l y  

r e l a t e d  to  th e  m ore op en  n a tu r e  o f  th e  j o i n t s ,  w hich i s  i n d i c a t e d  by  

th e  o x id e  s t a i n i n g  and  c l a y  c o a t in g  on  some s u r f a c e s .  S e v e ra l  m a jo r  

f a u l t  z o n e s , c o n ta in i n g  q u i t e  l .a d ly  s h e a r e d  r o c k ,  and from  w hich 

m o d e ra te  w a te r  f lo w s  w ere  n o te d ,  o c c u r  w i th in  t h i s  s e c t i o n .  T hese  

f a u l t s  a r e  q u i t e  probably t h e  c a u se  o f  th e  d e p re s s e d  s u r f a c e  i n  

t h i s  a r e a .

S y s te m a tic  r o c k  b o l t i n g  a t  1  -  1 ,5  m i n t e r v a l s  was u s e d  f o r  s u p p o r t  

and  a lo n g  one  s h o r t  s e c t i o n ,  w ire  m esh w as p in n e d  to  th e  crow n to  

p r e v e n t  th e  f a l l - o u t  o f  s m a ll  b lo c k s .

5 100 m -  6  689 m: The r o c k  m ass a lo n g  t h i s  s e c t i o n  o f  th e  tu n n e l

i s  o t 'a ra c fc e r is e d  b y  n u m e ro u s , i n t e r s e c t i n g  c l a y  f i l l e d  j o i n t s  and 

a  num ber o f  q u i t e  m a jo r  f a u l t s .  (T he l a r g e s t  o f  th e s e  h a s  be en

shown on F i g ,  5 . 4 . )  M ost o f  th e s e  f e a t u r e s  f o l lo w  th e  W , HUE

and  s u b h o r iz o n ta l  t r e n d s  m e n tio n e d  p r e v io u s ly .  The r u c k  i a  h a rd  

and w id e ly  t o  c l o s e l y  j o i n t e d  end w e a th e r in g ,  p a r t i c u l a r l y  a d ja c e n t  

t o  t h e  b a t t e r  d e v e lo p e d  j o i n t s  and m in o r  f a u l t s ,  becom es mo$e p r e v ­

a l e n t  a s  th e  crow n d e p th  d e c r e a s e s  w e s tw a rd . M odera te  w a te r  f lo w s  

w ere  n o te d  i n  p l a c e s .

As in d i c a t e d  a b o v e , s e c t i o n s  o f  b e t t e r  q u a l i t y  r o c k  a l s o  o c cu r  

a lo n g  t h i s  p a r t  o f  t h a  t u n n e l .  A dvance r a t e s  w ere  th e r e f o r e  v a r ­

i a b l e  fro m  a b o u t  JO m p e r  w eek th ro u g h  th e  p o o r e r  s e c t i o n s  to  40 m, 

and  o c c a s io n a l ly  50 p e r  week w here  r o c k  s i m i l a r  to  t h a t  d e s ­

c r ib e d  f o r  2  above  was e n c o u n te re d .  Owing to  th e  te n d e n c y  f o r  th e  

r o c k  m ass t o  lo o s e n  a s  a  r e s u l t  o f  th e  c l a y  j o i n t  f i l l i n g s  i t  was 

o f t e n  n e c e s s a r y  t o  i n a t a l l  q u i t e  c l o s e l y  sp a ce d  r o c k  b o l t s  ( 0 ,5  m 

i n  some p l a c e s ) ^ 1  ̂ to  e n s u re  s t a b i l i t y .  A long  p a r t i c u l a r l y  bad  

s e c t i o n s ,  s h o t c r e t e  snd  s t e e l  a rc h e s  w ere  u se d .

O v e rb re a k  was m o st n o t i c e a b le  when w e l l - r te v e lo p e l  s u b h o r iz o n ta l

/ j o i n t s  ................................
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j o i n t s  w ere  p r e s e n t  and a  few  m ino r f a l l o u t s  o c c u r re d  fro m  th e  

l a r g e r  f a u l t  z o n e s .  Owing to  th e  l i m i t e d  w id th  o f  th e o e  f e a t u r e s ,  

ho w ev e r, th e y  te n d e d  t o  s t a b i l i z e  t h e n s e l v e s  1 -  1 ,5  m above th e  

crow n l e v e l .

The p r e s e n c e  o f  c l a y  a lo n g  th e  j o i n t s  w as a n o th e r  f a c t o r  w hich  g r e a t l y  

i n f lu e n c e d  th e  a d vance  r a t e s  i n  t h a t  i t  te n d e d  to  c lo g  th e  d r i l l  h o le s  

b e f o r e  th e  c h a r g e s  c o u lfl b e  p l a c e d .  The d r i l l  r o d s  a l s o  o f t e n  jammed 

u n d e r  w s s e  c o n d i t i o n s .

U n ia x ia l  c o m p re s s iv e  s t r e n g t h  t e s t s  c a r r i e d  o u t  f o r  th e  geo te c h n ic a l  

i n v e s t i g a t i o n  y i e ld e d  a  mer‘r  v a lu e  o f  $ 6 6 ,9  KFa f o r  t h e s e  r o c k s ^ \  A 

m ean d e n s i t y  o f  2 ,8 9  gm /cc  *r_s a l s o  c a l c u l a t e d .

As in d i c a t e d  a b o v e , m o d e ra te  w a te r  in f lo w s  o c c u r re d  from  some o f  th e  

f a u l t  z o n e s .  I n  g e n e r a l  t h e s e  f lo w s  d e c r e a s e d  r a p i d l y  a f t e r  th e  i n i t i a l  

i n t e r s e c t i o n  o f  th e  f a u l t  and a t  no  s ta g e  il id  w a te r  in f lo w  p o se  a  p ro b lem . 

An i n t e r e s t i n g  f e a t u r e  w as t h a t  th e  f lo w  r a t e  was c l o s e l y  r e l a t e d  t o  th e  

l o c a l  w es-ther c o n d i t io n s  and  show ed a  s i g n i f i c a n t  in c r e a s e  a f t e r  p e r io d s  

o f  p ro lo n g e d  r a i n f a l l .  Ho a c t u a l  m e asu re m en ts  w are  ta k e n , how ever.

Rook C o n d i tio n s  a t  th e  S q a p ls  S i t e s  

She j o i n t  s p a c in g  d e s c r i p t i o n s  g iv e n  b e lo w  h av e  b e e n  a d o p te d  from  th o s e  

s u g g e s te d  b y  th e  S o u th  A f r ic a n  S e c t io n  o f  th e  A s s o c ia t io n  o f  E n g in e e r in g  

G e o l o g i s t s ,  and  a r e  p r e s e n te d  i n  A ppendix  I I I A .  The s te r e o g r a p h ic  p l o t s  

o f  th e  j o i n t  s u r v e y  d a t a  r e l e v a n t  to  e a c h  o f  th e  s i t e s  a re  in c lu d e d  .in 

A pp en d ix  I I I C ,

The ro o k  c o n s i s t s  o f  h a r d ,  w id e ly  j o i n t e d ,  d a rk  g r e e n is h - g r e y  la v a  w i th  

t h r e e ,  o r  p o s s ib l y  f o u r  m a jo r  j o i n t  s e t s  o r i e n t a t e d  w ith  d ip  a n g le s  and 

d ip  d i r e c t i o n s  a s  f o l lo w s :

68° A 92° ;

M ° / W |

) 0 ° / W l

85”/H 8 5 ° .

Owing to  th e  u n f a v o u r a b le  o r i e n t a t i o n  o f  t h e  ''/ f ' j o i n t  s e t  w ith  

r e s p e c t  t o  th e  j o i n t  t u r v e y  l i n e ,  o n ly  one  j o i n t  wna r e c o rd e d .

I t s  s i g n i f i c a n c e  a s  a  m ijo r  j o i n t  s e t  w as, h o w ev e r, e s t a b l i s h e d  b y  th s  

p r e s e n c e  o f  o th e r  s i m i l a r l y  o r i e n t a t e d  j o i n t s  above  and be low  th e  ta p e .

/T h e  j o i n t  ........................



91

The  j o i n t  s u r f a c e s  a r e  g e n e r a l l y  u n d u la t in g  a n d  ro u g h  w ith  r e d d is h  

c o lo u re d  c l r v  c o a t in g s  and  o x id e  s t a i n i n g .  C lay  g o u g e , w i th  a  m axinun  

th i c k n e s s  o f  ID r a ,  was c h a r a c t e r i s  t i p  o f  th e  30O/2 5 6 O j o i n t  s e t  and r e ­

s u l t e d  i n  p o o r  r o c k  c o n d i t i o n s  i n  th e  crow n o f  th e  tu n n e l ,  i . e .  o v e rb r e ik  

o r  lo o s e  b lo c k s ,  when a  j o i n t  o c c u r re d  .im m ed ia te ly  above th e  e x c a v a t io n .  

R andom ly sp a ce d  r o c k h o l t a  w ere  g e n e r a l l y  u s e d  a s  s u p p o r t .

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

th e  d a n g e r  o f  i n t e r p o l a t i o n  b e tw ee n  b o r e h o le s ,  was t h a t  w i th in  a  d is t a n c e  

o f  2  -  3 m from  th e  b o r e h o le  i n t e r s e c t i o n  p o i n t ,  th e  r o c k  m ass q u a l i t y  

h a d  d e t e r i o r a t e d  to  su c h  an  e x t e n t  t o  w a r r a n t  th e  i n s t a l l a t i o n  v  t t e e l  

a r c h e s  f o r  s u p p o r t ,  P l a t a  IV.

B os_2:

A t t h i s  s i t e  th e  r o c k  c o n s i s t s  o f  h a rd  t o  v e ry  h a r d ,  w id e ly  j o i n t e d ,  g r e e n ­

i s h  c o lo u re d  l a v a  w ith  t h r e e  m a in  j o i n t  s e t s ,  c h a r a c t e r i z e d  b y  c lo s e d ,  

ro u g h  and u n d u la t in g  o r  p l a n a r  s u r f a c e s .  She d ip s  and  d ip  d i r e c t i o n s  o f  

th e s e  j - ' ' '  s e t s  a r e  a s  f o l lo w s :

9 o ° / : i 5 ° i

2 0 7 2 4 3 ° .

Ko s u p p o r ts  i n s t a l l e d  a t  t h i s  s i t e  and th e  o u t"1 in e  o f  th e  e x c a v a t io n

w as g ood .

Bos
The i n  s i t u  ro o k  c o n d i t i o n s  a t  t h i s  s i t e  a r e  v e r y  d i f f e r e n t  t o  th o se  i n ­

d i c a t e d  by  th e  "bo reho le  c o r e .  I n  g e n e r a l  th e  r o c k  c o n s i s t s  o f  h a rd , 

w id e ly  j o i n t e d ,  d a rk  g r e e n  l a v a  w hich  h a s  "been in t r u d e d  by  a  n a rro w  ( 0 ,5  -  

0 , 7  m w ide ) d a rk  g r e e n i s h - b l a c k  dyke o f  m ed ium -hard  to  s o f t  r o c k  and  w ith  

c lo s e  t o  v e ry  c lo s e  j o i n t s ,  P l a t e  V. F o u r  m ain  j o i n t  s e t s  o c c u r  a t  t h i s  

s i t e .  T h e i r  o r i e n t . : - i o n s  a r e  a s  f o l lo w s :

90o/ a i 8 ° i

850A Z 3 ° ;

s f / 3 5 l ° ;

9 0 7 V 6 ° .

The j o i n t  s u r f a c e s  i n  th e  l a v a  a r e  p l a n a r  o r  u n d u la t i n g  and may be e i t h e r  

r o u g h  o r  sm oo th . M oat j o i n t s  a r e  c lo s e d  b u t  s t a i n i n g  and c l a y  o r  c h lo r ­

i t e  c o a t in g s  do o c c u r .  T hese  c o n d i t io n s  a re  g e n e r a l l y  a p p l i c a b l e  to  th e
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rr.u k  m ass a t  t h i s  s i t e .

W ith in  and  a d ja c e n t  t o  th e  d y k e , th e  j o i n t s  a r e  u r J 'J - a t i n y ,  sm ooth 

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

m a t e r i a l  and  a  f i b r o u s  arap h ib o le  o i n e r a l  w hich  i s  t y p i c a l l y  d e v e lo p e d  

a lo n g  th e  c o n ta c t  j o i n t s .  T h is  l a t t e r  f e a t u r e ,  t o g e th e r  w ith  th e  d i s ­

t i n c t i v e  f i n e - g r a i n e d ,  p o r p h y . 'i t i c  t e x tu r e  o f  th e  dyke r o c k ,  e n a b le d  th e  

same dyke to  b e  re c o g n iz e d  i n  o th e r  p a r t s  o f  th e  tu n n e l .

No s u p p o r t  was u se d  a t  t n : s  s i t e .

Bos_ £ :

The r o c k  c o n s i s t s  o f  v e r y  h a r d ,  v e ry  w id e ly  J o i n t e t ,  g r e y is h - g r e e n  c o lo u re d , 

medium t o  f i n e - g r a i n e d  d ia b a s e .  The m ain  jo in V  r a t s  a r e  o r t e - . t a t e d  a s  

f o l lo w s :

700/ 000° j

8 c 7 3 4 4 ° i

6 0 7 2 3 6 ° .

R ie  j o i n t  s u r f a c e s  a r e  p l a n a r ,  ro u g h  end c lo s e d .

Owing t o  a  c h i l l  c o n ta c t  zone  i n  t h e  d ia b a s e ,  i t  was v e r y  d i f f i c u l t  

to  p in p o in t  th e  l a v a - d ia b a s e  c o n ta c t .  A c a r e f u l  e x a m in a tio n  o f  th e  r o o k , 

ho w ev e r, r e v e a le d  a  c lo s e d  b u t  c o n tin u o u s  j o i n t  w h ich  was assum ed to  be 

t h e  c o - . ta c t .

No s u p p o r ts  w ere  i n s t a l l e d  a t  t h i s  s i t e  and th e  e x c a v a t io n  o u t l i n e

A t t h i s  s i t e  th e  r o c k  c o n s i s t s  o f  h a r d ,  w id e ly  j o i n t e d ,  g r e e n i s h  c o lo u re d  

la v a  w i th  t h r e e  j o i n t  s e t s  o r i e n t a t e d  a s  f o l lo w s :

2 5 % 9 8 ° ;

9 0 7 5 1 7 ° ;

7 0 7 i i 3 ° .

The .io luu  s u r f a c e s  a r e  u n d u la t i n g  o r  p l a n a r  end ro u g h , and  a r e  u s u a l ly  

c lo s e d  o r  c o a te d  w i th  n o n - s o f t e n in g  m in e r a ls  su c h  a s  q u a r tz  o r  c a l c i t e .

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

fro m  th e  s i t e  i n v e s t i g a t i o n  s t u d i e s T h e  f a u l t  i s  a  n a rro w  f e a t u r e  

( 0 ,2 5  -  0 , 5  ia) and  c r o s s e s  th e  tu n n e l  a t  a  h ig h  a n g le  w i th  b s t r i k e  o f  

a p p ro x im a te ly  02 2 ° f r o a  t r u e  n o r th .  M od e ra te  w a te r  f lo w  was e v id e n t  

when th e  f a u l t  was f i r s t  i n t e r s e c t e d ,  b u t  t h i s  so o n  d e c r e a s e d .  The f a u l t  

hp4 no e f f e c t  on  th e  s t a b i l i t y  o f  th e  tu n n e l  and  no s u p p o r ts  w ere i n s t a l l e d

/T h e  t u n n e l  .
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The tu n n e l  o u t l i n e  was g e n e r a l l y  good .

255J>;.

The r o c k  c o n s i s t s  o f  h a r d ,  w id e ly  t o  v e r y  w id e ly  j o i n t e d  g r e e n is h  la v a  

v i th  t h r e e  m a in  j o i n t  s e t s  w i th  u n d u la t in g  o r  p la n a r  and ro u g h  s u r f a c e s .  

M ost j o i n t s  a r e  c lo s e d  and  cem en ted  o r  c o a te u  w ith  c a l c i t e  and q u a r t z .

The d ip s  and  d i r e c c i o n a  o f  th e  r e s p e c t iv e  s e t a  a r e  a s  - fo llo w s:

90O/b4h°; 

9 0 ° /U 6 O;

37O/0D0°.

Fo s u p p o r ts  w ere  i n s t a l l e d  b u t  s l i g h t  o v e rb r e a k  w as e v id e n t  i n  th e  crow n 

o f  th e  e x c a v a t io n .  The J 7 ° /0 0 0 O j o i n t  s e t  a p p e a re d  to  be th e  m ain  c o n ­

t r i b u t o r  t o  t h i s .

SS.g_Z!
The r o c k  c o n s i s t s  o f  h e rd ,  w id e ly  j o i n t e d ,  g r a y is h - g r e e n  la v e , w i th  f o u r  

w e l l-d e v e lo p e d  j o i n t  s e t s  g iv in g  th e  r o c k  m ass a  b lo c k y  a p p e a ra n c e . The 

o r i e n t a t i o n s  o f  th e  j o i n t s  a r e  a s  f o l lo w s :

647238° i 

8 5 7 5 0 2 °  i 

4 5 7 2 2 8 ° ;  

9 0 7 0 0 6 ° .

M ost j o i n t  s u r f a c e s  a r e  p l a n a r  and e i t h e r  ro u g h  o r  sm oo th . The j o i n t  

a l t e r a t i o n  v a r i e s  f r o a  c lo s e d  to  i r o n  s t a i n e d  and  o c c a s io n a l  t h i n  c la y  

c o a t in g s .  M in o r s e ep a g e  w as n o te d  in  p l a c e s .  Owing to  th e  b lo c k y  

n a tu r e  o f  th e  r o c k  m a ss , th e  tu n n e l  o u t l i n e  w as p o o r .  S y s te m a t i c a l ly  

sp a ce d  r o c k b o l t s  a t  1 -  1 ,5  m i n t e r v a l s  w ere  i n s t a l l e d  a s  s u p p o r t .

H ard  to  v e r y  h a r d ,  g r e e n is h  l a v a  o c c u r s  a t  t h i e  s i t e .  F o u r  j o i n t  s e t s ,  

b o th  w id e ly  and  c l o s e l y  sp a c e d , w ith  th e  f o l lo w in g  o r i e n t a t i o n s  a r e  p r e -

8 5 7 1 3 2 ° ;

8 0 7 2 4 0 ° ;

7 5 7 « ; 0 ° ;

3 5 7 1 5 0 ° .

/T h e  j o i n t   ...............
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The j o i n t  s u r f a c e s  a r e  p l a n a r  and  ro u g h  o r  sm ooth  and  w ith  t h e  e x c e p t io n  

o f  th e  l a s t  a = t  l i s t e d  a b o v e , a r e  c lo s e d  o r  d i s p l a y  i r o n  s t a i n i n g  o n ly .

The 330/lS O °  s e t  h a s  m in o r  c l a y  c o a t in g s  i n  p l a c e s .  Or.u p a r t i c u l a r  j o i n t  

w i th  a  s i m i l a r  a t t i t u d e  c o n ta in s  5 -  10 on o f  c h l o r i t e  m ica  and  shows 

e v id e n c e  o f  h a v in g  a c te d  a s  a  m in o r  s h e a r  p la n e  w i th  A p p ro x im a te ly  15 cm 

o f  movement a lo n g  i t .  T h is  i s ,  h o w ev e r, a  v e ry  l o c a l i z e d  phenomenon and 

h a s  no in f lu e n c e  on  th e  s t a b i l i t y  o f  th e  r o c k  m a ss . M inor s e ep a g e  was 

n o te d .  The e x c a v a t io n  o u t l i n e  was g e n e r a l l y  good and s p o t? o ) t i n g  o n ly  

was u se d  a s  s u p p o r t .

A t t h i s  s i t e  t h s  r o c k  c o n s i s t s  o f  v e r y  h a r d ,  v e r y  w id e ly  j o i n t e d ,  g r e e n ­

i s h  l a v a  w i th  t h r e e  j o i n t  s e t s  o r i e n t a t e d  a s  f o l lo w s :

757250° ;  

7 6 7 0 9 9 ° .

The s u r f a c e s  o f  th e  j o i n t s  a r e  u n d u la t in g  and  ro u g h  when e x p o se d , b u t  a re  

g e n e r a l l y  c lo s e d  and  s i l i c a  cem en ted  g iv in g  th e  r o c k  a  m a ss iv e  a p p e a ra n c e . 

The e x c a v a t io n  o u t l i n e  a t  t h i s  l o c a l i t y  w as v e ry  good and  no s u p p o r t  was 

n s c e s s a r y .

The r o c k  i s  h a r d ,  g r e e n is h  l a v a ,  g e n e r a l l y  w id e ly  j o i n t e d  b u t  w i th  o c c a s ­

io n a l  v e r y  c l o s e l y  j o i n t e d  z o n e s .  T h ree  m a in  j o i n t  s e t s  w hich  e x h ib i t  

p l a n a r  and  ro u g h  s u r f a c e s  a s s t  f r e q u e n t ly  a re  p r e s e n t ,  ana  i r o n  s ta in in g ' 

and  o l a y  c o a t in g s  a r e  common. The o r i e n t a t i o n s  o f  th-’ s s  s e t s  a r e  a s

9 0 7 2 7 7 °  i 

4 7 7 1 6 3 ° ;  

8 0 7 l6 S ° .

F i l l i n g !  o f  u : i j a y  s a n d , u p  to  5 mm t h i c k ,  o c c u r  a lo n g  th e  900/2 7 7 °  j o i n t  

s e t  a n d  lo c a l i z e d  :: o f  w e a th e re d  a i.d  d ia c o lo u r e d  ro o k  a re  f r e q u e n t ly

a s s o c i a t e d  w i th  t h i s  and '.he B 3 ° / l6 3  s e t .  The r u c k  h a s  a  b lo c k y  a p p e a r ­

a n c e  a n d  o v e rb r e a k  i n  th o  crow n o f  u ..- tu n n e l  app  r::;l to  be r e l a t e d  to  

th e  4 7 7 1 6 8 °  j o i n t s .  No s u p p o r ts  w?p < u ie d  a.t t h i s  s i t e .  M inor s e e p ­

a g e  w as e v id e n t .
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SQ3 .11;
A t t h i s  s i t e  th e  ro o k  i s  h a r d ,  w id e ly  j o in t e d  g r e e n is h  la v a  w i th  f o u r  

s a i n  j o i n t  s e t s  r e s u l t i n g  i n  a  b lo c k y  a p p e a ra n c e . The d ip s  a n d  d ip  

d i r e c t i o n s  o f  th e  j o i n t s  a r e  a s  f o l lo w s :

9 0 7 1 5 6 ° :  

9 0 7 0 0 4 ° ;

1 0 7 2 4 7 ° ;

9o 7 ° 63° .

The s u r f a c e s  o f  th e  j o i n t s  a r e  p la n a r  and ro u g h  o r  sm oo th , w ith  s t a i n i n g  

and  c l a y  c o a t in g s .  One o f  t h e  ±Qc / ‘* * f  j o i n t s ,  ex p o sed  a t  t h e  i n v e r t  

l e v e l ,  c o n ta in s  a  v id e  zone o f  c l a y  and b ro k e n  ro o k  to g e th e r  w i th  v a in  

q u a r t z  and m ic a c e o u s  m a t e r i a l ,  P l a t e  V I . -This f e a t u r e  p o s s ib l y  r e p r e ­

s e n t s  a  l o c a l i z e d  f a u l t  p l a n e .  T h is  p a r t i c u l a r  j o i n t  r o s e  g r a d u a l ly  up  

to  th e  crow n l e v e l  o f  t h s  tu n n e l  o v e r  a  d i s t a n c e  o f  a p p ro x im a te ly  40 m 

w here  i t  b e c a a e  a  m a jo r  w eakness p la n e  and  r e s u l t e d  i n  o v e rb te a k  i n  th e  

crow n . M in o r se e p a g e  was e v id e n t  m d  a t  t h e  s i t e  i t s e l f  s p o f b o l t i n g  o n ly  

w as u s e d  a s  s u p p o r t .

Bos_1 2 :

The r o c k  i s  h a r d , w id e ly  j o i n t e d  g r e e n i s h  la v a  w i th  f o u r  m ain  j o i n t  s e t s  

o r i e n t a t e d  a s  f o l lo w s :

8 5 7 2 7 2 ° !  

9 0 7 1 0 6 0 } 

85725001 
60O/0 1 0 ° .

The j o i n t  s u r f a c e s  a r e  g e n e r a l l y  p l a n a r  and ro u g h  w i th  c l a y  c o a t in g  and 

s t a i n i n g  b e in g  common. I n  a d d i t i o n  to  th e  j o i n t  s e t a  i n d i c a t e d ,  a  su b -  

h o r i s o n t a l  j o i n t  c o n ta in i n g  c l a y  gouge up  to  5 cm t h i c k  a l s o  o c c u r s  i n  

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

s i g n i f i c a n t l y  t o  th e  crow n o v e rb r e a k .  I t  h a s ,  how ever, n o t  b e e n  i n ­

c lu d e d  i n  th e  a s s e s s m e n t  o f  th e  r o c k  m ass c o n d i t io n s  a t  th e  J i t e  i t s e l f .  

O c c a s io n a l  d is c o lo u r e d  w e a th e re d  z o n es  o c c u r  a d ja c e n t  to  some o f  th e  

j o i n t s .
The r o c k  m ass h i s  a  b lo c k y  a p p e a ra n c e  and th o  e x c a v a t io n  o u t l i n e  was 

p o o r .  M ino r s e ep a g e  was e v id e n t .  Ko s u p p o r ts  w ere  i n s t a l l e d  a t  t h i s  s i t e .

/ 3 ‘ 2 ...................................
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3 .2  The B s l v e r s  T unnel

3 .2 .1  I n t r o d u c t io n  to  th e  P ro .ie c t

The D e lv e r a  T u n n e l i s  s i t u a t e d  i n  th e  c e n t r a l  a r e a  o f  th e  c i t y  o f  J o h a n n e s ­

b u r g  and  f o l lo w s  a  r o u te  fro m  th e  c o rn e r  o f  T roye  and  M a rs h a l l  S t r e e t s ,  

w es tw a rd  a lo n g  M a rs h a l l  S t r e e t  t o  'D e lv e rs  S t r e e t ,  n o r th w a rd  a lo n g  D e lv e r s  

S t r e e t  t o  B ree  S t r e e t  and  t h e n  w estw ard  a lo n g  B ree  S t r e e t  t o  i t s  i n t e r ­

s e c t i o n  w i th  Yon B r a n d is  S t r e e t ,  F ig .  5»T. The t o t a l  le n g th  o f  t h e  tu n n e l  

i s  1 ,2  km a n d  i t  was p la n n e d  b y  th e  E l e c t r i c i t y  a n d  C i ty  E n g in e e r s  D e p a r t­

m e n ts  o f  th e  C i ty  o f  J o h a n n e sb u rg  a s  p a r t  o f  a n  e x p a n s io n  p rog ram  t o  kiouse 

f e e d e r  and  d i s t r i b u t i o n  c a b le s  f o r  a  new c e n t r a l  c i t y  e l e c t r i c i t y  sub ­

s t a t i o n ^ .

The tu n n e l  i s  c lo s e  t o  t h e  g ro u n d  s u r f a c e  and  th e  c o v e"  d e p th  to  i t s  

c row n  v a r i e s  from  2 ,5  m to  a p p ro x im a te ly  11 Tha sh ape  s e l e c t e d

w as t h a t  o f  art in v e r t e d  "IT' w i th  v e r t i c a l  s i d e w a l l s  and  e q u a l  v e r t i c a l  and 

h o r i z o n t a l  f i n i s h e d  d im e n s io n s  o f  2 ,0  m. The tu n n e l  i s  l i n e d  t li ro u g h o u t 

v i ^ h  c o n c r e te  a p p ro x im a te ly  JOO m® t h i c k ,  P ig .  J .B ,

A v e r t i c a l  a c c e s s  s h a f t  w as c o n s t r u c te d  a t  t h e  i n t e r s e c t i o n  o f  K erk  

a n d  D e lv e r s  S t r e e t s  and  two h e a d in g s  w ere  adv an c ed  s im u lta n e o u s ly  i n  n o r th  

and  s o u th  d i r e c t i o n s  r e o p a c t i v e ly .  E x c a v a t io n  m e thods in c lu d e d  b o th  c o n ­

v e n t i o n a l  d r i l l  and  b l a s t  te c h n iq u e s  and  h a n d -h e ld  p n e u m atic  d ig g e r s  and 

te m p o ra ry  s u p p o r ts ,  u s u a l ly  i n  t h e  fo rm  o f  s t e e l  a r c h e s  sp a c e d  a p p ro x i­

m a te ly  0 ,7 5  -  1 ,0  m a p a r t ,  w ere  i n s t a l l e d  a s  c lo s e  t o  th e  f a c e  a s  p o s s ib l e .  

C o n tin u o u s  la g g in g  w as n e c e s s a r y  a lo n g  some o f  th e  v e r y  s o f t  r o c k  and 

h ig h ly  j o i n t e d  s e c t i o n s  o f  t h e  tu n n e l .  The c o n c r e te  l i n i n g  o p e r a t io n  

fo l lo w e d  some ?0 m b e h in d  th e  a d v a n c in g  f a c e .

S ix  sa m p le  s i t e s  w ere  s tu d i e d  i n  t h i s  tu n n e l ,  F i g .  3 . 9 .  The b o r e -  

o o r e s  exam ined  w ere o b ta in e d  from  b o r e h o le s  d r i l l e d  d u r in g  th e  p r e ­

c o n s t r u c t io n  g e o te c h n ic a l  i n v e s t i g a t i o n  and  th e  s i t e  s e l e c t i o n  was b a se d  

o n  th e  q u a l i t y  o f  th e  c o r e s  r e c o v e r e d .  The s o f t e r  m a t e r i a l s  re c o v e re d  

f r o a  th o s e  b o r e h o le s  w h ich  i n t e r s e c t e d  r e s i d u a l  h o r iz o n s  o r  w ea th e re d  

s h a l e s  h a d  d e t e r i o r a t e d  to o  g r e a t l y  to  be o f  any  u s e .  The d e t a i l s  o f  

th e  sam p le  s i t e s  a r e  l i s t e d  i n  T sr-ie  3 . 4 .

3 .2 .2  R e g io n a l G eology

The r e g io n a l  g e o lo g ic a l  s e t t i n g  and  s t r u c t u r e  o f  th a  J o h a n n e sb u rg  a r e a  

h a a  b e e n  a l r e a d y  d e s c r ib e d  i n  3 . 1 .2  and n e e d  n o t  b e  r e p e a te d .

/T a b le  5 -4



F IG . 3 .7  D e lv e r s  T u n n e l -  L o c a l i t y  Map

FIG . 5 .8  D e lv e r s  F unne l -  C r o s s - s e c t i o n
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FIG . 3 .9  P l a n  show ing  S i t e  L o c a t io n s  and  G e n e ra l G eology
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TA3I2 1 .4

BSLVSitS
LOCXTIO-?. KTOSSR ;jiU  l it h q io g y  o f  each sahplb  s i t s

Sam ple 3 i t s S i t e  L o c a t io n  
( i n  m fro m  R end 

o f  tu n n e l )

L ith o lo g y

255 S h e a re d  A rg i l la c e o u s  Q u a r tz i te

330 S h e a re d  A rg i l la c e o u s  Q u a r tz i te

B e l 3 385 Q u a r t z i t e  w i th  A rg i l la c e o u s  i n ­
t e r c a l a t i o n s

D el 4 590 Q u a r tz i te

E e l 5 735 Q u a r tz i te

B e l 6 760 Q u a r t z i t e  w ith  A rg i l la c e o u s  i n ­
t e r c a l a t i o n s

3 .2 .3  I ^ c ^ l  O eology  

The D e lv e r s  T u n n e l p a a s a a  th ro u g h  a l t e r n a t i n g  a re n a c e o u s  and a r g i l l a o s o ’os 

s t r a t a  o f  th e  G overnm ent R e e f  sn d  J e p p es to w n  f o rm a t io n s  o f  th e  W itw a te r s ­

r a n d  S u p e rg ro u p  a n d , f o r  a  v e “y  s h o r t  d i s t a n c e  a t  i t s  n o r th e r n  e n d , th ro u g h  

th e  s h e a r e d  c o n ta c t  f a u l t  zone  a t  th e  s o u th e r n  edge o f  th e  g ra b e n  p r e v io u s ly  

d e s c r ib e d .  A g e n e r a l i z e d  g e o lo g ic a l  r e c o r d  o f  th e  tu n n e l  was c o m p ile d  d u r ­

i n g  i t s  e x c a v a t io n  and i s  p r e s e n te d  i n  P i g .  3 -9 -  A lth o u g h  c o n tin u o u s  

lo g g in g  o f  th e  g e o lo g y  w as n o t  r e a l l y  p e r t i n e n t  t o  th e  p ro b lem  b e in g  s tu d i e d ,  

i t  w as n e v e r t h e l e s s  c o n s id e r e d  w o rth w h i le  b e c a u a e  i t  p r o v id e s  e n g in e e r in g  

g e o lo g ic a l  in f o r m a t io n  f o r  a n y  f u tu r e  w ork  p la n n e d  i n  th e  a r e a ,  a s  w e l l  a s  

u p d a t in g  th e  e x i s t i n g  g e o lo g ic a l  map o f  J o h a n n e sb u rg  co m p ile d  b y  J .H .  de

I n  o r d e r  t o  be c o n s i s t e n t  w i th  e x i s t i n g  te rm in o lo g y , th e  n o m e n c la tu re  

f o r  th a  h o r iz o n s  i n t e r s e c t e d  b y  th e  tu n n e l  w ore a d o p te d  from  d e  B e a r .

T hese  f ire  p r s s ^ n t e d  i n  T-ib.le 3 .5  w i th  t h e i r  a p p ro x im a te  l o c a t i o n s  a lo n g  

th o  tu n n n l r o u t e ,  ra 'iaaured  from  w r o  m e tr e s  a t  i t s  n o r th e r n  a n d . The 

e e o lo f ^ ' i l o n g  th e  tu n n e l  r o u t e  i s  d iu c u o se d  b r i e f l y  be low  and a  p r o f i l e  

and g e o lo g ic a l  a u c k i - t  a lo n g  th e  tu n n e l  r o u te  a r e  p r e s e n te d  i n  F i g .  3 ,1 0 .

/ h i d .  3 .5



L o c a tio n  a lo n g  T unnel 
a z e r o  m e tr e s  a t  th e  n o r th  end 

o f  th e  tu n n e l )

SHEARED FAULT %OME 0 -  ?8 ( a p p r o x .)

GOVEHir,-ENT REEF FOLIATION

Q u a r t z i t e  (q.5) 38 -  450

S h u le  ( s 3 )  45U -  495

D ia b a se  (D) 495 -  503

Q a - .c t z i t e  (q 4 )  503 -  512

S h a le  ( s 4 )  512 -  535

Q u a r t z i t e  (q 5 )  535 -  600

S h a le  ( s 5 )  600 -  732

Q u a r t z i t e  ( q 6 ) 732 -  7Q3

JBPIBS'rOV/H FORMATION

A re n ac eo u s  S h a le  ( j s l )  788 -  870

D ia b a se  (D ) 870 -  j2 9

A re n ac eo u s S h a le  ( j a l )  92? -  1018

Q u a r t z i t e  ( j q )  1018 -  1044

D ia b a se  (D) 1044 -  1059

Q u a r t z i t e  ( j q )  1053 -  1180
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S h sarg fl F a u l t  Zon.9 

Ths ro o k s  e x p o sed  a lo n g  t h i s  s e c t i o n  o f  th e  tu n n e l  c o n s i s t  o f  h ig h ly  

s h e a r e d  re m n a n ts  o f  w e a th e re d  q u a r t z i t e ,  a r g l l l a o e o u s  q u a r t z i t e ,  s h a le  

and l a v a .  The f i n e r - g r a i n e d  r o c k s  c a n n o t be  d i f f e r e n t i a t e d  w i th  any  

r e a l  c e r t a i n t y ,  b u t  th e  y e l lo w is h  c o lo u r  o f  some o f  t h e  f r a g m e n ts ,  com­

p a re d  t o  t h e  t y p i c a l  p in k  and  r e d  c o lo u re d  a r g i l l a c e o u s  s e d ia e n fc s , su g g e s te d  

t h a t  th e y  a r e  p r o b a b ly  l a v a .  The do m in a n t s t r u c t u r e  f o l lo w s  a  K3-SW

d i r e c t i o n  a n d  th e  f a u l t  a p p e a rs  to  b e  v e r t i c a l .

G overnm ent R e af  F o rm a tio n

Q u a r t z i t e  ( q j )  -  T h is  h o r iz o n  i s  lo c a t e d  to  th e  s o u th  o f  th e  V e n te r s -  

d o r p  g ra b e n  and  c o n s i s t s  o f  a l t e r n a t i n g  a n d s  o f  q u a r t z i t e ,  t a l c o s e  a r ­

g i l l a c e o u s  q u a r t a i t s ,  and s u b o r d in a te  s h a le  and s i l t s t o n e .  I t  h a s  b e e n  

s u b je c t e d  to  i n t e n s e  s h e a r in g  p a r a l l e l  t o  th e  r e g io n a l  s t r i k e  and  th e  

r o c k s  v a r y  from  v e r y  s o f t  to  m o d e ra te ly  h a r d ,  a r e  c l o s e l y  j o i n t e d  and 

w e a th e re d , and  c o n ta in  t a l c ,  c h l o r i t e  and c l a y  m in e r a ls  a lo n g  j o i n t  s u r ­

f a c e s  and w i th in  th e  r o c k  i t s e l f .  The dom inan t j o i n t  d i r e c t i o n  s t r i k e s  

e a s t - w e s t  and  d i p s  s t e e p l y  to  th e  s o u th .  O c c a s io n a l  s u b h c r i z o n ta l  j o i n t s

De 2 e u r  h a s  i n d i c a t e d  t h a t  s h a l e s  p r e v io u s ly  r e p o r t e d  w i th in  t h i s  

h o r iz o n  a r e  i n  f a c t  e x tre m e ly  s h e a r e d  q u a r t z i t e .  T h is  w as c o n firm e d  in  

th e  t u n n e l ,  w here  ex am p le s w ere  e n c o u n te re d  i n  w h ich  th e  o r i g i n a l  q u a r t -  

z i t e  w as o n ly  o v id e n c  a f t e r  a  c a r e f u l  e x a m in a t io n  o f  th e  ro c k . A v e ry

c l e a r  exam p le  o f  t h i s  i s  a d j a c e n t  t o  th e  f a u l t  a t  275 m. S h a le  bands

w ere  a l s o  n o te d ,  ho w ev e r, and  c o u ld  b e  r e c o g n iz e d  b y  t h e i r  te n d e n c y  to  

be  l e s s  f r a c t u r e d  th a n  th e  q u a r t z i t i c  h o r iz o n s .  A p a r t i c u l a r l y  o b v io u s  

s h a le  h o r iz o n  w as n o te d  f m a  112 m -  H I  m and may a c t u a l l y  b e  p a r t  o f  

th e  S2 s h a le  w h ich  o o u ld  h av e  b e e n  sq u e ez ed  o u t  a lo n g  th a  f a u l t  zone 

r a t h e r  t h a n  te r m in a t in g  a b r u p t l y  a g a in s t  i t  aa  shown b y  d e  B e e r .

S h a le  ( s j )  -  The s j  h o r iz o n  c o n s i s t s  o f  s h a le  and a re n a c e o u s  s h a l s .

The n o r th e r n  c o n ta c t  a p p e a rs  t o  con fo rm  w i th  th e  u n d e r ly in g  q3 h o r iz o n  

and  d ip s  a t  a p p ro x im a te ly  75°N. At tu n n e l  lev s.!  th e  r o c k  i o  s o f t  and 

c l o s e l y  j o i n t e d  w i th  r e s i d u a l  c o n e s  o f  c la y e y  s i l t .  The do m in a n t j o i n t s  

a r e  p a r a l l e l  t o  t h e  s t r i k e  and may be e i t h e r  b e d d in g  p lu .e a  o r  s h e a r  s u r ­

f a c e s .  The s o u th e r n  c o n ta c t  o f  t h i s  h o r iz o n  i s  m arked  by a  n a rro w  d i a ­

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

q u a r t z i t e  ( q l )  -  A n a rro w  h o r iz o n  o f  h a rd  -md m o d o ra tn ly  j o in t e d

/ q u a r t z i t e   ...............



10?

q m r t z i t e  o c c u r s  fro m  5C'3 m to  512 m. T h is  h a s  t e e n  t e n t a t i v e l y  c o r r e ­

l a t e d  v i t h  de B a e r1 e ' q4 q u a r t z i t e .

S h a le  ( s 4 )  -  T h is  h o r iz o n  i s  s i r a i l a r  to  th e  s}  h o r iz o n  d e s c r ib e d  

a b o v e , The so v .th s rn  c o n ta c t  i s  a  s i l i c i f i e d  f a u l t  zone  w ith  a n  a p p a r e n t  

dow nthrow  to  th e  n o r th .  The p r e s e n c e  o f  t h i s  f a u l t  was n o te d  by de B e er 

E 'lthough  h e  waa u n a b le  t o  l o c a t e  i t  e x a c t ly .  H is  o p in io n  t h a t  th e  d ia b a s e  

i n t r u s i o n  i s  r e l a t e d  t o  th e  f a u l t  i s  p r o b a b ly  c o r r e c t  and th e  n a rro w n e ss  

o f  th e  q u a r t z i t e  h o r ia o n  b e tw ee n  th e  d ia b a s e  and t h i s  h o r iz o n  s u g g e s ts  t h a t  

th e  f a u l t  i s  more com plex  th a n  i n d i c a t e d .

Q u a r t z i t e  ( q 5 )  -  T h is  h o r iz o n  r e p r e s e n t s  th e  m o s t c o m p e te n t r o c k  ty p e  

i n t e r s e c t e d  by  th e  t u n n e l .  I t  c o n s i s t s  o f  g r e y ,  m ed iu m -d ra in e d  and  g la s s y  

in  p l a c e s ,  v n v e a th e re a  a n a  m o d e ra te ly  j o i n t e d ,  h a rd  r o c k  q u a r t s i t e .

E halo  ( c 5 )  -  At tu n n e l  l e v e l  t h i s  h o r i s m  i s  s o f t ,  d a rk  r o d  and h ig h ly  

jo in t e d  w i th  o c c a s io n a l  . :? n s s ,  p a r t i c u l a r l y  to w a rd s  th e  s o u th e r n  c o n ta c t ,  

o*' i>t‘e e n , a s d i 'j n  h a rd  a u ra  s l a t y  ro c k .

Q u a r t a i t a  ( q t )  -  ThLo h o r iz o n  c o n s i s t s  o f  a  '.o.Ttinant a r g i l l a c e o u s  

q u a r t z i t e  com ponent w i th  b a n d a  o f  s i l t u t o n e  and  s h a l e .  I t  i s  g e n e r a l l y  

s o f t  to  v e r y  s o f t ,  m aroon  and  g r e y  c o lo u re d ,  w e a th e r s d , f r i a b l e  and  mod­

e r a t e l y  j o i n  t a d .  T hs s h a le  and  s i l t s t o n e  h o r iz o n s  a r e  o f t e n  a s s o c i a te d  

w i th  r e s i d u a l  z o n s s  o f  s o f t ,  c la y e y  sa n d .

J e p p es to w n  F o rm a tio n  

l;a B e er h a s  i n d i c a t e d  t h a t  th e  s e d im e n ts  o f  th e  J e p p es to w n  F o rm a tio n  a r e  

" c h a r a c t e r i z e d  by  t h s i r  g e n e r a l  f i n e n e s s  o f  t e x t u r e  and  th e  e a s e  w ith  

w h ich  th e y  y i e l d  t o  w e a th e r in g ."  A long  t h a t  p a r t  o f  th e  tu n n e l  wh&re 

th e s e  r o c k s  w ere  e n c o u n te re d ,  th e y  w ere u s u a l l y  c o m p le te ly  w e a th e re d  to  

r e ;  '.d u a l m a t e r i a l s  a n i  w are  o f t e n  o n ly  e x p o sed  c lo s e  i ?  th e  i n v e r t  l e v e l  

o f  th e  tu n n e l  w i th  th a  m a jo r  p a r t  o f  th s  n-'cav:- i i o a  i n  rhe  o v e r ly i n g  

c o llu v iu m .

A re n ac eo u s S h a le  ( j s l )  -  As shown on d e  B e e r ’ s  n a p , t h i s  h o r iz o n  

o c c u r s  i n  two m o t i o n s  d iv id e d  b y  a  m a jo r  d ia b a s e  i n t r u s i o n .  The n o r th ­

e r n  s e c t i o n  c o n s i s t s  o f  y e l lo w , p in k  and  g r e y ,  d e n se  and  j o i n t e d ,  c la y e y  

s i l t y  a and w i th  m ic ac eo u s  h o r iz o n s  and p o c k '- ta  o f  f i r m  c l a y ,  p r o b a b ly  d e ­

r iv e d  fro m  th a  o v e r ly i n g  c o l lu v iu m . To tb s  s o u th  o f  th e  d ia b a s e  th e  

m a te r i a l  i s  s o f t e r  and  c o n ta in s  p. h if ih a r  p ^ rc o n ta ^ e  oiny. T hs c o llu v iu m  

i s  a l s o  e x p o sed  a lo n g  t h i s  s e c t i o n .  The s t r i k e  o f  th o  s t r a t a  i s  e a s t - w e s t



a n d  th e  d i p  v t - b i c '’. ! .

The d ia b a s e  i n t r u s i o n  i s  a p p r o x in a te ly  60 n  w ide and c o n s i s t s  o f  

r e d d is h - o r a n g e ,  f i r m ,  s i l t y  c l a y  a t  t h e  tu n n e l  l e v e l .  I t s  w id th , g r e a t e r  

th a n  t h a t  s u g g e s te d  by  d e  B e e r ,  may b e  due t o  t h e  d is p l a c e m e n t ,  r e p o r te d  

b y  d e  ’B e a r , a lo n g  th e  f a u l t  a s s o c i a t e d  w i th  t h e  G rahans tow n Dyke to  th e  

v a s t  o f  t h e  tu n n e l ,  o r  may i n d i c a t e  t h a t  t h e  G rahasstow n  Dyke i s  l o c a te d  

s l i g h t l y  t o  t h e  e a s t  o f  t h e  p o s i t i o n  shown on  de B e e r ’ s  map, and  h a s  b e e n  

i n t e r s e c t e d  b y  th e  tu n n e l .

Q u a r t z i t e  ( j q )  -  T h is  h o r iz o n  w as e x p o sed  0 ,5  -  1 ,0  u  above th e  i n ­

v e r t  l e v e l  o f  th e  t ^ n e l  and c o n s i s t s  o f  s o f t ,  y e l lo w is h  to  p in k is h  c o lo u re d , 

w e a th e re d  and f r i a o . m o d e r a t e l y  j o i n t e d  m ed iu m -g ra in e d  q u a r t z i t e .  The 

u p p e r  20 -  50 cm o f  th e  h o r iz o n  i s  u s u a l l y  c h a r a c t e r i s e d  b y  c la y - p o c k e ts ,  

d e r iv e d  f r o a  th e  o v e r ly i n g  c o l lu v iu a .

A d ia b a s e  i n t r u s i o n ,  r e c o g n iz e d  d u r in g  th e  s i t e  i n v e s t i g a t i o n ^ ^ ,  

a l s o  d iv id e s  t h i s  h o r iz o n .  The p o s i t i ; n  o f  t h i s  body  c o u ld  n o t  b e  lo c a te d  

a c c u r a t e l y  w i th in  th e  tu n n e l  b e c a u se  o n ly  a  v e r y  sm a ll e x p o su re  o f  y e l lo w is h -  

b row n , d e n se  s a n d y  s i l t ,  w h ich  may o t  may n o t  b s  r e s i d u a l  fro m  d ia b o .se , 

c o u ld  b e  o b s e rv e d  c lo s e  t o  th e  i n v e r t  o f  th e  tu n n e l .

C o llu v iu m

Tha c r g r l y i n g  c o l l u r / i a l  h o r iz o n s  w ere f i r s t  n o te d  i n  th e  crow n o f  th e  

tu n n e l  a t  a b o u t 850 n  fro m  i t s  n o r th e r n  e n d . Go d e t a i l e d  s o i l  a n a ly s e s  

h av e  b e e n  u n d e r ta k e n  b u t  s o i l  p r o f i l e s  w ere  r e c o rd e d  a t  i n t e r v a l s  o f  

10 -  JO nt. The s o i l  ty p e  a p p e a rs  t o  b e  r e a s o n a b ly  c o n s i s t e n t  b u t  becom es 

s l i g h t l y  l e s s  c o h e s iv e  s o u th w a rd s . V a r i a t io n s  i n  th e  d e g re e  c f  l e r r u g i n -  

i z a t i o n  a n d  th i c k n e s s  o f  th e  p e b b le  m a rk e r  w ere a l s o  n o te d .  I n  g e n e r a l  

t h e  s o i l  p r o f i l e  c o n s i s t s  o f  r e d d i s h  c o lo u re d ,  f i r m  c la y e y  s a n d  becom ing 

s t i f f e r  and  m ore f e r r u g i n i z e d  w i th  d e p th  and  w i th  a  p e b b le  m a rk e r v a ry in g  

b e tw ee n  0 ,0 1  tn and  0 , i  m i n  t h i c k n e s s  a t  th e  b a s e .  In. th e  v i c i n i t y  o f  

t h e  jq. q u a r t z i t e  h o r iz o n  th e  c o llu v iu m  c o n ta in s  s o f t ,  s l i g h t l y  f v r r u s i n i s e d  

n o d u le s  w h ic h  s e e n  to  lo w e r  i t s  c o h e s io n .

5 .2 .4  E n g in e e r in g  Ceolo.Tf

G e n e ra l  Rock C o n d i t io n s  and S u u n o r t I n s t a l l a t i o n s  

Few p ro b le m s w ere  e n c o u n te re d  d u r in g  th e  e x c a v a t io n  o f  t h i s  tu n n e l  and  an 

a v e ra g e  e x c a v a t io n  r a t e  o f  a b o u t 25 m e tr e s  p e r  w eek was a c h ie v e d . E x ce p t 

f o r  n in o r  d i f f e r e n c e s ,  th e  te m p o ra ry  s u p p o r t  i n s t a l l a t i o n s  w ere  t h e  s - c e

/ f o r  th e  ..............................
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f o r  t h s  f u l l  l e n g th  o f  th e  t u n n e l .  T hese  have  be en  d is c u s s e d  b r i e f l y  

a l r e a d y .

F o r  e n g in e e r in g  p u rp o se s  th e  tu n n e l  n a y  be d iv id e d  b r o a d ly  i n t o  th r e e  

m a in  s e c t i o n s  d e f in e d  by  d i f f e r e n c e s  i n  th o  o v e r a l l  r o c k  m ass p r o p e r t i e s  

w i th  r e s p e c t  to  th e  t u n n e l ,  d i f f e r e n c e s  i n  th e  e x c a v a t io n  •aathod a n i  d i f f e r ­

e n c e s  I n  th=5 d i s t a n c e  a t  w h ich  th e  i n i t i a l  a rc h  s u p p o r ts  w are i n s t a l l e d  

b e h in d  th e  f a c e .  The th r e e  s e c t i o n s  a r e  from  0  -  350 n ;  550 -  850 m; 

and  850 -  1180 m r e s p e c t i v e l y  a n i  a r e  d is c u s s e d  b r i e f l y  be low .

0  -  350 n  : T h is  s e c t i o n  i s  a lo n g  t h a t  p a r t  o f  th e  tu n n e l  r u n n in g  

p a r a l l e l  t o  th e  r e g io n a l  s t r i k e  and d o m in a n t j o i n t  d i r e c t i o n s .  The s t e e p  

d i p s  and  th e  c h l o r i t e  and  c l a y  c o a te d  j o i n t  s u r f a c e s  r e s u l t e d  i n  u n s ta b le  

s id e w a l l  c o n d i t io n s  w i th  m in o r  f a i l u r e s  i n  p l a c e s ,  p a r t i c u l a r l y  a lo n g  th e  

n o r t h  w a l l  o f  th e  t u n n e l .  T h is  was e a s i l y  c o n t r o l l e d  by  w edging  b e h in d  

th e  a r c h e s .  The e x c a v a t io n  m ethod  was d r i l l  and  b l a s t  and th e  a rc h e s  

w ere  u s u a l ly  i n s t a l l e d  w i th in  a  m e tre  o f  th e  f a c e .

350 -  85C m : T h is  s e c t i o n  o f  th e  tu n n e l  in c lu d e s  t ii s . t  p a r t  i n  v h ic h  

th e  s t r i k e  o f  th e  dom inan t s t r u c t u r e s  i s  p e r p e n d ic u l a r  to  t h e  tu n n e l  a x i s ,  

r e s u l t i n g  i n  more s t a b l e  r o c k  m ass c o n d i t i o n s .  A lth o u g h  th e  ro o k  i s  s t i l l  

h e a v i ly  j o i n t e d  i n  p l a c e s ,  th e  c h l o r i t e  and  o la y  c o a t in g s  on th e  j o i n t s  

becom e l e s s  common a s  th e  d i s t a n c e  from  th e  g ra b e n  f a u l t  i n c r e a s e s .  V i th  

t h e  e x c e p t io n  o f  th e  n a rro w  dyke b e tw een  495 and 503 m w h ich  w as e x c a v a te d  

b y  h a n d , t h i s  s e c t i o n  w as e x c a v a te d  u s in g  d r i l l  a"id b l a s t  m e th o d s. The 

te m p o ra ry  s u p p o r t  was i n s t a l l e d  a p p ro x im a te ly  3 -  5 a  b e h in d  th e  f a c e .

850 -  1180 m : T h is  s e c t i o n  o f  th e  tu n n e l  i s  lo c a t e d  i n  c o llu v iu m  

and  r e s i d u a l  s o i l s  d e r iv e d  fro m  th e  v a r io u s  g e o lo g ic a l  h o r iz o n s  i n t e r ­

s e c t e d .  H an d -h e ld  p n e u m atic  d ig g e r s  w ere  u se d  f o r  th e  e x c a v a t io n  o f  th e  

tu n n e l  a n d  ow ing  to  t h j  s u s p e c t e d  s h o r t  s ta n d - u p  t i n e  o f  th e  g ro u n d  th e  

a r c h e s  w ere  i n s t a l l e d  w i th in  a  m e tre  o f  th e  f a c e .  S e c t io n s  o f  u n s ta b le  

s a n d y  m a t e r i a l ,  w h ich  n e c e s s i t a t e d  th e  i n s t a l l a t i o n  o f  c o n tin u o u s  la g g in g  

i n  t h e  c ro w n , w ere  e n c o u n te re d  i n  th e  v i c i n i t y  o f  1100 m.

Rock C o n d i t io n s  a t  t h e  Sample S i t e s

S i t e  B e l 1 ;

The r o c k  ex p o sed  a t  t h i s  s i t e  c o n s i f t s  o f  medium h a rd  to  s o f t  r o c k ,  m aroon 

and  p in k  c o lo u re d ,  c l o s e l y  j o i n t e d  and  f r i a b l e ,  w e a th e re d  and a k e a re d , 

a r g i l  • -s l u a r t z i t e  w ith  t h i n  a h a ly  b o n d s . Two m a jo r  j o i n t  s e t s  o c c v r .

/T h e se  ..................................



T hesa  a r e  aa  f o l lo w s :

1 . S h e a r  j o i n t s  ( b e d d in g )  -  I h e s e  j o i n t s  s t r i k e  a p p ro x im a te ly  e a s t -  

w e s t  and  h av e  a  v e r t i c a l  o r  s t e e p  s o u th e r ly  d ip .  J o i n t  s u r f a c e s  

a r e  ro u g h  and b o th  p l a n a r  and u n d u la t in g ,  w ith  c l a y  o r  t a l c  c o a t ­

i n g .  The m a in  th r o u g h - g o in g  s u r f a c e s  a r e  .spaced a t  a b o u t  20 cm 

i n t e r v a l s  a l th o u g h  c l o s e r  more i r r e g u l a r  j o i n t s  a r e  a l s o  p r e s e n t .

2 . C ro s s  j o i n t s  -  T h ese  j o i n t s  h av e  a  s u b h o r iz o n ta l  a t t i t u d e ,  a re  

p l a n a r  and ro u g h  and  a r e  c h a r a c t e r i z e d  b y  r e d - c l a y  i n f i l l i i ^  up 

t o  5 am t h i c k .  An a v e ra g e  s p a c in g  o f  a b o u t 0 ,5  -  1 ,0  m i s  

common, a l th o u g h  m ore c l o s e l y  sp a c e d  j o i n t s  a l s o  o c c u r .

T he r o c k  a t  t h i s  l o c a t i o n  a p p e a rs  to  s o f t e n  on  e x p o su re  t o  th e  r a c is t  a i r  

i n  th e  t u n n e l s .  A lth o u g h  o n ly  tw o m ain  j o i n t  s e t s  w ere n o te d  th e  ro c k  

c o u ld  p o s s ib l y  b e  c l a s s i f i e d  a s  " h ig h ly  j o i n t e d . " Owing to  t h e  u n fa v o u r ­

a b l e  a t t i t u d e  o f  th e  s h e a r  j o i n t s ,  u n s t a b l e  c o n d i t io n s  w ere  p r e v a l e n t  a lo n g  

th e  s id e w a l l s  o f  th e  tu n n e l .

S i t e  P o l  2 :

A t t h i s  s i t e  th e  r o c k  c o n s i s t s  o f  s o f t  t o  h a rd ,  m ic ac eo u s and ta lc o s e  

a r g i l l a c e o u s  q u f i r t z i t e s  and q u a r t z i t e s  w hich  h av e  been  s u b je c t e d  to  in t e n s e  

s h e a r in g  a lo n g  an  e a s t - w e s t  d i r e c t i o n .  Two m a jo r  j o i n t  s e t s  o c c u r  w ith  

t h e  do m in a n t s e t  r e l a t e d  t o  th e  sh-.-axizig. T hese  a r e  aa  fo llo w s- .

1 . S h e a r  j o i n t s  ( b e d d in g )  -  An e a s t - w e s t  s t r i k e  and v e r i , i w . l  o r  

s t e e p  s o u th e r ly  d ip  i s  c h a r a c t e r i s t i c  o f  t h i s  s e t .  J o i n t  s u r ­

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

i n  p l a c e s .  T a l c  c o a t in g s  a r e  cormon and  b a n d s  o f  s a n d y  c l a y  

u p  to  5 cm th i c k  may o c c u r .  The s p a c in g  o f  th e  j o i n t s  i s  

a p p ro x im a te ly  10 cm.

2 . C ro s s  j o i n t s  -  T h ese  j o i n t s  a r e  v e r y  i r r e g u l a r  and  a r.y  c l a s s i f y  

a s  "random " j o i n t s .  T hey a r e  u n d u la t i n g  and ro u g h  w hen p r e a s n t  

and  a r e  f i l l e d  w i th  s t i f f  c l a y  gouge .

The l e s s  a r g i l l a c e o u s  v a r i e t i e s  o f  q u i r t z i t e  g e n e r a l l y  h av e  a  more b lo c k y  

a p p e a ra n c e  and  d i s p l a y  more p l a n a r  j o i n t  s u r f a c e s .

S i t e  Z el 5;

The r o c k  a t  t h i s  s i t e  c o n s i s t s  o f  h a rd ,  h ig h ly  j o i n t e d ,  c o a r s e  to  n e d iu n  

g r a in e d  q u a r t z i t e  w i th  o c c a s io n a l  w e a th e re d  a r g i l l a c e o u s  h o r iz o n s .  J o i n t s  

p r e s e n t  a r e  a s  f o l lo w s :

/ l .  B e d d in g  ......................
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1 . B e d d in g  j o i n t s  -  T hese  j o i n t s  a r e  v e r t i c a l  and  s t r i k e  e a s t - w e s t .  

T hoy  a r e  i r o n  s t a i n e d ,  u n d u la t i n g  and  i r r e g u l a r  and  u s u a l l y  sp a ce d  

’■'fetween 50 and 500 m u

2 . C ro s s  j o i n t s  -  T hese  j o i n t s  a r e  n o r th - s o u th  s t r i k i n g  and  d ip  

v e r t i c a l l y .  S u r f a c e s  a r e  u n d u la t in g  and  ro u g h  and  i r o n  s t a in e d ,  

a n d  sp a ce d  a t  0 , 5  -  1 ,0  si i n t e r v a l s .

3 . C ro s s  j o i n t s  -  T hese  j o i n t s  s t r i k e  e a s t - w e s t  and  d ip  s h a l lo w ly

to  th e  s o u th .  T hey  a r e  u n d u la t in g  and  ro u g h , s t a i n e d  and sp a ce d  

a t  0 , 5  -  1 ,0  m i n t e r v a l s .

S i t e  D e l 4 :

A t t h i s  s i t e  th e  r o s k  c o n s i s t s  o f  h a r d ,  g r e y  jo i n t e d ,  w e a th e re d  q u a r t z i t e ,  

w i th  t h r e e  B a in  j o i n t  d i r e c t i o n s  a a  w e l l  a s  random  j o i n t s .  The c o n d i t io n  

o f  th e  v a r io u s  s e t s  i s  a s  f o l lo w s :

1 . T heS3 j o i n t s  s t r i k e  n o r th - s o u th  and d ip  a p p r o x in a te ly  50°V.

T hey s r e  g e n e r a l l y  u n d u la t in g  a n d  ro u g h  K ith  i r o n  s t a i n i n g  and 

o c c a s io n a l  z o n e s ,  up  to  10 cm w id e , o f  w e a th e re d  r o c k  a d ja c e n t  

t o  t h a n .  The s p a c in g  i s  a b o u t 30 c u s .

2 . T h is  j o i n t  s e t  a l s o  s t r i k e s  n o r th - s o u th  b u t  h a s  a  v e r t i c a l  d ip .

J o i n t  s u r f a c e s  a r e  p l a n a r  and ro u g h  b u t  s o s e t i n e s  d is c o n t in u o u s .  

I r o n  s t a i n i n g  i s  common and  th e  g e n e r a l  s p a c in g  i s  a p p ro x im a te ly  

0 ,5  m.

3 . T hese  j o i n t s  a r e  n o t  v e ry  c l i v i r r y  d e f in e d .  T h e i r  a t t i t u d e  

a p p e a r s  to  b e  n o r th - w e s t  s t r i k i n g ,  w i th  a  d ip  o f  a b o u t  60° to  

th e  s o u th  w e s t .  E xposed  s u r f a c e s  axe  u n d u la t in g  and  ro u g h  and

a r e  u s u a l l y  i r o n  s t a i n e d .  The s p a c in g  o f  th e  j o i n t s  c o u ld  n o t

be d e te r m in e d .

S i t e  D e l 5 :

M aroon, b u f f  a n d  g r e y  c o lo u r e d ,  s o f t  t o  m e dium -hard  r o c k ,  w e a th e re d , f r i a b l e ,

m e d iu m -g ra in e d  q u a r t z i t e  i s  p r e s e n t  a t  t h i s  s i t e .  T h ree  m a in  j o i n t  s e t a

o c c u r  a s  f o l lo w s :

1 . B e ad in g  j o i n t s  -  T hese  j o i n t s  s t r i k e  e a s t - w e s t  and  d i p  80 -  85°N. 

U z . lu la t i n g  and  ro u g h , and  p la n a r  and  sm ooth j o i n t  s u r f a c e s  a re  

p r e s e n t  w i th  th e  l a t t e r  u s u a l ly  c o n f in e d  to  th e  :’i n e r - g r a in e d  

r o c k s .  M ost s u r f a c e s  a r e  i r o n  s t a in e d  w h il^  c la y e y  h o r iz o n s ,  

d e r iv e d  from  th e  w e a th e r in g  o f  s l i g h t l y  a r g i l l a c e o u s  h o r iz o n s .



a r a  a l s o  p r e s e n t .  /  s p a c in g  o f  0 ,5  -  1 ,0  m i s  a v e r a g e .

2 . C ro s s  j o i n t s  -  T hese  j o i n t s  d i s p l a y  an  e a s t - w e s t  s t r i k e  and a  

f l a t  n o r t h e r l y  d ip .  T hey  a r e  p l a n a r  and  ro u g h , i r o n  s t a in e d  

a n d  a r e  u s u a l l y  sp a ce d  a t  0 , 5  -  1 ,0  li.

3» S u b p a i.-a l le l j o i n t s  -  T hese  j o i n t s  s t r i k e  n o r th - s o u th  and  have

a  v e r t i c a l  o r  s t e e p  e a s t e r l y  d ip .  T hey a re  u n d u la t in g  and o f t e n  

f i l l e d  w ith  f i r m  to  s t i f f ,  s a n d y  c}?.y gouge w ith  % th ic k n e s s  o f

5 - 1 0  cm s. S p a c in g s  a re  u s u a l l y  a b o u t  0 ,5  -  1 ,0  m.

S i t e  D e l 6 :

A t t h i s  s i t e  th e  r o c k  c o n s i s t s  o f  m aroon and g r e y ,  s o f t  t o  m ed ium -hard , 

w e a th e re d , f r i a b l e  q u a r t z i t e  w i th  f i n e r  b e n d s  o f  s h a le  and s i l t s t o n e .

T h ree  m a in  j o i n t  s e t s  axe  p r e s e n t ,  to g e th e r  w i th  random  j o i n t s :

1 .  B e d d in g  j o i n t a  -  T hese  j o i n t s  s t r i k e  c a s t - w e s t  and d ip  s t e e p l y  

t o  th e  n o r th  ( -  7 0 ° ) .  S u r f a c e s  a r e  p la n a r  and  ro u g h  and a re

c o a te d  w ith  r e d  c l a y  u p  to  5 mm th i c k .  The s p a c in g  b e tw ee n  tn a

j o i n t s  v a r i e s  fro m  50 mm to  500 rn'i.

2 .  C ro s s  j o i n t s  -  T hese  j o i n t s  s t r i k e  e a s t - w e s t  and d ip  20° -  25° 

s o u th .  They a r e  a l s o  p l a n a r  and  ro u g h  and o la y  c o a te d  up  to  

5 mm i n  t h i c k n e s s .  J o i n t  s p ^ c in g a  v a r y  from  50 -  ?00 inn w ith  

th e  l a t t e r  b e in g  more common.

3 . T h is  j o i n t  s e t  i s  n o t  a s  w e l l  d e v e lo p e d  a s  th e  p r e v io u s  tw o .

The g e n e r a l  s t r i k e  d i r e c t i o n  i s  SSW w i th  a  d ip  o f  a b o u t  8 0°3 . 

S u r f a c e s  a r e  u s u a l l y  p l a n a r  and ro u g h  v i t h  no a p p a r e n t  c o a t in g .

The s p a c in g  a p p e a rs  to  v a r y  from  0 ,3  m up  to  3 ,0  n .

3 •3  The Du T o i t a k lo o f  T unnel

3 .3 .1  I n t r o d u c t io n  to  th e  P ro .ie c t  

The Du T o i t s k l o o f  T u n n e l i s  s i t u a t e d  a p p ro x im a te ly  50 k i lo m e t r e s  t o  t h e  

e a s t  o f  Cape Town, F i g .  3 .1 1 .  I t  was p la n n e d  i n  o r d e r  t o  e x te n d  R o u ts  1 

o f  th e  S o u th  A f r ic a n  N a t io n a l  F reew ay  System  e a s tw a rd s  from  P a a r l ,  u n d e r  

th e  K le in  B ra k en a fc e in b e rg e , t o  W o rc e s te r .  T h is  was c o n s id e r e d  n e c e s s a r y  

b e c a u se  t h e r e  i s  no economics o r  s u i t a b l e  l o c a t i o n  o v e r  th e  m o u n ta in s  f o r  

a  m odern f re e w a y  c lo s e  to  th e  d i r e c t  P r .u r l  t o  W o rc e s te r  l i n e .  The p la n n ed  

m a in  tu n n e l  i s  t o  b e  n e a r l y  4  k i lo m e t r e s  lo n g  .-md w i l l  co m p rise  a  h o r se -o h o e

/shaped ...............................
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sfcnped e x c a v a t io n  w ith  a  h o r i z o n t a l  d im e n s io n  

h e ig h t  o f  a b o u t  9 m. I t s  d e p th  b e lo v  s u r f a c  

a t  th e  p o r t a l s  t o  a p v ro x i- r .a te ly  700 m b@nec.th 

The u l t i m a t e  nkn o f  th e  sc h en e  i s  to  h av e  two 

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

r.T3. 5 .1 1  Du T c i t s k lo o f  T u n n e l -  L o c a l i t y  Map

o f  a p p ro x im a te ly  12 m and a  

e  w i l l  v e ry  from  10 n  -  20 m 

th e  c r e s t  o f  th e  m o u n ta in s . 

t u n n e J s ,  ?6  m a p a r t ,  e a c h

/T I.g p i l o t



The p i l o t  tu n n e l  i s  a  v e r y  much s m a l le r  e x c a v a t io n  w i th  e q u a l  

h o r i z o n t a l  and  v e r t i c a l  d im e n s io n s  o f  a p p ro x im a te ly  5 ,0  m, and a  h o r s e ­

sh o e  sh a p ed  c r o s s - s e c t i o n  w h ich  v a a  v a r i e d  f lc c o r J in g  to  th e  l o c a l  r o c k  

c o n d i t i o n s  and  s u p p o r t  r e q u i r e o e n t s ,  F i g .  5 .1 2 .  I t  i s  s i t u a t e d  a lo n g  

th e  c e n t r e - l i n e  o f  th e  n o r th e r n n o s t  f u tu r e  m a in  tu n n e l  and i t s  m ain  p u r ­

p o se  i a  to  p r o v id e  g e o lo g ic a l  and g e o te c h n ic f l l  d a t a  f o r  th e  f i n a l  d e s ig n  

o f  t h e  m a in  t u n n e l ^ .  The e x c a v a t io n  w as u n d e r ta k e n  l a r g e l y  by  c o n ­

v e n t i o n a l  d r i l l  and  b l a s t  m e thods fro m  tw o h e a d in g s  a d v a n c in g  in w a rd s  

f ro m  th e  c a s t  and w e s t p o r t a l s  r e s p e c t i v e l y .  F c r e p o l in g  and  f r e e z in g  

te c h n iq u e s  w ere  u se d  f o r  e x c a v a t in g  th ro u g h  th e  d-acomposed g r a n i t e  a t  th e  

w e s t  p o r t a l

S ix  s i t e s  ex p o sed  d u r in g  th e  tu n n e l  e x c a v a t io n  w are  s e l e c t e d  f o r  th e  

p u r p o s e  o f  t h i s  s tu d y ,  F i g .  3 -1 3 -  The s i t e s  w ere  c h o sen  p r im a r i l y  r a  

th e  b a s i s  o f  a v a i l a b l e  b o r e h o le  c o r e s  and th e  am ount o f  e x p o su re  i n  th e  

t u n n e l ,  s i n c e  s h o tc r e t e  had b e e n  u s e d  ao  a  m eans o f  s u p p o r t  a lo n g  some o f  

i t s  s e c t i o n s .  T hey  w ere  s i t u a t e d  i n  b o th  sh e a re d  and  u n o h e a re d  r o c k  r .n i 

p r o v id e d  e x am p le s  o f  a  v a r i e t y  o f  r o c k  c o n d i t i o n s .  The ro o k  ty p e s ,  c o r r e s ­

p o n d in g  sa m p le  s i t e  num bers and  r e l a t e d  b o r e h o le s ,  t o g e th e r  w i th  t h e i r  

r e s p e c t iv e  p o s i t i o n s  i n  th e  tu n n e l  m e asu re d  from  th e  e a s t  p o r t a l ,  a re  

l i s t e d  i n  T a b le  3 .6 .

1 ) b o re  c o re s  w hich  w ere  u s e d  f o r  t h i s  s tu d y  w ere o b ta in e d  from  t e n  

h o l s s  d r V i e d  h o r i z o n t a l l y  o r  v e r t i c a l l y  from  w i th in  th e  tu n n e l  f o r  e x p lo r ­

a t o r y  and  g e o te c h n ic a l  i n f o r m a t io n .  The b o r e h o le s  h a d , i n  c o s t  c a s e s ,  

b e e n  d r i l l e d  o n ly  a  s h o r t  t in . ,  p r i o r  t o  t h e  s tu d y  and th e  c o r e s  h a d  n o t  

b e e n  e x c e s s iv e ly  d i s t u r b e d .  : ' 'e y  w ere th u s  m ore s u i t a b l e  f o r  th e  r e ­

q u i r e d  p u r p o s e  th a n  th e  c o re s  f r o ?  t h e  h o le s  d r i l l e d  from  s u r f a c e  d u r in g  

th e  i n i t i a l  i n v e s t i g a t i o n  s t a g e s  o f  th e  p r o j e c t  w hich  w e re , i n  a d d i t i o n ,  

u s u a l l y  n o t  l o c a t e d  c lo s e  e nough  t o  t h e  f i n a l l y  s e l e c t e d  tu n n e l  r o u te  f o r  

a  m e a n in g fu l c o m p ar iso n  to  be made b e tw een  t h e  b o re  c o r e s  and  th e  r o c k  

c o n d i t i o n s  i n  th e  tu n n e l .

E ach  b o reh o le , c o re  waa e v a lu a te d  s p p ^ r r . te ly  f o r  c o m p ar iso n  w i th  th e  

i n  s i t u  m e P su re n e n ts . Mo a t te m p t  waa siade to  com bine th e  b o r e h o le  d a t a  

a t  th o s e  sam p le  s i t e s  from  w h ic h  b o th  v e r t i c a l  and h o r i z o n t a l  b o r e h o le s  

h a d  b e e n  d r i l l e d .  A lth o u g h  i t  v p s  r e a l i s e d  t h a t  b e t t e r  c o m p ar iso n s  

w ould p r o b a b ly  have  "been a c h ie v e d  had  t h i s  b e e n  d o n e , th e  r e s u l t s  ob ­

t a in e d  w ou ld  n o t  hyve b e e n  d i r e c t l y  r e l a t e d  to  th s  o th e r  ex am p le s  s iv .i ie d  

f o r  t h i s  d i s s e r t a t i o n ,  w here  o n ly  one  b o r e h o le  c o re  w -g sv a i l-u b lo  s t  o--ch
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3 .3 - 2  tte ;,-ion 'll G eolo/cy 

L ltho lo .? .v

The Eu T o i t s k l o o f  T u rm t’. o c c u r s  i n  a n  a r e a  o f  f o ld e d  and f a u l t e d  ig n e o u s  

and  s e d im e n ta r y  r o o k s ,  i n  w h ic h  th e  m a jo r  s t r u c t u r a l  t r e n d a  fo l lo w  a  !!W 

to  KNW d i r e c t i o n ,  F ig .  3 . I 4 . The o l d e s t  r o c k s  i n  th e  a re ?  a r e  th e  

Mahnss’b u ry  B e d s . T hey  h av e  b e e n  in t r u d e d  by  th e  Caps G r-a n i/e s , w h ich  

s x e  a p p ro x im a te ly  553 m i l l i o n  y s z v s ^ ^ }  and a re  r e g a rd e d  s s  l a t e  sy n -  

o r o g e n e t ic  i n t r u s i o n s  o f  th e  M alm esbury  e ro g e n ic  c y c le .  The T a b le  Moun­

t a i n  s a n d s to n e s  c o n s t i t u t e  th e  y o u n g e s t o f  th o  m a jo r  g e o lo g ic a l  se q u en c es  

i n  th e  a r e a .  Y ounger, b o u ld e ry  t a l u s  d e p o s i t s  o c c u r  on  th e  s lo p e s  o f  th e  

m o u n ta in s , and  t h i c k  a c c u m u la t io n s  o f  a l lu v iu m  a r e  p r e s e n t  i n  th e  l e v -  

l y i n g  d r a in a g e  b a s in s .

The M alm sabury  B eds c o n s i s t  p re d o m in a n tly  o f  m ic ac eo u s s l a t e s  and 

a r g i l l a c e o u s  q u a r t z i t e s ,  w i th  o c c a s io n a l  l im e s to n e  b a n d s  and  l o c a l  d e v e lo p ­

m e n ts  o f  b a s i c  l a v a .  T hey  have  b e e n  h i g h ly  de fo rm ed  and  o c c u r  now a s  

t i f iV j  H1IW s t r i k i n g  s y n c l i n a l  end a n t i c l i n a l  f o l d s ,  w hich  h av e  be en  i n ­

t r u d e d  b y  s i m i l s r l y  t r e n d i n g ,  e lo n g a te  b o d ie s  o f  Gape G r a n i te .  Low- 

g r a d e  r e g io n a l  m etam orpbism  h a s  r e s u l t e d  i n  th e  f o rm a tio n  o f  p h y l l i t e s ,  

m a rb le s  and  Q u a r t e - s e r . i c i t e  s c h i s t s ,  w h ile  th e rm a l  m esom orphic e f f e c t s  

a r e  a l s o  e v id e n t  a ro u n d  th e  a u r e o le s  o f  th e  in b ru d o d  p l u t o n s ^ ^ X

The Cape G r a n i te s  a r e  v a r i a b l e  b u t  c o n s i s t  m a in ly  o f  c o a r s e - g r a in e d , 

p o r p h j x i t i c  b i o t i t e - g r a n i t e s  w i th  th o  p h e n o c r y s ts  o f t e n  c o n s i s t i n g  o f  

t h e  p o ta s s iu m  f e l s p a r ,  m i c r o c l i n e ^ 8 \  . ' i p l i t i c  and g n e is a i o  v a r i e t i e s  

a r e  a l s o  fo u n d .

The T a.ble M ou n ta in  S a n d s to n e s  fo rm  bhe lo w e r  u n i t  o f  th e  Cape S u p e r­

g ro u p  and g iv e  r i s e  t o  th e  m o st p ro m in e n t r e l i e f  f e a t u r e s  i n  t h e  a r ? a .

T hey  h av e  b e en  d iv id e d  i n t o  s i x  p r i n c i p a l  u n i t a ^ ^  w h ich  a rc  l i s t e d  i n  

d e s c e n d in g  o r d e r :

Nardouw

C e d arb u rg

C o a r s e - g ra in e d ,  o r th o q u a r t z i t e s  

S h a le ,  e i l t s t o n o  and  f i n e - g r a in e d
sa n d s to n e

Palchuia

F e n in a u la

G rfy ifw r.tsr

G la c i a l  m udstones

C o a rs e -K ra in c d , o r th o q u u r tf i . i te a  

P u r p l e ,  t h in ly - b e d d s d  s a n d s to n e ,
s i l t - t o n e  end s h a le

F i e k e n ie r C ong lom erate  and s a n d s to n e

/T h e  th ic k n e s o



Tertiary to Quaternary 
Cape Supergroup 
Kllpheuwel Formation 
Cape Granite 
Malmeubury Beds

DuTollakioof Tunnel
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The th i c k n e s s  o f  th e  T a b le  M o u n ta in  S a n d s to n e s  i n  th e  Si; T o i t s k l o o f  

a r e a  i s  o f  th e  o r d e r  o f  2 000

As a l r e a d y  m e n tio n e d , th e  m a jo r  s t r u c t u r a l  t r e n d s  i n  th e  a r e a  f o l lo w  a  

S'.-! t o  K.".; d i r e c t i o n .  T h is  t r e n d  h a s  b e e n  c a l l e d  th e  ' C e d a rb e rg  d i r e c ­

t i o n 1 v  and  i s  i n  c o n t r a s t  t o  th e  e a s t - w e s t  'S w a rtb e rs ; d i r e c t i o n ’ w hich  

i s  th e  m ain  s t r u c t u r a l  d i r e c t i o n  o f  th e  Cape F o ld  B e l t .  The bo u n d a ry  

b e tw ee n  th e s e  two s i r u c  -u r.,.l p r o v in c e s  r u n s  i n  a  s o u th - w e s t e r ly  d i r e c t i o n  

fro m  th e  v i c i n i t y  o f  W o rc e s te r  and ta lc e s  th e  fo rtz  o f  a  m o n o c lin s l  f o ld  

w h ic h  2 e  Y i l l i e r a ^ ^ '  h a s  c a l l e d  a  f o l d - f r o n t .  T h in  s y n ta x ! :  i s  accom ­

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

rhv s t r u c t u r e s  i n  th e  M alm esbury  B eds, i n  th e  a r e a  t o  th e  w e s t o f  

th e  s y n ta x i s  (C e d e r b s rg  d i r e c t i o n ) ,  a re  t i g h t  ana  i s o c l i n a l ,  w h ile  th o se  

i n  th e  o v e r ly i n g  T a b le  'f o u n ta in  S a n d s to n e s , i n  th e  same a r e a ,  a r e  broa.d 

and  o p e n . The f r u i t i n g  i s  c o re  com plex ond l e  V i l l i e r s ^ 8 1  ̂ h a s  d e s c r ib e d  

r e v e r s e ,  t e a r  and .-irv r.a l f a u l t s . T here  a p p e a rs  t o  be l i t t l e  d o u b t t h a t  

□ any  o f  t h e s e  f e u l - g  have  had  a  l o n g  and ccr?.ple:: h i s t o r y ,  h a v in g  be en  

a c t i v e  from  p re -C a p s  t i n e s  t o  th e  p o s t - C r e ta c e o u s ^ 80 X

S e ia a i i c i t y ^ ^ ^

On th e  2 9 th  S e p te m b er, 1959 , a n  e a r th q u a k e  w ith  a n  e s t im a te d  m ag n itu d e  

o f  6 ,3  on  th e  R i c h t e r  S c a le  o c c u r re d  in  t h e  C e re s -T u lb a g h  r e g io n  o f  th e  

Cape P r o v in c e .  T h is  w as f o l l o v a d  b y  a  num ber o f  a f t e r - s h o c k  e v e n ts ,  

w h ich  h a d  a lm o s t c e a s e d  when a n o th e r  quake (m ag n itu d e  5 ,7 )  o c c u r re d  on 

A p r i l  1 4 th ,  1 9 " P r i o r  t o  S e p te m b er , 1 9 6 9 , th e  C e re s  a r e a  h a d  no 

r e c o rd e d  h i s t o r y  o f  m a jo r  s e is m ic  a c t i v i t y  o t h e r  t h a n  v e r y  s m a ll  tr e m o rs  

f e l t  by  p e o p le  on r a r e  o c c a s io n s .

The m a in  f a u l t  i n  t h e  a r e a  i s  th e  W o rc e s te r  f a u l t  z o n e , w h ich  h a s  

a  d is p la c e m e n t  o f  o v e r  i  COO m i n  p i e c e s .  T here  i s ,  how ever, no e v id e n c e  

t h a t  t h i s  z e n s  i s  s t i l l  a c t i v e .

A s tu d y  o f  t h e  a f t e r - s h o c k  e v e n ts  by  th e  B e rn a rd  P r i c e  I n s t i t u t e  o f  

G e o p h y s ic a l k » se q .rc h  in d i c a t e d  a n  a p p ro x im a te ly  v e r t i c a l ,  p l a n a r  f a u l t  

w ith  a  17.'/" s t r i k e  d i r e c t i o n ,  s i t u a t e d  to  t h e  N3 o f  T u lbagh  and  C e re s .

The w ork showed t h a t  a l th o u g h  th e  f a u l t  p la n e  d id  n o t  c o in c id e  u l f . i  any  

p h y s io g r a p h ic  o r  g e o lo g ic a l  f e a t u r e s  i n  t h e  r e g io n ,  i t s  s t r i k e  w as, n e v e r ­

th e l e s s ,  a l r .o s t  p a r a l l e l  t o  o th e r  m a jo r  f a u l t s  i n  th e  a r e a .
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5*3*3 L o c a l  Geolog'.'- 

The p la n n e d  tu n n e l  r o u te  p a s s e s  th ro u g h  b o th  t h e  Cape G i= a i te s  and T ab le  

M o u n ta in  S a n d s to n e s ,  F i g .  5 .1 3 .  The Ha T o i t s k l o o f  f a u l t ,  w i th  a  down­

th ro w  o f  a n  unknown m a g n itu d e  on  i t s  e a s t e r n  s i d e ,  i e  s i t u a t e d  a p p ro x i­

m a te ly  600 m to  700 m w e s t  o f  t h e  e a s t e r n  p o r t a l  o f  th e  t u n n e l ,  and 

fo rm s th e  c o n ta c t  b e tw ee n  th e s e  two g e o lo g ic a l  u n i t s  a t  tu n n e l  I fe v e l . 

B o u ld e ry  t a l u s  d e p o s i t s  o c c u r  on  th e  lo w e r  s lo p e s  o f  th e  K le in  Xizraken- 

s t e i n b e r ^  i n  t h e  v i c i n i t y  o f  t h e  w e s te r n  p o r t a l  o f  th e  tu n n e l .

A t t h e  tim e  when th e  s tu d y  v a a  u n d e r ta k e n ,  t h e  tu n n e l  e x c a v a t io n  

had  r e a c h e d  a b o u t 2 200 m i n i  m th e  e a s t  p o r t a l  and a p p ro x im a te ly  

100 -  150 n  i n  fro m  th e  w e s t p o r t a l .  The f o l lo w in g  d is c u s s io n  i s  b a sed  

l a r g e l y  on  o b s e r v a t io n s  made a lo n g  t h a t  s e c t i o n  o f  th e  e a s t e r n  tu n n e l  

w h ic h  had  b e en  e x c a v a te d  up  t o  t h e  t i n s  w hen th e  sturdy was c o m p le ted .

T a b le  M o u n ta in  S a n d s to n e s  

T h ese  r o c k s  a r e  g e n e r a l l y  h a r d ,  p a le  b row n -md o rea ja , and o c c a s io n a l ly  

g r e y ,  o u a r t s i t i c  s a n d s to n e s  and  q u a r t z i t e s ,  w i th  sh a llo w , s o u th e r ly  to  

n o r t h - e a s t e r l y  d ip s  and  v e r y  pronouz-ced j o i n t i n g  ( P l a t e  V I I ) ,  I r u c w e l l ^ ® ^  

r e f e r s  t o  t h e s e  r o c k s  a s  o r t h o q u a r t z i t e s ,  i n d i c a t i n g  t h a t  t h e y  have  a  

q u a r t z  c o n te n t  o f  9 °  -  95 p e r  c e n t^ 8 ^ .  x n s  g r e y  v a r i e t i e s ,  a l th o u g h  

a p p a r e n t l y  c o n ta in i n g  more im p a r i t i e s  th a n  th e  l i g h t e r  r o c k s , a r e  h a r d e r  

and  s ssm  to  b e  m ore  s i l i c e o u s .

A n o t i c e a b le  d e t e r i o r a t i o n  i n  th e  r o c k  c o n d i t -" \  o c c u r s  a s  th e  s h e a r  

gone a d j a c e n t  t o  th e  Du T o i t s k l o o f  f a u l t  i s  a p p ro a c h e d . The change i s  

e s s e n t i a l l y  a  p h y s i c a l  one  a n d  th e  b r e c c i a t e d  r o c k s ,  o c c u r r in g  c lo s e  to  

th e  f a u l t ,  h a v e  b e e n  r e c o n s t i t u t e d  t o  su c h  a  d e g re e  t h a t ,  w h i l s t  m a in ta in ­

i n g  t h e i r  c om petency  to  some e x t e n t ,  t h e i r  o r i g i n a l  j o i n t  p a t t e r n s  and 

b e d d in g  p l a n e s  h av e  b e e n  a lm o s t  t o t a l l y  o b l i t e r a t e d .  P r o g r e s s iv e  d i s ­

c o l o u r a t i o n  i s  a l s o  e v id e n t  a s  th e  f a u l t  zo n e  i s  a p p ro a c h e d . I ro n - o x id e

s t a i n i n g  i n i t i a l l y  o c c u r s  a d j a c e n t  t o  j o i n t s  end  s h e a r  p la n e s  o n ly ,  b u t  

e v e n t u a l l y  a f f e c t s  th e  e n t i r e  r o c k  m ass.

W ith  th e  e x c e p t io n  o f  some o f  th e  b r o c c i a t e d  m a te r i a l  w i th in  t h i s  

s h e a r  z o n e , t h e s e  r o c k s  a re  e s s e n t i a l l y  im p e r v io u s . W ate r p e r c o l a t i o n  

o c c u r s  a lo n g  j o i n t s ,  h o w ev e r, and  h a s  r e s u l t e d  i n  th a  d e p o s i t i o n  o f  o x id e  

c o a t in g s  on  many o f  th o s e  s u r fa c e s .

E v id e n c e  o f  s h e a r  movement c an  b s  o b se rv e d  th ro u g h o u t m ost o f  t h a t  

s e c t i o n  o f  th e  tu n n e l  w hich  h a s  p e n e t r a t e d  th e  T ob le  M oun ta in  S a n d s to n e s .

The m o st o b v io u s  o f  t h e s e  a r e  a l ic k e n s id e d  j o i n t  p la n e s  and s u b h o r iz o n ta l ,

/ c l a y - f i l l e d  ........................



c l a y - f i l l e d  z o n e s  o f  c ru s h e d  r o c k .  T hese  l a t t e r  f e a t u r e s  seem  to  b e  due 

to  m ovem ent a lo n g  p r e - e x i s t i n g  b e d d in g  p l a n e s .  I n  a d d i t i o n ,  m ic r o f r a c tu r -  

i n g  i s  e v id e n t  i n  th e  m ore c o m p e te n t h o r iz o n s  w h ile  in te n s e  l o c a l  f r a c t u r e s  

i - •so-nstinea  d e v e lo p e d  a t  t h e  i n t e r s e c t i o n  o f  m a jo r  j o i n t  p la n e s .

-he  Caoe G r a n i te s

I w  g r a n i t i c  r o c k s  th ro u g h  w h ic h  th e  tu n n e l  h a s  b e e n  e x c a v a te d  c o n s i s t  

m a in ly  o f  g r e y  o r  p in k  c o a r s e - g r a in e d ,  p o r p h y r i t i c  r o c k s  w i th  o c c a s io n a l  

f i n e r - g r a i n e d  and  g n e i s s i c  v a r i e t i e s .  A p l i t e  s o n s s ,  w ith  s i m i l a r  c o lo u r  

v a r i a t i o n s ,  and  d a rk  p in k  t o  a lm o s t  r e d  c o lo u re d  v a r i e t i e s  o f  g r a n i t e  a re  

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

J o i n t s  a r e  w e l l  d e v e lo p e d  th r o u g h o u t  th e  r o c k  m ass. T hey  a re  v e ry  

o f t e n  t i g h t  s t r u c t u r e s  h -ith  q u a r t z  o r  c a i c i t e  cem ent b e in g  common. F a u l t s ,  

c o n ta in i n g  c l a y  gouge u p  to  0 , 5  m th i c k ,  to g e th e r  w i th  c h l o r i t i z e d  and 

b r e c c i a t e d  z o n e s ,  w ere  i n t e r s e c t e d  i n  th e  e a s t e r n  tu n n e l  i n  th e  v i c i n i t y  

o f  t h e  2  000 ei p a rk .  Maximum w a te r  f lo w s  o f  10 l i t r e s  p a r  m in u te  w ere 

n o te d  fro m  th e s e  f a u l t e d  a r e a s ^ 8^ .

J o i n t i n g  i n  th e  a p l i t e s  i s  n o t i c e a b ly  d i f f e r e n t  to  t h a t  i n  th e  c o a r s e ­

g r a in e d  r o c k s .  The j o i n t s  a r e  p l a n a r  a n d  g e n e r a l l y  q u i t e  c l o s e l y  s p a c e d , 

g iv in g 1 th e  r o c k  a  p ro n o u n ce d  b lo c k y  a p p e a ra n c e . The j o i n t s  a r e  g e n e r a l l y  

t i g h t  o r  c lo s e d ,  h o v e v e r .

A lth o u g h  th e  g r a n i t e  a d j a c e n t  to  t h e  Du T o i t s k l o o f  f a u l t  zone was 

fo u n d  t o  b e  a o d e r a t e l y  h a rd  on  e x p o s u re , d e t e r i o r a t i o n  s t a r t e d  so o n  a f t e r ­

w a r d s , and  th e  r o c k  becam e s o f t  and  f r i a b l e S h i s  w as p o s s ib l y  due 

t o  t h e  a b s o r p t io n  o f  w a te r  b y  th e  m in e r a ls  p ro d u ce d  fro m  th e  a r g i l l -

iz a t i o r t  o f  th e  r o c k .  F u r th e r  aw ay fro m  th e  f a u l t ,  th e  r o c k  d is p l a y e d  

e v id e n c e  o f  i n t e n s e  s h e a r in g ,  and  c h l o r i t e - c o a t e d  m ic r o f r a c tu r e s ,  t o g e th e r  

w i th  c h l o r i t e  and  c l a y - f i l l e d  s h e a r  p l a n e s ,  w ere  common.

A t th e  w e s t  p o r t a l  th e  g r a n i t e  h a s  b e e n  decom posed by  w e a th e r in g  and  

now c o n s i s t s  o f  a  y e l lo w is h -b ro w n  and  c ream  c o lo u re d  m a te r i a l  w i th  a  d e n se  

t o  v e r y  d e n se  c o n s is te n c y .  W a te r  f lo w s  o f  a p p ro x im a te ly  250 l i t r e s  p e r  

m in u te  w ere  e n c o u n te re d  fro m  t h i s  m a t e r i a l  .

3 . 5 .4  U n g in e e r in g  G eolog.

G e n e ra l  R ock  C o n d i t io n s  and S u p p o r t I n s t a l l a t i o n s  

The T a b le  M o u n ta in  S a n d s to n e s  p r e s e n te d  no p a r t i c u l a r  p ro b le m s to  th e  

e x c a v a t io n  o f  th e  p i l o t  t u n n e l .  The r o c k  i e  w e l l  j o in t e d  ( P l a t e  V I I I )
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w ith  i r o n  s t a i n i n g  and o c c a s io n a l  c la y e y  H f i l l i n s s  on  many o f  th e  j o i n t  

s u r f a c e s .  A r e a s o n a b le  e x c a v a t io n  sh ape  was a c h ie v e d  a l th o u g h  o v e rb re a k  

v i s  e v id e n t  i n  p l a c e s ,  p a r t i c u l a r l y  w here  a  w e l l-d e v e lo p e d  s u b h o r is o n ta l  

j o i n t  s e t  o c c u r re d  i n  c o n ju n c t i o n  w i th  a  v e r t i c a l  j o i n t .  S h o tc r e t e  and 

r o c k  b o l t s  w ere  u se d  to  s t a b i l i z e  some s e c t i o n s  o f  th e  tu n n e l  p a s s in g  

th r o u g h  t h i i  ro o k  ty p e .  A d ja c e n t t o  th e  Du T o i t s k l o o f  f a u l t  th e  ro o k  i s

b r e c c i a t e d  and  s o f t e r .  S h o tc r e t e  and s t e e l  a r c h e s  w ere  i n s t a l l e d  a lo n g

th e  w o rs t  s e c t i o n s .  U n ia x ia l  C om pressive  S t r e n g th s  o f  2 ?  t o  274 MPa have 

b e e n  m e asu re d  f o r  t h e 8? r o c k s '8 ^ .

She Cape G r a n i te s  p r o v id e d  good tu n n e l l i n g  c o n d i t io n s  w hen n o t  a s s o c ­

i a t e d  w i th  m a jo r  f a u l t s  and  l i t t l e  s u p p o r t  w as u s u a l l y  r e q u i r e d .  I n  th e  

v i c i n i t y  o f  th e  m a jo r  s t r u c t u r e s ,  v i z .  th e  Du T o i t s k l o o f  f a u l t  and th e  

f a u l t  zone  i n t e r s e c t e d  a p p ro x im a te ly  2 000 ra i n t o  th e  e a s t e r n  tu n n e l  from  

t h e  p o r t a l ,  s o f t ,  m o is t ,  s h e a r e d  and  a l t e r e d  g r a n i t e  o c c u r s .  T h is  m a te r i a l  

o f t e n  h a s  v e r y  p o o r  s e l f - s u p p o r t in g -  c h a r a c t e r i s t i c s  and  h e a v y  s u p p o r t  I n  

th e  fo rm  o f  s t e e l  a r c h e s ,  c o n tin u o u s  la g g in g  and c o n c r e te  t o c k f i l l  w as u s e d . 

I n  p l a c e s  i t  v i s  n e c e s s a r y  t o  a p p ly  s h o tc r e t e  t o  th e  f a c e  im m e d ia te ly  a f t e r  

th e  b l a s t ,  a s  a  te m p o ra ry  s u p p o r t .

S l ic k e n s id e d  j o i n t s  s t r i k i n g  s u b p a r a l l e l  t o  th e  tu n n e l  a x i s  a r e  e v i ­

d e n t  a2 o.>g some s e c t i o n s  p a s s in g  th ro u g h  th e  g r a n i t e s .  T h ese  j o i n t s  have  

a p p a r e n t l y  c a u se d  th e  g r a d u a l  s la b b in g  o f  th e  s id e w a l l s  o f  th e  tu n n e l  -md 

w ere  s t a b i l i s e d  w i th  g r o u te d  ro o k  d o w els . Mean U n ia x ia l  Com pressLve 

S t r e n g th  v a lu e s  o f  105 MPa h av e  be en  m e asu re d  f o r  th e  u n w e a th e re d  and  u n -  

s h e a r a d  g r a n i t e s ,  w h ile  s l i g h t l y  lo w e r  Bean v a lu e s  o f  94 KPa h av e  b e e n  

o b ta in e d  fro m  sa m p le s  o f  g n e i s s i c  g r a n i t e

C o m p le te ly  decom posed  g r a n i t e  o c c u r s  a t  th e  w e s te r n  p o r t a l  o f  th e  

t u n n e l .  G round f r e e z i n g  te c h n iq u e s  w ere  u s e d  t o  e x c a v a te  p a r t  o f  t h i s  

s e c t i o n  o f  t h e  tu n n e l .

R ock C o n d i t io n s  a \  .e  B i te s

S te r e o g r a p h io  p l o t s  o f  th e  i n  j o i n t  s u r v e y  d a t a  and s k e t c h  d i a s r a n s

o f  th e  m a jo r  j o i n t  p a t t e r n s  a t  ea-..h s i t e  d e s c r ib e d  be low  a r e  p r e s e n te d  i n  

A ppend ix  I I I C .

T he r o c k  c o n s i s t s  o f  h a r d ,  j o i n t e d , p a l e  g r e y  s t r e a k e d  r e d d is h -b ro w n  

a u a r t z i t i c  s a n d s to n e . The j o i n t  s u r v e y  u n d e r ta k e n  i n  b o th  E-W and  tf-S  

d i r e c t i o n s  i n d i c a t e d  t h r e e  p o s s ib l e  j o i n t  s e t s  w i th  d ip o  and  d ip  d i r e c t i o n s

/2 S o/2 0 9 °  .............................



2 8 7 2 0 9 ° ;  

6 0 7 5 2 7 ° ;

8 0 7 o2 7 ° .

A f o u r t h  s e t  o r i e n t a t e d  a t  60o/0 0 3 °  w as a i s v  a u '.,v e s te d . H ap p in g  c o n firm e d  

t h e  p r e s e n c e  o f  th e s e  f c u r  j o i n t  s e t s .

J o i n t  s u r f a c e s  sx e  b o th  p la n a r  and  u n d u la t i n g  and  i r o n  s t a i n i n g  i s  

common. O c c a s io n a l  c la y a y  sand  j o i n t  f i l l i n g s  a l s o  o c c u r .

P u t  2 :

The r o c k  a t  t h i s  s i t e  c o n s i s t s  o f  h a rd ,  j o i n t e d ,  p a le  g r e y  q u a r t z i t i c  

s s j id s to n e  w i th  a  band  o f  d a rk  g r e y  q u a r t a i t e  and e lo n g a te  l e n s e s  o f  medium- 

h a r d ,  h ig h ly  j o i n t e d  and  w e a th e re d  y e l lo w is h -b ro w n , q u a r t z i t i c  s a n d s to n e . 

J o i n t  m e asu re m en ts , u n d e r ta k e n  a lo n g  th e  s o u th - e a s t  and  w e s t w a l l s  o f  th e  

d r i l l i n g  cubby  in d i c a t e d  th r e e  m ain  j o i n t  o r i e n t a t i o n s  and  two s u b s id i a r y  

s e t s .  The d ip  and  d ip  d i r e c t i o n s  o f  th e  m a in  s e t s  a re :

p ° , W i

70 °/2 l4 °: 

45°/249°i
and  o f  th e  s u b s id i a r y  s e t s  a r e :

6 0 7 2 7 3 ° ;

8 0 7 0 0 0 ° .

M apping  c o n firm e d  th e  p r e s e n c e  o f  t h e  m a in  j o i n t  s e t s  a s  w e l l  a s  t h e  l a t t e r  

o f  t h e  s u b s id i a r y  s e t s .

J o i n t  s u r f a c e s  a r e  u s u a l l y  ro u g h  and  b o th  p l a n a r  and  u n d u la t in g .

Many d i s p l a y  no a l t e r a t i o n  o r  i r o n  s t a i n i n g  o n ly ,  w h i le  a  f i l l i n g  o f  

c ru s h e d  r o c k  and  c la y e y  sa n d  i s  common t o  th e  30o/ l 2 4 °  j o i n t  s e t .

T h is  s i t e  i s  s i t u a t e d  w i th in  t h e  im m ed ia te  zone  o f  in f lu e n c e  o f  t h e  Du 

T o i t s k l o o f  f a u l t ,  J i g .  3 .1 2 ,  and  th e  ro o k  c o n s i s t s  o f  s o f t  t o  hard  j o in t e d  

y e l lo w ,  brow n and g r e y ,  w e a th e re d  q u a r t z i t i c  s a n d s to n e . A lth o u g h  g e n ­

e r a l l y  r e - h e a l e d  th e  r o c k  i s  f r a c t u r e d  /md o ic r o f r a o tu r e d  and  h a s  be en  

s u b je c t e d  t o  in t e n s e  b r e c c i a t i o n  d u r in g  i t s  h i s t o r y .  Z ones o f  g r i t - s i z e  

q u a r t s i t e  f ra g m e n t*  i n  9 r e c em e n te d  b u t  w e a th e re d  m a tr ix  o f  h a r d ,  c ru sh e d  

a n d  o x id iz e d  q u a r t z i t e  e r e  common.

The j o i n t  s u r v e y  w as u n d e r ta k e n  a lo n s  th e  so u th  and  e a s t  w a l l s  o f  

th e  d r i l l i n g  cubby  and  i n d i c a t e d  one  m ain  j o i n t  s e t  w i th  two p o s s ib l e

/ s u b s i d i a r y



s u b s id i a r y  s e t s .  The o r i e n t a t i o n  o f  th e s e  a r e :

9 0 ° /3 0 4 ° ;

S a ° /0 6 5 O;

7 5 ° / 2 2 f .

M apping  o f  th e  r e c e s s  a l s o  su g g e s te d  o n ly  one m a in  j o i n t  s e t  a l th o u g h  a  

few  v e r y  o b v io u s  j o i n t s  s t r i k i n g  s u b p a r a l l e l  t o  t h e  tu n n e l  a l s o  o c c u r .

C la y e y  c o a t in g s  o c c u r  on  many o f  th e  j o i n t  s u r f a c e s ,  w hich a r e  a g a in  b o th  

u n d u la t i n g  s r i  p l a n a i  b u t  s m o o th e r , i n  g e n e r a l ,  th a n  th o se  a t  s i t e s  1

T h is  s i t e  i s  s i t u a t e d  to  th e  w e s t o f  th e  Du T o i t s k l o o f  f a u l t ,  F ig .  3 .1 2 ,  

and  th e  r o c k ,  w h ich  c o n s i s t s  o f  m ed ium -hard , h i g h ly  j o in t e d  and  a h e a ro d , 

g r e e n i s h  c o lo u re d  g r a n i t e ,  h a s  b e e n  a f f e c t e d  b y  th e  movement a lo n g  i t .

J o i n t  m e asu re m en ts  w ere  ham pered b y  th e  e l e c t r i c a l  and pum ping e q u ip ­

m en t i n s t a l l e d  a t  th e  s i t e  and i t  was n e c e s s a r y  t o  o b t a in  t h e  r e q u i r e d  

in f o r m a t io n  fro m  th e  r e s u l t s  o f  a  j o i n t  s u r v e y  u n d e r ta k e n  a p p ro x im a te ly  

32 a  t o  ttvs e a s t ^ ^ X  T h ree  j o i n t  s e t s ,  w h ic h  c o r r s l a t e d  r e a s o n a b ly  v e i l  

w i th  m apping  a t  th e  s i t e ,  vrere i n d i c a t e d  b y  t h i s  s u r v e y . The d ip  and 

d ip  d i r e c t i o n s  o f  th e  r e s p e c t iv e  s e t s  a r e  a s  f o l lo w s :

8 0 7 5 1 7 ° ;

6 0 7 2 1 7 ° ;

7 0 7 0 3 8 ° .

M ost j o i n t  s u r f a c e s  a r e  p l a n a r  and sm ooth  and  c h l o r i t e  and c l a y  c o a t in g s  

a r e  common.

M - l 1
T h is  s i t e  i s  s i t u a t e d  a t  a  5 rn w id e n in g  i n  th e  tu n n e l  u se d  a s  a  s id i n g  f o r  

t h e  P rem sc  d r i l l i n g  r i g  and  f o r  h o p p e rs  a w a i t in g  rem o v a l to  o r  fro m  th a  

f a c e .  A j o i n t  s u rv e y  w as n o t  p o s s ib l e  w i th  th e  m a ch in e ry  i n  th e  s id i n g  

a n d  j o i n t  m e asu re m en ts  o b ta in e d  f ro ir  a  p r e v io u s  s u r v e y  w ere  u s e d  i n s t e a d ^ X  

The ro o k  a t  t h i s  s i t e  c o n s i s t s  o f  h a rd ,  j o i n t e d ,  c o a r s e - g r a in e d ,  g r a y  p o r ­

p h y r i t i c  g r a n i t e .

The j o i n t  s u r v e y  d a t a  w as u n f o r t u n a t e ly  to o  l im i t e d  t o  b e  r e a l l y  

u s e f u l  .--ml show ed 0. w id e  . s c a t t e r  when p l o t t e d  on  th e  s t e r e o n s t .  F o u r 

p o s s ib l e  j o i n t  s e t s  w ere  o u t l i n e d ,  ho w ev e r. The d ip  :in i d ip  O ir e c t io n a  

o f  t h e s e  a r e  a s  f o l lo w s :

/ m " - * "  .............................



e0o -90o/2 0 5 ° ;

?Oo- 8 5 7 5 0 5 ° ;  

7 5 7 2 6 5 ° ;

4 0 7 0 5 l ° .

U p p in g ,  a s  u n d e r ta k e n  a t  th e  o th e r  s i t e s ,  w as a ls o  n o t  p r a c t i c a l  and  a

v e r b a l  d e s c r i p t i o n  o f  th e  r o c k  m ass had to  s u f f i c e .  T h ree  m a in  j o i n t

s e t s  c o u ld  "be d e s c r ib e d :

-  D u b -h o r iz o n ta l ;

-  V e r t i c a l ,  s t r i k i n g  U W ;

-  V e r t i c a l ,  s t r i k i n g  H to  I E .

C om parison  w i th  th e  s t e r e o p l c t  showed t h a t  th e  s u b h o r iz o n ta l  jo x n u s  w ere 

n o t  r e c o rd e d  a t  i l l  b y  th e  j o i n t  s u rv e y ;  th e  '.W  s t r i k i n g  s e t  c o n r e l . i te s  

w i th  e i t h e r  th e  M b.? o r  ffo .4  s e t a ,  sztd t h e  II t o  U3 s t r i k i n g  j o i n t s  c a n  be  

r e l a t e d  t o  e . t t h e r  o f  th e  s e t s  Mo»3 and  3 -  sh o rn  on  th e  o t e r e o p lo t .

M ost j o i n t  s u r f a c e s  a t  t h i s  s i t e  a r e  p l a n a r  a n d  u n d u la t i n g  and  sm ooth 

w i th  a l i c k e n s id e s  a t.J  a r e  e i t h e r  c lo s e d  o r  r e c em e n te d  w i th  c a l e i t e  c em en t.

The r o c k  a t  t h i s  s i t e  i s  h a rd ,  m o d e ra te ly  j o i n t e d ,  c o a r s e - g r a in e d ,  g r e y  

p o r p h y r i t i c  g r a n i t e .  The j o i n t  s u r v e y  w as u n d e r ta k e n  a lo n g  th e  n o r th  

and  w e s t  w a l l s  o f  th e  d r i l l i n g  r e c e s s  end  i n d i c a t e d  two m a in  j o i n t  s e t s  

a n d  a  p o s s ib l e  t h i r d  s e t  w i th  r e s p e c t i v e  o r i e n t a t i o n s  a s  f o l lo w s :

7 0 ° /0 2 9 ° ;

9 0 7 1 1 1 ° ;

4 5 ° / 3 0 ? ,

The two Taain. s e t s  w ere  c o n firm e d  by  n a p p in g  w h ile  a  d i f f e r e n t  s u b s id i a r y  

s e t  o r i a n t a t e d  a t  a p p ro x im a te ly  90o/2 5 0 °  w as i n d i c a t e d .  Rough, p l a n a r  

and  u n d u la t i n g  j o i n t  s u r f a c e s  a r e  m o st conraan w i th  no  a l t e r a t i o n  o r  cem ent 

and  t h i n  c o a t in g s  o f  q u a r t z  and  c a l c l t * .
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4 .  PRBSSMTATIOxC OF RESULTS

The r e s u l t s  c a l c u l a t e d  fro m  th e  i n  s i t u  and  b o r e h o le  m e asu re m en ts , 

a c c o rd in g  to  th e  p ro c e d u re  o u t l i n e d  i n  C h a p te r  2 f o r  eac h  c l a s s i f i c ­

a t i o n  sy s te m , a r e  p r e s e n te d  i n  T a b le s  4 .1  to  4 , 4 . T hese  r e s u l t s  

r e p r e s e n t  th e  n e t  o u tp u t  f o r  e a c h  sy s te m .

F o r  th e  G eom echanics C l a s s i f i c a t i o n  System  th e  r e s u l t s  p r e s e n te d  

a r e ,  th e  P J E - v a lu e s  a t  e a c h  sam ple  s i t e ,  and th e  r o c k  c l a s s ,  s ta n d - u p  

tim e  and  a c t i v e  u n s u p p o r te d  sp a n . The two l a t t e r  v a lu e s  w ere  e s t im ­

a t e d  f ro m  th e  d ia g ra m  p r e s e n te d  by  B i e n i a w s k i ^ \  u s in g  a  m ed ian  l i n e  

th r o u g h  th e  zone r e p r e s e n t i n g  th e  l i m i t s  f o r  S o u th  A f r ic a n  e x p e r ie n c e .  

F i g .  4 . 1 .  The s u p p o r t  rec o m m e n d atio n s f o r  e a c h  r o c k  c l a s s  a r e  a l s o  

t a b u l a t e d .

The r e s u l t s  p r e s e n te d  f o r  th e  K .G .I .  C l a s s i f i c a t i o n  S ys tem  a r e ,  

t h e  O -v a lu e s ,  l im i t i n g - e p a n ,  s ta n d - u p  t im e ,  and s u p p o r t  c a t e g o r i e s  

and  rec o m m e n d atio n s f o r  e a c h  s i t e .  The l im i t in g - s p s m  waa c a l c u l a t e d  

f r o o  th e  r e l a t i o n s h i p  p ro p o se d  by  B a r to n  e t  a l ^  '* ( e q u a t io n  2 , S e c t . 1 .5 )  

and  th e  s ta n d - u p  tim e  w as e s t im a te d  from  th e  d ia g ra m  g iv e n  b y  th e  ssme 

a u th o r  f o r  t h a t  p u r p o s e , F i g .  l .H .  The r e s u l t s  f o r  e=.ch o f  th e  s te p s  

u se d  to  o b t a in  th e  f i n a l  HI® and  Q -v a lu e 3 a re  p r e s e n te d  i n  A ppendices 

V and  V I .

To e v a lu a t e  th e  r e s u l t s  e a c h  c l a s s i f i c a t i o n  sy s te m  was f i r s t  con ­

s id e r e d  s e p a r a t e l y ,  w i th  c o m p a riso n s  b e tw ee n  th e  i n  s i t u  and b o r s h o le  

r e s u l t s .  When p o s s i b l e ,  t h e  i n  s i t u  and b o r e h o le  r a t i n g s  f o r  i n d iv i d u a l  

p a r - , t i t e r s  w ar"  a l s o  c i p a re d .

Tho s ta n d a r d  e r r o r s  o f  e s t im a te  a b o u t  th e  l i n e s  r e p r e s e n t in g  th e  

i d e a l  r e l a t i o n s h i p  (B o re h o le  R e s u l t  = I n  S i t u  lie  s u i t )  a r e  l i s t e d  i n  

T a b le  4 .5  f o r  e a c h  p a ra m e te r  e v a lu a te d ,  t o g e th e r  w i th  th e  v a lu e s  f o r  th e  

90 , je r  c e n t  c o n f id e n c e  l i m i t s  c a l c u l a t e d  fro m  th e  s ta n d a r d  e r r o r .  T hese  

l i m i t s  w ere  g e n e r a l l y  u n r e l a t e d  t o  th e  ro o k  c l a s s e s  and  p a ra m e te r  c a t e ­

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

l i m i t s  w ere  s e l e c t e d .  T h ese  a r e  a l s o  p r e s e n te d  i n  T ab le  4 . 5 .
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I

STAND UP TIME,hours
M o d if ie d  a f t e r :  B i e n i w a k i ,  1976

F IG . A . l  G eom eohanioa C la a s . t f i o a t io n  System ;
M ed ian  L in e  u se d  to  B stim & te  th e  

S ta n d -u p  Time and U n su p p o r ted  Span
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GSOKBCHAIIICS GUSSIFIOATION S Y S rz i 

BORB CQRS ASSUL’IS

Sam ple
”

S ta n d -u p
U n su p p o r ted

Span(m )

S u p p o r t

44 5
s - j * .

3

S

1 ,5 - 2  m + e lm  (crw ) 

50 -100  mm ( c r w ) ,
30 mm ( s d )

75 2 6 -8  m ths B

S

2 ,5  m + e lm  ( o c c . )

50 iirni (orw  i f  r e q d . )

38 4 2 ,5 B 1 - 1 ,5  m + e lm  

3 100 -150  mm ( o r* )  
100 nsn (a d )  

L .R . 1 ,5  a  ( i f  r e q d . )

h . 4 72 2 3 -5  m ths 7 ,5 2 ,5  m + olm ( o c c . )

50 mm (orw  i f  r e q d . )

Bos 5 74 2 6 - 3  m  s 8 "

Boa 6 77 9 -1 1  m ths 8 ,5 "

B os 7 58 3 2 - 4  d m 5 ,5 1 ,5 - 2  m + olm  (crw )

50-100  m  (crw )
30 mm ( s d )

B os 6 68 2-A m ths 7 2 ,5  m + olm ( o c c . )

50 mm (crw  i f  r e - id . )

Boa 9 80 1 2 -1 5  m ths 8 ,5 "

S o s  10 45 3 1 ,5 - 2  m + e lm  (o rw )

50-100  mm (o rw )
30 ran ( s d )

57 5 2 -3  «'.ca 5 "

68 2 2 -4  m ths 7

S

2 ,5  m + olm  ( o c o .)

50 cm (o rw  i f  r e q d . )

28 4 5 -1 0  h t s 2 B 1 - 1 ,5  m + olm 

S 100-1  JO jk2 ( c r y )  
100  urn ( s d )  

L .R . 1 ,5  m ( i f  r q d . )
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ozoKECEwrica c j . a s s i ? i c a t i q w  s y s t e h

BOM) CCRS aSBULTS

Sample RMR

-

S tan d -u p ■Active
U n su p p o rted

Span(zs)

S u p p o r t

3 ,1  2 51 4 1 ,5 - 2  m + e lm  (crw ) 

50-100  rrcn (crw )
30 mm ( s d )

D el 5 40 1 -2  dys 3 "

B e l 4 66 2 -3  n th s 6 ,5 •
2 ,5  m + e lm  ( o c o . )

50 mm (crw  i f  r e q d . )

D el 5 35 1 0 -1 2  m ths 2 "

D el 6 36 1 5 -20  h r s 2 ,5

56 3 2- ; * . 5 1 ,5 - 2  m + c l n  ( o n / )  

50-100  mm (orw )
50 mm ( s d )

D ot 1-V 47 4 -5  dys 4

D ut 2-H 50 3 5 -7  dys 4

C u t 2-V 54 3 1 -2  v k s 4 ,5 »

30 4 6-10  h r s 1 - 1 ,5  m + olm  

100-150  mm (crw ) 
100 m  (a d )

R. 1 ,5  m ( i f  r e q d . )

Dut 4-H 

D ut 4-V

45

46

3

3 4 -5  d y s

3 ,5

4

1 ,5 - 2  m + e lm  (crw ) 
50-100  mm (crw )

30 mm ( s d )

E u t 5-V 64 6 2 ,5  a  +• olm  ( o c c . )

50 mm (c rw  i f  r e q d . )

D ut 6-H 69 3 -4  m ths 7 "

w w 74 6 -7  m ths
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TA3IE__4^2 

G20MSCEAKIC5 CLASSIFICATION SYSTEM 

IN SITO RESULTS

P age 1 o f  2

S a a p le m m

-

S ta n d -u p
U rs u p p o rte d

Span(m )

S u p p o rt

80 B 1 65 2 5 -6  vrks 6 ,5 3  2 ,5  m + olm ( o c o .)

S 50 ran (c rw  i f  r e q d . )

Bos 2 75 2 6 -8  m ths 0 "

Bos 5 74 2 6 - 6  m ths 8 "

Boa 4 81 1 1 2 -18  m ths $ 53 ( i f  r e q d . )

Bos 5 84 1 2 -5  y r s 9 "

62 1 - 2  y r s 9 "

j s  ? 75 6 -8  m ths 8 B 2 ,5  n  + olm ( o c o .)

S 50 mm (crw  i f  r e q d . )

Bos a 71 4 -5  m ths 7 "

Bob 9 79 2 1 2 -1 5  m ths a , 5 "

Boa 20 70 3 -4  m th s 7 "

3 o s  11 84 2 -3  y r s 9 SB ( i f  r e q d . )

Bos 12 67
4 y r *

9

41 5 B 1 ,5 - 2  m + e lm  (crw ) 

S 50 -100  mm (crw )
30 mra ( a d )

D e l 2 52 4 8 -1 0  h ra B 1 - 1 ,5  ra + elm 

S 100 -150  ran (o rw ) 
100 rm ( s d )  

L .R . 1 ,5  m ( i f  r e q d . )

D el 5 45 2 -3  a n 5 B 1 ,5 - 2  m + olm  (crw ) 

5 50 -100  BHn (o rw )
30 mm ( a d )

D el 4 74

2
6 -7  m ths B 2 ,5  ® + e lm  ( 0 0 0 . )

5 50 mm (o rw  i f  r s q d . )
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TABLE 4 .2

GE0MSC3AWIC8 CLASSIFICATION SYSTSM 

s r  SITC itSSPLTS 

______________   P age 2 o f  2

2 1 S ta n d -u p A ctiv e
tT nsupported

Span(m)

S u p p o rt

51 3 4 1 ,5 - 2  h  + e lm  (crw ) 

50 -100  jam (c rw )
30 mn ( s d )

44 3 ,5

61 5 -4  wlca 6 2 ,5  m + c ln  ( o c c . )

50 n a  (crw  i f  r e q d . )

B u t 2 70 3 -4  m ths 7

D ut 5 44 3 3 ,5 1 ,5 - 2  m + olm  (crw ) 

50 -100  a n  (o rw )
30 nm ( s d )

D ut 4 57 2 0 -2 4  h r s 2 ,5 B 1 - 1 ,5  m + e lm  

;3 100-150  mni (o rw ) 
100 mm ( s d )  

L .R . 1 ,5  m ( i f  r e q d , )

D ut 5 46 5 3 - 4  f 3 ,5 1 ,5 - 2  a  + olm  (orw ) 

50 -100  mm (orw )
30 Em ( s d )

9 S3 ( i f  r e q d . )
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TABLE 4 .3  

H .G .I .  CLASSIFICATION SYSTEM 

BORB COR3 RSSDXTS

Page 1 o f  2

Sample Q ' L im i t in g  
Span (m)

S ta n d -u p S u p p o rt
C a te g o ry

Recommended 
P e rm anen t S u p p o rt

Boa 1 0 ,0 7 1 ,1 1 dy- 1  vk 34 S (m r) 7 ,5 - 1 5  cm

Boa 2 2 ,3 8 4 ,5 > 1 0  y 21 S 2 ,5 - 5  cm

Bob ? 0 ,0 2 0 ,7 < 1  h 34 S (m r) 15 -25  cm

B os 4 26,67 1 1 ,9 >10 y 13 B ( u tg )  1 ,5 - 2  m

B os 5 6 ,2 5 6 ,7 > 1 0  y 17 S 2 -3  cm

B os 6 0 ,3 3 2 ,1 1 -6  mth 29 3 ( u t s )  1 m + 5 2 -3  cm

Boa 7 0 ,1 3 1 ,4 1 wk- 1  mth 29 B (u tg )  1 in + s (m r)  5 on

Bob  0 0 ,6 0 2 ,9 5 -1 0  y 25 B ( u tS ) 1 m + S ( n r )  5 cm

Bos ? 2 00 ,0 26,6 >10 y 5 a b (u tg )

Bos 10 0,6) 2 ,7 1 -5  y 25 B ( u tg )  1 m S (m r) 5 cm

B os n 0 ,1 3 1 ,4 1 w k-1 mth 29 B ( u tg )  1 m + S ( n r )  5 cm

Bos 12 2 ,6 7 4 ,7 > 1 0  y S 2 ,5 - 5  cm

381 1 0 ,0 6 2 ,2 1 dy - 1  wk 33 S(m r) 5 -10  cm

B e l 2 0 ,1 8 1 ,6 1 wk- 1  mth 29 B ( u tg )  1 m + S (m r) 5 cm

D el 3 0 ,3 2 2,0 1 -6  m th 29 B (utg-) 1  m + S (m t) 5 cm

B e l 4 1,76 4 ,0 > 1 0  y B ( u tg )  1 n

0 ,0 1 2 0,5 < 1  h 33 S(m r) 5 -1 0  cm

0 ,2 7 1 ,9 1 -6  m th 29 B (u tg )  1 m + S (m r) 5 cm
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TABLE 4 .1  

K .G .I .  CLASSIFICATION SYSTEM 

BORB CCaE HSStTLTS 

 _____________   P age  2 o f  2

Sam ple
9

L im i t in g  
Span (m,

S ta n d -u p S u p p o rt
C a te g o ry

Recommended 
P e rm an en t S u p p o rt

D ut 1-H 1 ,2 5 ,4 5 -1 0  y B ( u tg )  1  m

D ut 1 -1 0 ,9 3 ,1 5 -1 0  y 25 B ( u tg )  1 m + S (m r) 5  cm

B u t 2-H 2 ,0 4 4 ,5 > 1 0  y 21 B ( u tg )  1 ra
C u t 2 -7 0 ,4 1 2 ,2 6 -1 2  mth 25 B ( tg )  1 m + 3 ( a r )  5  eat

D u t 5-V 1 ,1 3 ,5 5 -1 0  y S 2 ,5 - 5  cm

D ut 4-H l , d 4 ,0 > 1 0  y B ( u tg )  1  m

r m  4-V 0 ,0 9 1 ,2 l a y - 1  wk 55 S (m r) 5 -10  cm

D ut 5 - r 7 ,7 7 ,2 > 1 0  y 17 S 2 -5  cm

D ut 6 -H 8 9 ,7 1 9 ,5 > 1 0  y 9 s b ( u tg )

M .2 1 5 ,0 > 1 0  y 15 B ( a tg )  1 ,5 - 2  m
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TABUS 4 .4  

K .G .I .  CLASSIFICATION SYSTEM 

•IK SITO HBSULTS

Sam ple Q L im i t in g  
Span (ci]

S ta n d -u p S u p p o r t
C a te g o ry

Recommended 
Pe rm anen t S u p p o rt

Bos I 0 ,1 4 1 ,5 1 wk- 1  mth 29 B ( tg )  1  m + S(=ir) 5  on

Bos 2 6 ,0 6 6 ,6 >10 y 17 S 2 -3  cm

Bos 5 1 ,2 3 3 ,5 5 -1 0  7 21 S 2 ,5 - 5  cm
Bos 4 1 1 ,0 6 6 ,4 > 1 0  y 13 B ( u tg )  1 ,5 - 2  m + S 2 -3  on

Bos 5 32 ,3 2 1 2 ,9 > 1 0  y 13 B ( u ts )  1 ,5 - 2  m

B os 6 6 ,6 6 6 ,8 > 1 0  y 17 S 2 -3  cm

B os 7 0,98 3,2 5 -3 0  y 25 B ( u tg )  1 m + S(m r) 5 cm

B os a 2 ,9 1 4,9 >10 y B ( u ts )  1  m

1 6 ,6 6 9,9 > 1 0  y 13 B (u tj j )  1 ,5 - 2  m

B os 10 0 ,8 3 ) , 0 5 -1 0  y 25 B ( tg )  1  m + S (m r) 5  cm

B os 11 0,44 2 ,3 6 -1 2  mth 25 B ( t g )  1  a  + s ( e i x )  5  c m

Bos 12 2,0 4 ,2 > 1 0  y 21 B ( u tg )  1 m

0 ,5 3 2 ,6 1 -2  y 25 B ( tg )  1 m + S (m r) 5 ca

B e l 2 2 ,0 5 4 ,3 >10 y 21 B ( u tg )  1 m + S 2 -3  om

D el 3 2 ,9 9 5 ,0 > 1 0  y 21 B ( u t s )  1 n

D el 4 4 ,7 5 6 ,0 >10  y 17 S 2 -3  ora

1 ,0 2 3 ,2 5-10  y 21 S 2 ,5 - 5  cm
0 ,2 2 1 ,7 1 wk- 1  mth 29 B ( u tg )  1 m + S 2 -3  on

1 ,2 0 3 ,4 5 -1 0  y S 2 ,5 - 5  cm
D ut 2 1 ,0 9 3 ,3 5 -1 0  y S 2 ,5 - 5  cm

D ut 5 1 ,0 2 3 ,2 5 -1 0  y S ? ,5 - 5  cm
B ut 4 0,47 2,4 6 -1 2  m th 25 B ( u tg )  1 m + S (m r) 5 cm

D ut 5 9,74 8 ,0 > 1 0  y 17

D u t 6 1 3 ,0 > 1 0  y 13 B ( u tg )  1 ,5 - 2  m
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S B U m A E D  g a a O R S  O ? ESTIMATE (S v x ) .  k s h  c e n t  BISTRCTJTIOM
o f  i^ scL T s'V iT H ~ i{esracT  to ( bhT - T n ls ^  and l b h t s ig

VALOSS SpLSCTSD AS MOST SIGIIIFICAl?!1

P a r a m e te r -  S y x 90fi  0.1. 
( l ,6 4 5 S y x )

$
(B H )-(IK 3 )

$>
(BH)<(HTS) (B H )> (H S )

S e le c te d
L iB i i t ( - )

2 2 ,2 3 6 ,5 7 14 79 19

5 ,0 8,3 11 25 64 5

C o n d i t io n 5 ,2 5 ,2 29 21 50 5

O r i e n t a t i o n 3 ,1 5 ,1 11 18 71 2

Q 0 ,7 8 Log1 (BE) = 
Log (M S )
*  1 ,2 9

7 29 64 Log (BE)» 
Lo.j (IM S) 
± 1

Jn 2,53 5 ,3 43 14 43 5

l,% 2 ,0 39 47 14 1

1 ,5 8 9 ,6 43 36 21

SHF 3,0 4 ,9 68 28 4 2 ,5

RQD 32,73 5 3 ,6 7 4 7 89 25
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4 ,1  G eoB eohan ics  C l ^ s a i f i c a t i o n  System

4 .1 .1  Rock Maas R a t in g  

The b o r e h o le  and i n  s i t u  v a lu e s  f o r  e a o h  s i t e  a r e  p l o t t e d  i n  F i g .  4 , 2 .

The 90 p e r  c e n t  c o n f i d e n t  l i m i t s  a b o u t  th e  i d e a l  l i n e ,  BMR(BB) = RMH(ISS), 

a x e  a l s o  show n and a x e  g iv e n  b y  th e  r e l a t i o n s h i p ,

r m r (b h )  = k m h ( in s )  -  5 6 , 5 .

I t  i s  im p o r ta n t  t o  c o n s id e r  th e  r e le v a n c e  o f  t h e s e  l i m i t s  w i th  r e s p e c t  to  

t h e  v a r io u s  r o c k  c l a s s e s  and  r e l a t e d  s ta n d - u p  t i n e s .

The o u tp u t  fro m  th e  G eom echanics Sys tem , when a p p l ie d  t o  ro c k  tu n n e l s ,  

i s  th e  RMK-value o f  th e  r o c k  m a ss , i t s  r o c k  c l a s s ,  s ta n d - u p  tim e  and  a c t iv e  

u n s u p p o r te d  s p a n . The l a t t e r  two r e s u l t s ,  w h ich  f o r  p r a c t i c a l  p u rp o se s  

a r e  th e  m o s t I m p o r ta n t  f o r  i n d i c a t i n g  th e  q u a l i t y  o f  th e  ro o k  m ass, a r e  d e ­

te rm in e d  from  th e  RM R -value. The r o c k  c l a s s  s e r v e s  o n ly  a s  a  g e n e r a l

i n d i c a t o r  o f  th e  n a tu r e  o f  th e  ro c k  raa se , a l th o u g h  i t  a l s o  g iv e s  a n  a p p ro x ­

im a te  id e a  o f  th e  r a n g e  o f  s ta n d - u p  tim e  w h ich  m ig h t be a n t i c i p a t e d .  The 

s u p p o r t  rec o m m e n d atio n s a r e  a l s o  b a se d  on th a  ro o k  c l a s s .  To com pare th e  

i n  s i t u  and  b o r e h o le  r e s u l t s  f o r  a  p a r t i c u l a r  s i t e  i n  p r a c t i c a l  te r r a s ,  one 

s h o u ld  t h e r e f o r e  com pare th e  r iM - v a lu e s  r a t h e r  th a n  th e  r a c k  c l a s s e s .

H ow ever, ow ing  to  th e  lo g a r i th m ic  r e l a t i o n s h i p  b e tw een  th e  s ta n d - u p  

tim e  and  HMR, th e  tim e  r a n g e s  g iv e n  f o r  eao h  r o c k  c l a s s  a r e  v a r i a b l e  ( s e e  

T a b le  1 .1 9 ) ,  a n d  i f  one  u se d  th e  RMR-Value a s  a  b a s i s  f o r  c o m p ar iso n , i t  

w ould  b e  n e c e s s a r y  to  s e l e c t  l i m i t s  w h ic h  w ould  b s  r e l a t e d  t o  th e  s ta n d - u p

tim e  f o r  a  p a r t i c u l a r  r o o k  c l a s s  a s  w e l l  a s  to  p r a c t i c a l  a s p e c t s  o f  e x ca v ­

a t i o n  a n d  s u p p o r t  i n s t a l l a t i o n .  T h is  w ould h e  d i f f i c u l t  b e c a u se  p r e s e n t  

know ledge  r e l a t i n g  s ta n d - u p  tim e  t o  r o c k  m ass c o n d i t io n s  i s  v e r y  g e n e r a l , 

and  a s y  a t te m p t  t o  c r e a t e  RMR l i m i t s ,  o th e r  th a n  th o s e  a l r e a d y  u s e d  f o r  

th e  r o c k  c l a s s e s ,  w ould be a r b i t r a r y  a n d  u n r e a l i s t i c .  I t  i s  th e r e f o r e  

n e c e s s a r y  t o  u s e  th e  d e f in e d  ro o k  c l a s s e s  a s  b a s e s  f o r  c o m p ariso n .

T he f i v e  r o c k  c l a s s e s  f o x  th e  G eom echan ics  C l a s s i f i c a t i o n  System  a re  

d e f in e d  b y  th e  f o l lo w in g  r a n g e s  o f  H M R-values:

C la s s  1 HMR 61 -  100

C la s s  2 KMR 6 1 - 8 0

C la s s  3  RMR 41 -  60

C la s s  4  RMR 21 -  40

C la s s  5 Rt'iR <  ?0

I t  i s  e v id e n t  t h a t  a l th o u g h  a  d i f f e r e n c e  o f  o n ly  one b e tw een  th e  b o re h o le

and  i n  s i t u  RM R-values f o r  a  p a r t i c u l a r  s i t e  c an  g iv e  d i f f e r e n t  r o c k  c l a s s e s  

f o r  t h e  s i t e ,  a  d i f f e r e n c e  o f  up  t o  n in e t e e n  c an  be t o l e r a t e d  w ith o u t

/ c h a n g in g ........................ ..
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c h a n g in g  th e  r o c k  c l a s s .  P e r  ex am p le , a ssu m in g  t h a t  th e  i n  s i t u  HMR-value 

a lw a y s  r e p r e s e n t s  th e  t r u e  r o c k  m ass c o n d i t io n ,  th e n  a  d i f f e r e n c e  o f  o n ly  

o n e , b e tw ee n  t h i s  v a lu e  and  th e  aM rt-value c a l c u l a t e d  fro m  th e  b o r e h o le  

m e asu re m en ts  a t  th e  same s i t e ,  c an  g iv e  a. d i f f e r e n t  r o c k  c l a s s  t o  t h a t  

a c t u a l l y  o b t a in in g  a t  th e  s i t e .  A t th e  same tim e  d i f f e r e n c e s  o f  u p  t o  

n in e t e e n  c an  g iv e  th e  same r o c k  c l a s s  f o r  b o th  th e  b o r e h o le  a n d  in  s i t u  

m e asu re m en ts . I n  a d d i t i o n ,  i n  s i t u  and  b o r e h o le  fttffi d i f f e r e n c e s  o f  b e ­

tw e e n  one and  tw e n ty  c a n  n e v e r  r e s u l t  i n  more th a n  one r o c k  c l a s s  d i f f e r ­

e n c e ,  a l th o u g h  one c l a s s  d i f f e r e n c e  can  a l s o  b e  o b ta in e d  from  d i f f e r e n c e s  

b e tw ee n  th e  RM R -values o f  u p  to  t h i r t y - n i n e .

T hese  o b s e r v a t io n s  s u g g e s t  t h a t  n in e t e e n ,  o r  p o s s ib l y  tw e n ty , would 

p r o b a b ly  g iv e  more s i g n i f i c a n t  l i m i t i n g  c o n d i t io n s  th e n  th e  c a l c u l a t e d  

90 p e r  c e n t  c o n f id e n c e  l i m i t s .  The r e l a t i o n s h i p ,

axa(B H ) = HMR(IHS) -  1 9 ,

h a s  be en  s e l e c t e d  b e c a u se  a s  shown a b o v e, n in e t e e n  g iv e s  th e  c u t - o f f  f o r  

"no  ro o k  c l a s s  d i f f e r e n c e "  and  t h e r e f o r e  h a s  more s ig n i f i c a n c e  th a n  th e  

v a lu e  tw e n ty . I h e s e  l i m i t s  a r e  shown i n  P i g .  4 -2  w here  t h e y  c an  be s e e n  

t o  c o n ta in  o n ly  tw e n ty -o n e  (75  p e r  c e n t )  o f  th e  r e s u l t s .  T h is  e v a lu a t io n  

i m p l ie s  t h a t ,  w i th in  th e  a c c u ra c y  o f  th e  num ber o f  o b s e rv a t io n s  m ade, th e r e  

i s  a  75 p e r  c e n t  ch an c e  o f  o b t a in in g  a  t r u e  r e p r e s e n t a t i o n  o f  ro c k  m ass c o n ­

d i t i o n  fro m  a  b o r e h o le  c o r e ,  o r  o f  d i f f e r i n g  b y  no more th a n  one r o c k  c l a s s  

f ro m  th e  t r u e  c o n d i t io n  u s in g  t h i s  c l a s s i f i c a t i o n  sy s te m . The l i k e l ih o o d  

o f  e i t h e r  p o s s i b i l i t y  o c c u r r i n g  c an  be a s s e s s e d  b y  e x am in in g  th e  r o c k  c l a s s  

d i f f e r e n c e s  o b ta in e d  f o r  e a c h  p a i r  o f  b o r e h o le  and  i n  s i t u  m e asu re m en ts .

Two h is to g ra m s  h av e  b e e n  c o m p ile d  show ing  th e  f re q u e n c y  o f  th e  ro c k  

c l a s s  d i f f e r e n c e s  f o r  e a c h  s e t  o f  i n  s i t u  and  b o r e h o le  m e asu re m en ts . The 

f i r s t  d ia g ra m , F ig .  4 .3 a ,  show s th e  num ber o f  c l a s s  d i f f e r e n c e s  o n ly ,  w h ile  

t h e  s e c o n d , F i g .  4 . 3b , i l l u s t r a t e s  w h e th e r  t h e s e  d i f f e r e n c e s  a r e  p o s i t i v e  

o r  n e g a t iv e  w i th  r e s p e c t  to  t h e  i n  s i t u  r e s u l t s  ( i . e .  w h e th e r  th e  r o c k  

c l a s s  p r e d i c t e d  fro m  th e  b o r e h o le  m e asu rem en ts  i s  e q u a l  t o ,  g r e a t e r  o r  

l e s s  th a n  t h a t  c a l c u l a t e d  fro m  th e  i n  s i t u  d a t a , )  T hese  d ia g ra m s show 

t h a t  18 p e r  c e n t  o f  th e  r e s u l t s  g iv e  th e  s a n e  ro o k  c l a s s ,  75 p e r  c e n t  

d i f f e r  by  one  r o c k  c l a c s  o n ly ,  w i th  61 p e r  c e n t  and  14 p e r  c e n t  o f  th e  

b o r e h o le  r e s u l t s  p r e d i c t i n g  one  c l a s s  lo w e r  and  h ig h e r  r e s p e c t i v e l y  th a n  

th e  i n  s i t u  r e s u l t s ,  and  7 p e r  c e n t  d i f f e r  b y  two r o c k  c l a s s e s .  T hose 

r e s u l t s  d i f f e r i n g  by  two c l a s s e s  a l l  show lo w e r  b o r e h o le  th a n  i n  s i t u  

r e s u l t s .  D i f f e r e n c e s  g r e a t e r  th a n  two r o c k  c l a s s e s  w ere n o t  r e c o rd e d .

I n  a l l ,  93 p e r  c e n t  o f  t h e  b o r e h o le  and in  s i t u  r e s u l t s  d i f f e r  by  no more 

th a n  one r o c k  c l a s s .
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ROCK MASS SATING

1

RMR (INS) x 103

F IG . d .2  C om parison  o f  B o re h o le  and  I n  S i tu  KHR-Vftlues

G eojneeh 'in ics System  -  F re q u e n c y  o f  Rook C la s s  
D if f e r e n c e s  b e tw een  B o re h o le  and I n  S i t u  R e s u l t s
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4 .1 .2  J o i n t  S p ic in g  

The l i m i t s  s e l e c t e d  f o r  t h i s  p a ra m e te r ,  and  f o r  th e  o th e r  p a ra m e te r s  

e v a lu a te d  fro m  th e  G eom echanics C l a s s i f i c a t i o n  S ys tem , a r e  b a se d  on  th e  

minimum d i f f e r e n c e s  b e tw ee n  th e  r a t i n g s  f o r  e a c h  c a te g o ry .  T h is  a p p ro a c h  

w as u s e d  b e c a u s e  th e  d i f f e r e n c e s  b e tw ee n  th e  c a te g o r y  r a t i n g s  f o r  a  p a r t ­

i c u l a r  p a ra m e te r  a r e  n o t  a lw ay s  c o n s ta n t  and  i t  was im p o r ta n t  to  e v a lu a te  

w h e th e r  th e  b o r e h o le  and  i . i  s i t u  r a t i n g s  i n d i c a t e d  s i g n i f i c a n t l y  d i f f e r ­

e n t  c o n d i t i o n s .  T hese  l i m i t s  a r e  shown on  th e  r e l e v a n t  d ia g ra m s  ( c lo s e  

d a sh e d  l i n e s )  to g e th e r  w i th  th e  90 p e r  c e n t  c o n f id e n c e  l i m i t s  (o p en  d a sh ed

The i n  s i t u  and  b o r e h o le  r a t i n g s  f o r  th e  J o i n t  S p a c in g  a r e  p r e s e n te d  

i n  F i g .  4 .4  and  l i s t e d  i n  T a b le  4 . 6 .  T w enty  (71 p e r  c e n t )  o f  t h e  p o in t s  

l i e  w i th in  t h e  l i m i t s  o f  -  5 ,  w h ile  tw e n ty - s ix  (93  p s r  c e n t )  f a l l  w i th in  

t h e  90 p e r  c e n t  c o n f id e n c e  l i m i t s .  When c o n s id e r in g  a l l  t h e  p o in t s  w i th  

r e s p e c t  t o  t h e  J sp (3 H ) = J s p ( lK S )  l i n e ,  t h r e e  ( l l  p e r  c e n t )  p l o t  on  th e  

l i n e ,  s e v e n  (2 5  p e r  c e n t )  l i e  above  i t  and  e ig h t e e n  (6 4  p e r  c e n t )  p l o t  

be low  i t .  T h ere  i s  th u s  a  te n d e n c y  f o r  t h e  b o r e h o le  m e asu rem en ts  t o  g iv e  

a  lo w e r  r a t i n g  th a n  th e  i n  s i t u  m e asu re m en ts .

+z°

FIG . 4 .4  C om parison  o f  B o re h o le  and I n  S i tu  
J o i n t  S p a c in g  R a tin g s
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TA2L3 4 .6  

G30?1ECHAlfICS CLAS3IFICATI0H SYSTEM
B0B53uLs a ::d i h  s i c t  j o i c t  sphC ikg  ia T B ro  v a l i te s

Sam ple S i t e B o re h o le
H a tin g S i t i n g

Boa 1 15
Bos 2 25

Bos 5 24

Bos 4 23

Bos 5 25

Bos 6 23 23

Bos 7 23

Boa 8 25 19

Bos 9 23

Boa 10 15 20

Boa 11 23 24

25

15
D el 2 20

D el 3 17 17

D el 4 17 22

D el 5 15
D el 6 15 15

B u t 1 -H 15 20

B ut 1-V 15
B u t 2-H

B u t 2-V

B u t 5-V 18

B u t A-H 20 13

B ut 4 -V 21 13

B u t 5-y 23 17

B u t 6 -H 15 25

B ut 6 -V 22 25



4 .1 .5  J o i n t  C o n d i t io n  

The r a t i n g s  f o r  t h i s  p u r a n s t e r  a r e  p r e s e n te d  i n  P ig .  4 -5  and T a b le  4 . 7 .

I n  t h i s  c a s e  th e  90 p e r  c e n t  c o n f id e n c e  l i m i t s  a r e  a lm o s t c o in c id e n t  w ith  

th e  l i m i t s  s e l e c t e d  u s in g  th e  minimum d i f f e r e n c e  be tw een  c a t e g o r i e s .  

T w enty-tw o (78  p e r  c e n t )  o f  th e  p o in t s  f a l l  w i th in  e i t h e r  o f  th e  l i m i t s  

and  e i g h t  (2 9  p e r  c e n t )  p o in t s  p l o t  on th e  JcCbH) = Jc ( lN S )  l i n e ,  w h ile  

s i x  (21  p e r  c e n t )  and f o u r t e e n  (50  p e r  c e n t )  l i e  above  end  be low  th e  l i n e  

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

T hese  r e s u l t s  ( i . e .  m ore p o in t s  on th e  i d e a l  l i n e ;  and a  more even  

d i s t r i b u t i o n  a b o u t  th e  l i n e )  saggeafc a  b e t t e r  c o r r e l a t i o n  b e tw ee n  th e  

b o r e h o le  and  i n  s i t u  r e s u l t s ,  e v e n  th o u g h  th e  num ber o f  p o in t s  w i th in  

th e  s e l e c t e d  l i m i t s  i s  n o t  much d i f f e r e n t  t o  th e  r e s u l t s  f o r  b o th  th e  

S ock  r-taas S a t i n g  o r  th e  J o i n t  S p a c in g . A lth o u g h  a  te n d e n c y  f o r  a  lo w e r  

r a t i n g  from  th e  b o r e h o le  m e asu re m en ts  i s  a g a in  a p p a r e n t , i t  i s  n o t  a s  

m arked  a s  f o r  th e  Rock M ass R a t in g  o r  th e  J o i n t  S p a c in g .

J OINT CONDITION

Haling !)NS)

P IC . 4 .5  C om parison  o f  B o re h o le  and I n  S i tu  
J o i n t  C o n d i t io n  R a tin g s



139

QSOMECRAKICS CLASSIFICM'IOK SYSTEM 
BOREHOLE AND W  SITU JOItfT CONDITION RATHJG VALUES

Sam ple S i t e B o re h o le
B a t in s

Boa 1 13 15

Boa 2 15 20

Bos 3 6

15
Boa 5

Bob 6 20

Bos 7 17 19

Bob 8 10 19

Bos 9 20 20

15 19

Boa 11 14 20

Bos 12 20

B e l  1 9 6

B e l 2 0

D*1 3
D el 4

D el 5 8 6

6

B u t 3-H 20 15

B u t 1-V 15 15

B u t 2-H 15 20

B u t 2-V 17

B u t 5-V 6 8

B u t 4-H 6 6

B u t 4-V 6

B u t 5-V 11

B u t 6-H

B u t 6 -V



4 - 1 .4  J o i n t  O r i e n t a t i o n  

The r a t i n g s  f o r  t h e  J o i n t  O r i e n t a t i o n  A d ju s tm en t a r e  p r e s e n te d  i n  F i g .  4 .6  

a n d  T a b le  4 . 6 , to g e th e r  v i t h  th e  r e l e v a n t  l i m i t s  a s  d e s c r ib e d  p r e v io u s ly .

5he  d ia g ra m  show s th a t ,  tw e n ty -s e v e n  (96  p e r  c e n t )  o f  th e  p o i n t s  f a l l  w i th in  

t h e  90 p e r  c e n t  c o n f id e n c e  l i m i t s ,  w h ile  o n ly  s e v e n te e n  p o in t s  (61  p e r  c e n t )  

p l o t  w i t h i n  th e  s e l e c t e d  l i m i t s .  F o u r  p o in t s  (1 4  p e r  c e n t )  p l o t  on th e  

i d e a l  l i n e ,  f i v e  (1 8  p e r  c e n t )  p l o t  above i t  and n in e t e e n  (68  p e r  c e n t )  l i e  

b e lo w  i t .  I f  one ex am in e s th e  d i s t r i b u t i o n  o f  p o in t s  i t  i s  q u i t e  c l e a r  

t h a t  no r e a l  c o r r e l a t i o n  w i th  r e s p e - t  t o  Jo(B H ) = Jo ( lK S )  e x i s t s  b e tw ee n  

th e  b o r e h o le  and i n  s i t u  r a t i n g s .

ORIENTATION

Rating fIMSJ

F IG . 4 .6  C om parison  o f  B o re h o le  and  I n  S i tu  
J o i n t  O r i e n t a t i o n  R a tin g s
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TABLE 4 .8

KvOfrSCHABi'CS CLASSIFICATION SYSTEM 
BCHSHOLB A%) Dt SITU JOItTI OhIESTA.TIOH RATE’G VALUSS

Saraple S i t e B o re h o le •In S i t u
n o . R a t in g R a tin g

Bos I -  6 -  9

Bos 2 -  7 -  7

Bos 3 -  5 -  4

B os 4 -  7 -  7

Bos 5 -  5 -  3

Bos 6 -  5 6

Bos 7 -  6 -  9

Bos 8 -  6 -  9

Bos 9 -  5 -  6

Bos 10 -  7 -  3

Bos 11 -  5 -  10

-  7 -  7

-  6 -  11

D el 2 -  6

D el 3 -  7

D el 4 -  6 -  10

D el 5 -  7 -  9

D el 6 -  7 -  6

Dot 1-H -  6 -  10

D ut 1-V -  5 -  10

B u t 2-H -  7 -  8

D ut 2-V -  6

D u t 3-V -  5

D u t 4-H -  5 -  6

D ut 4-V .. 6 -  6

D ut 5-V -  6 -  9
D ut 6-H -  5 6

B u t 6-V -  7 6
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b e c a u se  th e  RQ2  i s  con con  to  b o th  r o c k  m ass c l a s s i f i c a t i o n  sy s te m s  i t  was 

p o s s ib l e  t o  c o a p a re  th e  a c t u a l  b o r e h o le  and  in  s i t u  kS.D -valuee w ith o u t 

c o n s id e r in g  th e  r a t i n g s  u s e d  i n  th e  G eom echanics C l a s s i f i c a t i o n  System .

A l i m i t i n g  v a lu e  o f  p lu s  o r  m inus 25 p e r  c e n t  w as s e l e c t e d  b e c a u s e , w i th  

th e  e x c e p t io n  o f  th e  'g o o d ' o r  ’e x c e l l e n t ’ c a t e g o r i e s ,  i t  i s  th e  m ost 

common ra n g e  u s e d  f o r  d i f f e r e n t i a t i n g  b e tw ee n  th e  v a r io u s  r o c k  q u a l i t i e s .

The r e s u l t s  a r e  p r e s e n te d  i n  F i g .  4 . 7 , and l i s t e d  i n  T a b le  4 . 9 . 

S lo v e n  (39  p e r  c e n t )  o f  th e  p l o t t e d  p o i n t s  l i e  w i th in  th e  s e l e c t e d  l i m i t s  

w h ile  e ig h t e e n  (64  p e r  c e n t )  p l o t  w i th in  th e  9C p e r  c e n t  c o n f id e n c e  l i m i t s .  

One p o in t  o n ly  (4  p e r  c e n t )  p l o t s  on  th e  RQP(BH) = RQ X lN S) l i n e  w h ile  two 

(7  p e r  c e n t )  and  tw e n ty - f iv e  (89  p e r  c e n t )  p l o t  above and be low  i t  r e s ­

p e c t i v e l y .  I n  g e n e r a l  th e  b o r e h o le  RQ3 e s t im a te s  a r e  much lo w e r  th a n  

th e  i n  s i +u  e s t i m a t e s .  V ery  l i t t l e  r e a l  c o r r e l a t i o n  i s  a p p a r e n t  b e tw een  

th e  tw o s e t s  o f  r e s u l t s ,  how ever.

RQOy. IlHSj x 10'

nCD Rod [iNSjtSJ



BORSHOLS ACT IN SITU ROD VjLPSS

Sam ple S i t e B o re h o le
H a tin g H a t in g

B„  1 10 87

Bos 2 95 91

Bos 3 10 92

Bos 4 100

Bos 5 97

Boa 6 100

Bos 7 98

Bos 9 eo 82

Bos 9 100

Bos 10 50 99

Bos 11 15 100

100

92
B e l 2 36

B e l  5 38 69
D el 4 56 95

B e l 5 11 92

D . l « 43 69

D ut 1-H 30 90

D ut 1-V 18 90

D ut 2-H 20 82
B u t 2-V 40

D ut 5-V 43

D ut 4-H 55 56

B u t 4-V 26 56

D ut 5 -V 38 73

D ut 6-'d 89 100

D ut fi-V 75 100
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4 .2  K .C . I .  C l a s s i f i c a t i o n  System

4 . 3 ,1  S -Y a lu es

The b o r e h o le  and i n  s i t u  Q -v a lu e s  a r e  p lo t t e d  i n  F 'i;r. 4 .8  w h ich  a l s o  shows 

th e  i d e a l  l i n e ,  Ln ^(SH) = I n  £ (IT J5 ), and  th e  90 p e r  c a n t  c o n f id e n c e  lira ii.- i 

a b o u t t h i s  l i n e .  T hose  l i m i t s  a r e  g iv e n  by  th e  r e l a t i o n s h i p .

Ln Q(3H) = Ln q ( lN S )  -  1 ,3 .

’IG . 4 .8  C om parison  o f  E o re h o lr  and In  S i t u  Q -v a lu e e

/A n e x a m in a tio n
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An e x a n i m t i o n  o f  th a  ^ - v a lu e s  d e f in i n g  th e  ro c k  c l a s s e s  f o r  t h i s  

c l a s s i f i c a t i o n  sy s te m  show s t h a t  th e  u p p e r  r .-v a lu e  o f  e -c h  c l a s s  i s  o a o a l 

t o  a  m u l t i p l e  o f  i t s  lo w e r  'i -v n lu e .  ? h e  v a lu e  o f  th e  m u l t i p l e  i s  n o t  

c o n s i s t e n t  f o r  a l l  th e  r o c k  c l a s s e s ,  b e in g  ? ,5  f o r  C la sh e s  1 , J  and 5 ;

4 ,0  f o r  C l a s s e s  2 , 4  and 6;  and  1 0 ,0  f o r  C la s s e s  7 , 8  and => r e s p e c t i v e l y .

I n  o r d e r  to  e v a lu a t e  a n y  c o r r e l a t i o n  b e tw een  th e  i n  s i t u  and b o re h o le  

^ - v a lu e s ,  f o r  tn e  f u l l  ran g e  o f  p o s s ib l e  v > v a lu e s  (0 ,0 0 1  -  1000) ,  i t  i s  

n e c e s s a r y  t o  d e f in e  l i m i t s  w h ic h  a r c  r e l e v a n t  .to  a l l  th «  r o c k  c l a s s e s .

One p o s s ib l e  way to  do t h i s  i s  to  lo o k  f o r  s i m i l a r i t i e s  b e tw ee n  th e  su p p o r t 

c a t e g o r i e s  i n  a d j a c e n t  ro o k  c l a s s e s  and i f  th e s e  e x i s t ,  to  u s e  them  a s  a  

b a s i s  f o r  d e f in i n g  th e  r e q u i r e d  l i m i t i n g  ^ -v a lu e s .

I f  one  ex am in e s th e  s u p p o r t  rec o m m e n d atio n s i t  cun be s e e n  t h a t ,  f o r  

low  v a lu e s  o f  SPAk'/SSH, th e y  do n o t  v a r y  to o  g rc r- .t ly  f o r  th e  r o c k  c l a s s e s  

r e p r a s o n t in g  th e  b e t t e r  q u a l i t y  r o c k ,  i , e .  Hook C l a s s e s  1 - 5 .  C o n s id e r­

i n g ,  t h e r e f o r e ,  t h a t  th e  t u n n e l s  s tu d i e d  w orn a l l  s m a ll d ia m e te r  e x c a v a t io n s  

w i th  c o n s i s t e n t  id HR r a t i n g s ,  i t  i c  rersonatln to  com bine dock  C l a s s e s  1 - 6  

i n t o  p a i r s  w i th  r a n g e s  o f  Q -v a lu e s  g iv a n  by  m u l t ip le c  o f  1 0 ,0  s i m i l a r  to  

t h e  th r e e  lo w e r  r o c k  c l - c c o s .  T h is  g iv e -j s i x  m o d if ie d  m c k  c l a s s e s  w hich  

c a n  be  u se d  to  o v o .lu a te  th e  i n  s i t u  and b o re h o le  d a t a .  T h ese  m o d if ie d  

c l a s s e s  e l s e  p ro v id e  a  s im p le r  b a s i s  l o r  co m o arin g  th e  M .Q .I . r e s u l t s  w ith  

th o s e  from  th e  G nom ech-m icc S ys tem , w h ich  h a s  f i v e  r o c k  c l- ic a e s  f o r  d e f in ­

i n g  th e  r o c k  m ass c o n d i t i o n .  I t  sh o u ld  bo n o te d  t h a t  q - v a lu e a  i n  a d ja c e n t  

r o o k  c l a s s e s  c an  d i f f e r  by  m u l t i p l e s  u p  to  ICO. F o r  ex am p le , i f  we con ­

s i d e r  th e  c l a s s e s  g iv e n  by 0- v a lu e s  o f  0 , 1  -  1 ,0  and  1 ,0  -  1 0 ,0  r e s p e c t i v e l y ,  

i t  c an  be s e e n  t h a t  t h e  l o v e r  Q -v a lu e  o f  t h e  fo rm e r  d i f f e r s  from  th e  u p p e r  

Q -v a lu e  o f  t h e  l a t t e r  b y  a  m u l t i p l e  o f  1 0 0 . T h is  i s  r e l e v a n t  t o  th e  

fo l lo w in g  d i s c u s s io n .

The l i m i t s  s e l e c t e d  a r e  g iv e n  by  th e  r e l a t i o n s h i p ,

L n  Q(BH) = Ln Q .(lf3 ) -  1 , 

and  in c lu d e  tw e n ty - t h r e e  (82  p e r  c e n t )  o f  th e  r e s u l t s .  W ith in  th e  a c c u ra c y  

o f  th e  num ber o f  o b s e r v a t io n s ,  t h i s  im p l ie s  t h e r e f o r e  tk - . t  t h e r e  i s  :in 32 

p e r  c e n t  c h an c e  o f  a  b o r e h o le  '?-v."!ue b e in g  e q u a l to ,  o r  wl t h in  a  ra n g e  o f  

a  m u l t ip le  o f  1 0 ,0  o f  th e  i n  s i t u  Q-v.-ilua from  th e  s-'ime o i t a .  F o r  low er 

Q -v a lu e s  (  <  1 ,0 )  t h i s  m eans a  v a r i a t i o n  o f  one r o c k  c l a s s  b e tw ee n  th e  b o r e ­

h o le  and in  s i t u  r e s u l t s ,  w h ile  f o r  h ig h e r  Q -v u h v s  i t  c o u ld  maun a  d i f f e r ­

e n c e  o f  up  to  two r o c k  c l - r ise s .

i n  o r d e r  to  a a a v a o  tb "  v - 'r i .a t io n s  be tw een  th e  i n  o iv u  m l  b o re h o le  

r o c k  c l a s s e s  a t  e a c h  s i t e ,  h is to g ra m s  f i im i la r  to  th o s e  p r e p a re d  f o r  th e



O eo B seh a tiic s  C l a j a i f i c a t i o n  S y jtom  w are u a ^ d . T hs s i x  com bined ro o k  

c l a s s e s  w ere  a ^ a in  a d o p te d  in  p r e f e r e n c e  t o  th e  n in e  c l a s s e s  o r i g i n a l l y  

d e f in e d  f o r  t h i s  sy s te m . T hese  d ia rrw n o , S 'i.~s. d . J a  & b ,  i l l u s t r a t e  

t h a t  46 p e r  c e n t  o f  th e  b o r e h o le  r e s u l t s  /- iv o  th e  same r o c k  c l a s s  a s  th e  

i n  s i t u  r e s u l t s  fro m  th e  same sam p le  s i t e .  F o r ty - s e v e n  p e r  c e n t  d i f f e r  

b y  one  r o c k  c l a s s  w ith  36 p e r  c e n t  and 11 p e r  c e n t  o f  th e  b o r e h o le  Q -v a lu e s  

p r e d i c t i n g  one  r o c k  c l a s s  lo w e r  and  h ig h e r  r e s p e c t i v e l y  th a n  th e  a s s o c i a te d  

i n  s i t u  Q-’. a lu e u ,  and  7 p e r  c e n t  d i f f e r  b y  two c l a s s e s .  Hock c l a s s  d i f f e r ­

e n c e s  g r e a t e r  th a n  two w ere  n o t  r e c o rd e d .

r T

y p l .  A .9 l i . ' l . I .  uyotem  -  F re q u en c y  o f  Hook V la s s  D i f fe re n c e s  
be tw ee n  B o re h o le  end I n  S i t u  R e s u l t s
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4 .3 .2  J o i n t  S a t  t im b e r  

The l i m i t s  s e l e c t e d  f o r  t h i s  p a ra m e te r  r e p r a a a n t  th e  m ost concon  d i f f e r ­

e n c e  be tw ee n  th e  r i t i n g a  f o r  th e  d i f f e r e n t  num bers o f  j o i n t  s e t s .  I n  

t h i s  e a s e ,  h ig h e r  r a t i n g s  r e f e r  to  p o o r e r  r o c k  m ass c o n i i t i o n a ,  i . e .  th e  

more j o i n t  s e t s  p r e s e n t  th e  h ig h e r  th e  a l l o c ^ d  r a t i n g .  T h is  i s  im p o r ta n t  

to  - 'e rreober b o c a u s s  i n  a l l  th e  c a s e s  c onsider-.-d  up  to  now, h ig h e r  r a t i n g s  

h av e  be an  r e l a t e d  to  b e t t e r  r o c k  c o n d i t io n s  and  p o in ts  p l o t t i n g  below  th e  

i d e a l  r e l a t i o n s h i p  l i n e  in d i c a t e d  c o n s e r v a t iv e  b o re h o le  e s t im a te s  o f  th e  

t r u e  c o n d i t i o n s .  I n  t h i s  c a s e ,  how ever, a l l  p o in ts  below  th e  Jn (2 H )= Jn ( lK 5 )  

l i n e  r e p r e s e n t  ex am p le s  w here few er  j o i n t  s e t s  ( i . e .  b e t t e r  ro c k  c o n d i t io n s )  

have  b e e n  e s tim a te d , fro m  th e  b o re  c o re  th a n  th e  i n  s i t u ,  j o i n t  su rv e y .

The i n  s i t u  and  b o r e h o le  r a t i n g s  a r e  p l o t t e d  i n  P ig .  4 .1 u  and  l i s t e d  

i n  T a b le  4 .1 C . T w enty o f  th e  p o in t s  ( 7 1 ,5  n o r c e n t )  l i e  w i th in  th e

s e l e c t e d  l i m i t s ,  w h ile  tw e lv e  ( 4 p e r  c e n t )  p lo t  on th e  Jn (S H ) -- J n ( lh J )

l i n e  and  f o u r  (L l p e r  c e n t )  f n t  tw e lv e  (43  p a r  c e n t )  p l o t  above  and below  

th e  l i n o  r e s p e c t i v e l y .  I n  g e n e r a l ,  t h i s  m eans t h a t  ? l , r'  p u r  c e n t  o f  th *  

b o r e h o le  r e s u l t s  do n o t  d i f f e r  from  t h e i r  r e l a t e d  in  s i t u  r e s u l t  by more

th a n  one c a te g o r y ,  w h ile  th e r e  i s  t  -ndvnuy f o r  few er  ,k i n k s  to  be r e c o g ­

n is e d  in  th e  b o re  c o re  t tv 'n  w ere r e c o r d 'd  from  th "  i n  s i t u  s u r v e y .

^!N L JC T _N U M »rH



TA3L3 4 .1 0

• f . s . l .  CL'UaiPlU fTIO N  JY F Z a
j c i i r r  a ?  inKQ.-a values

S t a p le  S i te B o re h o le

503 1 15 15

yoa  2 12 12

Br.S 5 6 15

2oa  4 9 12

Eos 5 12 15
Bos 6 12

so s  7 15 15

3 w  d 15 13

Boa 9 12

Bos 10 12

£03 11 12 15
Bos 12 9 15

6 6

n e l  2 15 5

B e l  3 9 9

B e l  4 15 12

D el 5 12 9

B e l 6 12 12

B u t 1-H 13 15

B u t 1-\T 12 15

B u t 2-H 12 15

B-it 2-V 15 15

B u t 3-V 6

B ut 4-H 6

B u t 4-V 15 12

B u t 5-V 9 15

4 12

9
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4 .5 .5  J o i n t  R'jU i'hrw ss 

'il'ii l im i t ; ;  . ; 1 r e t a i l  f o r  t h i s  p-.f. % t:- !  iin- U i ffore-uei- b:- i »,\,3n

th e  r% tin ,;s  f o r  t !  -  v a r io u s  c .ito .^ o v ie s  o o n iiid e r-'d  to  b e  m ost r e l e v a n t  i n  

v ie w  o f  th e  ^ e n e r  - l i s e d  m e thods ua-.-d t-  -lOfr-r;, th u  ro u g h n e s s  c h i i r s c te r -  

i s t i o s  o f  th e  j o i n t  s u r f a c e .  H ig h e r  ■ n t i n ^  v a lu e r  a re  r o l / . t e d  to  more 

s t a b l e  ro o k  mans c o n d i t i o n s .

The i n  s i t u  and  b o r e h o le  r a t i n g s  a r e  p r e s e n te d  in  F ig .  4 .1 1  and 

T a b le  4 .1 1 .  T w enty ( 7 1 ,5  p e r  c e n t )  o f  th e  r e s u l t s  l i e  on  o r  w i th in  th e  

s e l e c t e d  l i m i t s  w h ile  e le v e n  (39  p e r  c e n t )  p l o t  on th e  Jr(B H ) -  J r ( lK S )  

l i n e  and t h i r t e e n  (47  p e r  c e n t )  .and f o u r  (14  p e r  c e n t )  p l o t  above and  be low  

i t  r e s p e c t i v e l y .  T hese  r e s u l t s  s u g g e s t  t h a t  th e r e  i s  te n d e n c y  f o r  th e  

b o r e h o le  e s t im a te s  o f  th e  j o i n t  r o u g h n e s s  to  i n d i c a t e  h o t t e r  r o c k  c o n d i t io n s  

t h a n  th e  i n  s i t u  m e asu re m en ts . I n  a d d i t i o n ,  7 1 ,5  p e r  c e n t  o f  th e  b o r e h o le  

r e s u l t s  o re  w i th in  a p p ro x im a te ly  one r o u g h n e s s  c a te g o ry  o f  th e  i n  s i t u

JOINT BOIJGHNfSS
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n.o . i . cL.-.sgi^icrio:; sYuza
jo  i i ?  aic.irmss i  n -:;

Sam ple S i t e B o re h o le I n  S i tu
h a t in g

S c .  1 l , i ) 1 ,5

So a 2 1 ,5 1 ,5

Bos 5 0 ,5 1 ,5

Bos 4 3 ,0 1 ,0

Bos 5 3 ,0 3,0
Bos 6 0 ,5 1 ,5

Bos 7 1 ,0 1 ,5

Bos 8 1 ,5 1 ,0

?o j  9 3 ,0 1 ,5

Bos 10 1 ,5 1 ,5

Bos 11 1 ,0 1 ,0

1 ,5 1 ,5

2 ,0 1 ,5

3 ,0 ?V ;

3 / ' 3 ,0

B e l 4 3,u 1 ,5

D*1 5 0 ,5 2 ,0

D el 6 3 ,0 1 ,5

D ut M i 1 ,5 0 ,5

B u t 1-V 1 ,5 0 ,5

Dut 2-3 3 ,0 1 ,5

Dot ?-V 3,0 1 ,5

B u t 5-V 1 ,5 1 ,5

D ut 4-H 1 ,5 0 ,5

D ut 4-V 1 ,5

D u t 5-V 3 ,0 1 ,5

D ut 6-12 3,0 5 ,0

P u t 6-V 5,0 3 ,0
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Z’A-j'LS £ .1 1

Sam ple S i t e B ornho le
B*U=S

b o s  1 1 ,5 1 ,5

303 2 1 ,5 1 ,5

Boo 5 0 ,5 1 ,5
B os 4 3,C 1 ,0

Dos f, 3 ,0 3 ,0

0 ,5 1 ,5
B os ? 1 ,0 1 ,5

1 ,5 1 ,0

Boa 9 3 ,0 1 .5
Bos 10 1 ,5 1 .5
B os 11 1 ,0 1 ,0

Bos 12 1 ,5 1 ,5

DPI 1 2 ,0 1 ,5

Del 2 3 ,0 3,0
Del ) 3 ,0 3,0

3 ,u 1 ,5

D e l 5 0 ,5 2 ,0

Del 6 3 ,0 1 ,5

1 ,5 0 ,5

1.3 0 ,3

D ut 2 -1 3 ,0 1 ,5

D ut 2-V 3.C 1 ,5

D u t 4-7 1 ,3 1 ,5

D u t 4-H 3 ,5 0 ,5

D ut 4-V 1 ,5 0 ,5

Dub 5-V 5 ,0 1 ,5

D u t 6-H 5 ,0 5 ,0

D ut 6-V 5,0 3 ,0
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A .5 .4  J o i n t  A l t e j a t i o n  

T h is  p a ra m e te r  i s  s i m i l a r  t o  t h e  j o i n t  o a t  num ber i n  t h a t  th e  h ig h e r  r a t ­

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

was s e l e c t e d  b e c a u se  i t  a p p e a re d  t o  b e  th a  m ost s i g n i f i c a n t  r a t i n g  d i f f e r ­

en ce  w i th in  th e  r a n g e  o f  c o n d i t i o n s  e n c o u n te re d . W ider l i m i t s  would 

p ro b a b ly  be more a p p r o p r ia te  f o r  h ig h ly  a l t e r e d  c r  s h e a r e d  j o i n t  s u r f a c e s .

The r e s u l t s  a r e  p r e n in t e d  i n  F i g .  4 .1 2  and T a b le  4 .1 2 .  Once a g a in  

tw e n ty  p o in t s  ( 7 1 .5  p e r  c e n t )  l i e  on o r  w i th in  th e  a p p r o p r ia te  l i m i t s  w h ile  

tw e lv e  p o i n t s  (4 5  p e r  c e n t )  p l o t  on  th e  J = J a (  P .i l)  l i n o .  T en  (?6

p e r  r e n t )  and  s i x  (21  p e r  c e n t )  o f  th e  p o in t s  - l o t  above  end  be low  th e  l i n e  

r e s p e c t i v e l y .  The r e s u l t s  i n d i c a t e  t h a t  '(L .\, p e r  c e n t  u f  th e  b o re h o le  

f - t i m a t e s  o f  th e  j o i n t  a l t e r a t i o n  c o n d i t io n  a re  e q u a l  t o  o r  no more th a n  

one c a te g o r y  d i f f e r e n t  fro m  th e  i n  s i t u  e s t im a te s  a t  th e  same s i t e s .  A l­

th o u g h  n o t  m arked , th e r e  i s  a  s l i g h t  te n d en c y  f o r  th e  b o r e h o le  o s t im a te a  

t o  i n d i c a t e  p o o r e r  j o i n t  a l t e r a t i o n  c o n d i t io n s  th a n  w ere n o te d  i n  s i t u .

The c o r r e l a t i o n  be tw ee n  th e  b o r e h o le  and i n  s i t u  e v a lu a t io n  o f  t h i s  p a ra ­

m e te r  i s  how ever g e n e r a l l y  g o o a .

JOINT ftlTERftflOM
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2A3L5 4 .1 2

r . G . I .  GLASSiyiCATIUlI SYSTvt 
J011T2 .̂LTE.'-ATICN :-tATIX

S a n p l*  S i t e B o re h o le
R a tin g

Bog 1 3,0 8 ,0

B os 2 2 ,0 0 ,7 5

Bos 3 4 ,0 3 ,0

Bos 4 1 ,0 0,75
B os 5 4 ,0 0 ,7 5

Bos 6 2 ,0 0 ,7 5

Bos 7 1 ,0 2 ,0

Bos 8 2 ,0 0,75
E os 9 0,75 0,75
Bos 10 2.0 3,0
Bos 11 2,0 3 ,0

2 ,0 1 ,0

ie l 1 4 ,0 4 ,0

. ;1  2 4 ,0 4 ,0

* 1 3 4 ,0 1 ,0

B e l 4 5 ,0 1 ,0

D el 5 4 ,0 4 ,0

4 ,0 4 ,0

D ut 1-H 1 ,0 1 ,0

Dut 1-V 1 ,0 1 ,0

D ut 2-H 1 ,0 3,0
8,0 3 ,0

B u t 3-V 4 ,0 4 ,0

2 ,0 3 ,0

Dut 4-V 4 ,0 3 ,0

D u t 5-V 1 ,0 0 ,7 5

B u t 6-H 0 ,7 5 0 ,7 5

D ut 6-V 0 ,7 5 0 ,7 5
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4 .3 * 5  S t r e s s  R q d u c tk m  F a c to :

The l i m i t  s e l e c t e d  f o r  t h i s  p a ra m e te r  i s ,  a s  f o r  th e  o th e r  p a ra m e te r s  

e v a lu a t e d ,  th e  m ost common d i f f e r e n c e  b e tw een  th e  t  A  in . 's  f o r  th e  v a r io u s  

c a t e g o r i e s .  The in  s i t u  and b o r e h o le  r a t i n g s  f o r  eac h  sam ple  s i t e  a re  

shown i n  F i g .  4 .1 3  and  T a b le  4 .1 3 .  T w e n ty - s ix  (93  j s r  c e n t )  o f  th e  

p o in t s  l i e  on  o r  w i th in  th e  s e l e c t e d  l i m i t s  w h ile  n in e te e n  p o in t s  (68  p e r  

c e n t )  p l o t  on  th e  ShF(BH) = SRF(lK S) l i n e  and e i g h t  (28  t;= r c e n t )  and one 

(4  p e r  c e n t )  p l o t  above  and  be low  th e  l i n e  r e s p e c t i v e l y .  The r e s u l t s  

i n d i c a t e  t h a t  93 Pa r  c e n t  o f  th e  b o r e h o le  r a t i n g s  a r e  e q u a l  t o  o r  d i f f e r  

f ro m  th e  i n  s i t u  r a t i n g s  by no more th a n  one  1. i te g o r y .  T h ere  i s  a l s o  a  

s l i g h t  te n d e n c y  f o r  th e  b o r e h o le  e s t im a te s  to  i n d i c a t e  p o o r e r  r o c k  m ass 

c o n d i t i o n s  t h e n  w ere  e n c o u n te re d  u n d e rg ro u n d .

S T R E S S  R E D U C n O M  FA CTO R

FTP. 4 .1 3  C om parison  o f  B o re h o le  end I n  S i tu  
SiiF !V i.tings



- . 4

TABLE 4 .1 5

E .G . I .  CLASSirlCiVHC’f STSTZM 
STRESS REDUCTIOt.' FACTOR a .\T H 3  VALUES

S a ip le  S i t e B o re h o le
R a tin g

Bos 1 5 ,0 5 ,0

B os 2 2 ,5 2 ,5

Bos 3 1 0 ,0 2 ,5

Bos 4 1 ,0 1 ,0

1 ,0 1 ,0

Bos 6 5 ,0 2 ,5

Bos 7 5 ,0 5 ,0

Bos 8 5 ,0 2 ,5

Bos 9 1 ,0 1 ,0

Bos 10 5 ,0 5 .0

Bos 11 5 ,0 5 ,0

B » 1 2 2 ,5 5 ,0

B e l 1 1 0 ,0 1 0 ,0

D el 2 1 0 ,0 1 0 ,0

D el 3 1 0 ,0 7 ,5

D el 4 2 ,5 2 ,5

D el 5 1 0 ,0 5 ,0

D el 6 1 0 ,0 1 0 ,0

2 ,5 2 ,5

D ut 1-V 2 ,5 2 ,5

D u t 2-H 2 ,5 2 ,5

D u t 2-V 2 ,5 2 ,5

Dut 3-V 2 ,5 2 ,5

D u t 4-H 7 ,5 5 ,0

B u t 4-V 7 ,5 5 ,0

D ut 5-V 2 ,5 1 ,0

D ut 6-H 1 ,0 1 ,0

D ut 6-V 1 ,0 1 ,0
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4 . 4  C om parison  o f  E 3 . and  ».

I n  o r d e r  to  com pare th e  r e s u l t s  o b ta in e d  f ro m  the- "'e om eehanios and '" , 0 . 1 .  

C l a s s i f i c a t i o n  S y s tem s, T a b le s  4 .1 4  a n d  4 .1 5  show ing  th e  S ta n d -u p  T im es 

a n d  U n su p p o r ted  S p a n s , and  th e  Recommended S u p p o r t r e s p e c t i v e l y  h av e  be en  

c o m p ile d . C o m p ara tiv e  p l o t s  o f  th e  tCR and 3 ,-v a lu e s  a r e  p r e s e n te d  in  

P i g s .  4 .1 4  and  4 .1 5 .  The l i n e a r  r e g r e s s io n  l i n e s  c a l c u l a t e d  f o r  th e  b o re ­

h o le  and  i n  s i t u  r e s u l t s  a r e  g iv e n  by  th e  e x p r e s s io n s ,

RKR = 4 ,6  Ln% + 5 5 ,5

BMK = 5 ,0  LnQ + 6 0 ,8  r e s p e c t i v e l y .

The 90 p e r  c e n t  c o n f id e n c e  l i m i t s  a b o u t th e  c a l c u l a t e d  r e g r e s s io n  l i n e s  

w ere  fo u n d  t o  be  -  1 0 ,5 7  f o r  t h e  b o r e h o le  r e s u l t s  and  -  2 6 ,8 5  f o r  th e  i n  

s i t u  r e s u l t s .  The r e l a t i o n s h i p  betw een. RMR and  Q a s  g iv e n  b y  B ie n ia w a k i^ 2^  

i s  a l s o  show n on  e a c h  d ia g ra m .

The s c a t t e r  o f  p o in t s  a b o u t  t h e  r e g r e s s i o n  l i n e s  i s  w id e r  f o r  th e  i n  

s i t u  v a lu e s  th a n  f o r  th e  b o r e h o le  v a lu e s  a l th o u g h  th e  l i n e s  th e m se lv e s  a r e  

s i m i l a r .  T h is  may b e  a  r e f l e c t i o n  o f  th e  l i m i t e d  num ber o f  o b s e r v a t io n s .

The s c a t t e r  i s  p r o b a b ly  t o o  g r e a t  t o  i n d i c a t e  any  m e a n in g fu l c o r r e l a t i o n  

b e tw ee n  th e  two c l a s s i f i c a t i o n  sy s te m s . T h is  i s  a l s o  a p p a r e n t  from  th e  

a ccom pany ing  t a b l e s .
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TABLE 4 .1 4
STAND-UP TIMES AND TJWSgPFQRTSJ) SPAifS PREDICTED ffiOM BOREHOLE ASP 

IK SITU DATA K)R THE H .G .I .  AITD SSOMECHASICS CLASSIFICATION SYSTEMS

Ss.Tiple G eom eohanics C l a s s i f i c a t i o n  System H .G .I . C l a s s i f i c a t i o n  System

S i t e B o re co re R e s u l t s I n  S i t u  R e s u l t s B orooo re R e s u lts I n  S i t u  R e s u l t s

S ta n d -u p
U nsup.

S tan d -u p
U nsup.

S ta n d -u p
L2 f -

S tan d -u p L i m t -

2 -3 d y s 5 5-6w ks 6 ,5 Id y - lw k 1 ,1 Iw k -lm th 1 ,5

Boa 2 6 -8 m th s 8 S-6m ths 8 > lO y rs 4 ,5 > lO y rs 6 ,6

Bos J I d y 2,5 6 -8 n .th s 8 < I h 0 ,7 5 -lG y u s 3 ,5

Boa 4 3 -5 m th s 7 ,5 12 -18m th 9 >  lO y rs 1 1 ,9 > lO y rs 8 ,4

Bos 5 6 -3 m th s 6 2 - 3 y rs 9 >  lO y rs 6 ,7 > lO yrs 1 2 ,9

Bos 6 9 - l lm t h s 8 ,5 l - 2 y r s 9 l-6 m th s 2 ,1 > lO yrs 6,6
Bos 7 2-Awks 5 ,5 6 - 8 a th a 8 lu k - lm th 1 ,4 5 -1 0 y ra 5 ,2

Bor 8 2 -4 m th s 7 4 -5 m th s 7 5 - lC y r s 2,9 >  lO y rs 4,9
Boa 9 12 -15in th 8 ,5 12 -15m th 8 ,5 > lO y rs 2 6 ,6 > 10y c s 9,9
Bos 10 3 -4 d y s 5 ,5 3 -4 m th s 7 l - 5 y r s 2 ,7 5 - 1 0 y rs 3,0

2-3w ks 5 2 - 5 y rs 9 Iw k -lm th 1 ,4 6-12m ths 2,3
2 -4 n th e 7 4lT1 9 4 ,7 4 ,2

D el 1 5 - 1 0 h rs 2 l- 2 d y a 3 Id y - lw k 1 ,2 l - 2 y r s 2 ,6

D el 2 6 -7 d y s 4 8 -1 0 h re 2 Iw k -lm th 1 ,6 > lO y rs 4 ,3

D el 3 l - 2 d y s 3 2 -5 d y s 3 l- 6 m th s 2 ,0 >  IC y rs 5 ,0

D el 4 2- 3m tha 6 ,5 6 -7m tha > IG y rs 4 ,0 >  lO y rs 6 ,0

D el 5 1 0 -1 2 n th 4 < l h 0 ,5 5 - lO y ra 3 ,2

E e l 6 15-20mbh 2 ,5 5,5 l -6 m th a 1 ,9 Iw k -lm th 1 ,7

Dut 1-H 2-3w ks 5 3-4wks 6 5 - 1 0 y rs 3 ,4 5 - 1 0 y rs 3,4
D ut 1-V 4 -5 d y s 4 3-4wks 6 5 - 1 0 y rs 3 ,1 5 -1 0 y rs 3 ,4

5 -7 d y s 4 3-4m6hs 7 >  lO y rs 4 ,3 5 -1 0 y rs 3,3
l-2 w k s 4 ,5 3 -4m ths 7 6 -12m tha 2 ,2 5 -1 0 y ro 3 ,3

8 -1 0 h ra 2 2 -3 d y s 3 ,5 5 - 1 0 y rs 3 ,3 5 -1 0 y rs 3 ,2

Dut 4-H 4 -5 'ly s 5 ,5 2 0 -24h r 2 ,5 > lO y rs 4 ,0 6-12m ths 2 ,4

Dut 4-V 4-5 d y e 4 2 0 -24h r 2 ,5 Id y - lw k 1 ,2 6-12m ths 2 ,4

Dut 5-V 5-6w ks 6 ? -4 d y s 5 ,5 > IC y rs 7 ,2 > lO y rs 8 ,0

IMt 6-H 5-.4 ath s 7 l-2 U y s 9 •> lO y rs 19,3 >  lO yre 1 3 ,0

o-7m thu 8 9 > 1 0^. 1 5 ,0 1 3 ,0
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5 . DISCUSSION OF RESULTS 

5 -1  G eom echi-nies C l a s s i f i c a t i o n  System

A lth o u g h  th e  G eo n e ch a n ic s  C l a s s i f i c a t i o n  S ys tem  h a s  a p p a r e n t l y  be en  a p p l ie d  

q u i t e  e x t e n s i v e l y  t o  p ro b le m s o f  u n d e rg ro u n d  e x c a v a t io n  i n  t h i s  c o u n try , 

r e c o r d s  o f  r e s u l t s  o b ta in e d  h av e  o n ly  b e e n  p u b l i s h e d  i n  a  few  o a s e s .  I n  

a d d i t i o n ,  few  a t t e m p t s  a p p e a r  to  h av e  b e e n  made to  com pare b o r e h o le  p r e ­

d i c t i o n s  o f  RM R -values w i th  r e l a t e d  v a lu e s  o b ta in e d  fro m  i n  s i t u  m easur

A d e t a i l e d  g e o te c h n ic a l  m o n i to r in g  prog ram  o f  th e  O v e rv a a l r a i lw a y  

tu n n e l  n e a r  E r n e lo  i n  th e  E a s t e r n  T r a n s v a a l  w as u n d e r ta k e n  by th e  C .S .I .R .  

d u r in g  i t s  c o n s t r u c t io n .  The tu n n e l  was a  h o r s e - s h o e  shaped  e x c a v a t io n  

w i th  a w id th  and  h e ig h t  o f  5 ,5  ® and  6 m r e s p e c t i v e l y ,  and was e x c a v a te d  

e n t i r e l y  th ro u g h  d o l e i - c e .  The p rog ram  in o lu d e d  th e  c l a s s i f i c a t i o n  o f  

th e  r o c k  m ass u s in g  th e  G eom echanics S ys tem , a n d  a  c o m p ar iso n  o f  th e  r e s u l t s  

o b ta in e d  w i th  th e  a c t u a l  s ta n d - u p  tim e s  e n c o u n te re d , and  s u p p o r ts  i n s t a l l e d .  

Some o f  th e  r e s u l t s  w ere  p u b l i s h e d  by  B ie n ia w c k i and  M a s c h e k ^ ^  a n a  have  

b e e n  p a r t l y  r e p ro d u c e d  i n  T a b le  5 . 1 ,  to g e th e r  w i th  p r e d i c t e d  s ta n d - u p  tim e s  

and s u p p o r t  rec o m m e n d a tio n s e s t im a te d  fro m  th e  R M R -values. The p r e d i c t e d  

and  a c t u a l  s ta n d - u p  tim e s  show  a  good c o r r e l a t i o n ,  b u t  th e  p r e d i c t e d  su p p o r t  

r e q u ir e m e n ts  a r c  g e n e r a l l y  more c o n s e r v a t iv e  th a n  th e  a c t u a l  s u p p o r t  u s e d .  

The m ain  d i f f e r e n c e  b e tw ee n  th e  p r e d i c t e d  and  a c t u a l  s u p p o r t , a p p e a rs  to  

bo r e l a t e d  m a in ly  t o  th e  u s e  o f  s h o t c r e t e ,  w h ich  was i n  f a c t  o n ly  u s e d  a t  

one  l o c a l i t y  ( ? 5 )  a l th o u g h  recommended f o r  a l l  e x c e p t  l o c a l i t y  C9 ( r e f e r  

T ab le  5 - 1 ) .

The G eom eohanics S y s tem  w as a l s o  u s e d  f o r  a s s e s s in g  th e  ro o k  c o n d i t io n s  

a t  t h e  r . ;e e n h r a s  pump s to r a g e  scheme n e a r  Cape Town*'®''''*. At t h i s  p r o j e c t  

th e  s i t e  i n v e s t i g a t i o n  d a t a  w as u se d  to  a s s e s s  th e  a n t i c i p a t e d  r o c k  con ­

d i t i o n s .  T hese  v a r i e d  f ro m  Rock C lo se  2 to  Rock C la s s  5 ,  and w hen en ­

c o u n te r e d  u n d e rg ro u n d  g e n e r a l l y  c o rre sp o n d e d  t o  th o s e  p r e d i c t e d .  I n  some 

c a s e s ,  ho w ev e r, t h e  r o c k  c o n d i t i o n s  w ere b e t t e r  th a n  expected*-® "^.

The r e s u l t ?  fro m  th e  p r e s e n t  s tu d y  in d i c a t e  t h a t , a l th o u g h  th e  RMR- 

v a lu e s  and s ta n d - u p  tim e s  p r e d i c t e d  fro m  th e  b o r e h o le  m easu rem en ts  d i f f e r  

q u i t e  m a rk e d ly  fro m  th e  i n  s i t u  v a lu e s ,  a  r e a s o n a b ly  good e s t im a te  o f  th e  

Rock C la s s  c an  be  o b ta in e d  fro m  » b o re  c o re  u s in g  th e  m e thods o u t l i n e d  i n  

C h a p te r  2 . The u n s u p p o r te d  sp a n s  e s t im a te d  from  th e  b o r e h o le  r e s u l t s  a l s o  

c o r r e l a t e  q u i t e  w e l l  w i th  th e  i n  s i t u  e s t i m a t e s .  I n  g e n e r a l ,  th e  b o r e ­

h o le s  i n d i c a t e d  p o o r e r  r o c k  cn .ss  c o n d i t io n s  th a n  w ore e n c o u n te re d  u n d e r -

/g r o u n d ................... .............
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g ro u n d . The r e s u l t s  o b ta in e d  a r e  d is c u s s e d  i n  more d e t a i l  b e lo w .

5 .1 .1  Rock M ass R a t in g  

I f  one  exam in e e  th e  r e s u l t s  fro m  th e  G eom eohanics C l a s s i f i c a t i o n  S ys tem , 

tw o o b s e r v a t io n s  c a n  be m ade. F i r s t l y ,  t h e r e  i s  an  a p p a r e n t  d i s c r e p a n c y  

b e tw e e n  th e  p e r c e n ta g e s  i n d i c a t e d  i n  F i g s .  4 .2  and  4 .3 ,  whicV show a  

d i f f e r e n c e  o f  no m ore t h a n  one  r o c k  c l a s s  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  

R M R -values, S e c o n d ly , t h e  b o r e h o le  m e asu re m en ts  te n d  to  p r e d i c t  lo w e r  

r o c k  c l a s s e s  t h a n  do th e  i n  s i t u  m e asu re m en ts .

T h is  d i s c r e p a n c y  i s  b e c a u s e  a  d i f f e r e n c e  o f  u p  to  t h i r t y - n i n e  b e tw een  

r e l a t e d  b o r e h o le  and  i n  s i t u  RM R -values c a n  be a s s o c i a t e d  w i th  o n ly  one 

r o c k  c l a s a  d i f f e r e n c e .  More t h a n  one c l a s s  d i f f e r e n c e  i s ,  h o w ev e r, a l s o  

p o s s i b l e .  By s e l e c t i n g  a  l i m i t  o f  n in e t e e n ,  a s  w as done t o  e v a lu a t e  th e  

r e s u l t s  p r e s e n te d  i n  F i g .  4 . 2 , th e  r e l a t e d  b o r e h o le  and  i n  s i t u  “H R -v a lu e s , 

d i f f e r i n g  b y  b e tw een  n in e t e e n  and  t h i r t y - n i n e ,  and  c o r r e s p o n d in g  uo one 

r o c k  c l a s s  d i f f e r e n c e ,  w ere  d i s r e g a r d e d .  The h is to g ra m s ,  h o w ev e r, F i g . 4*3 

r e c o rd e d  th e  r o c k  c l a s s e s  o n ly ,  and  th e  r e s u l t s  w ere  th u s  n o t  in f lu e n c e d  

b y  th e  l i m i t  o f  n in e t e e n .  T h is  u p p e r  l i m i t  i s  n e v e r th e l e s s  c o n s id e r e d  

j u s t i f i e d  f o r  e v a lu a t in g  t h e  r e s u l t s ,  b e c a u se  a n y  h ig h e r  l i m i t i n g  v a lu e  

c o u ld  i n c lu d e  r o c k  c l a s s  d i f f e r e n c e s  e x c e e d in g  o n e .

W ith  r e g a r d  t o  th e  se co n d  p o i n t ,  th e  te n d e n c y  f o r  a  c o n s e r v a t iv e  e s t ­

im a te  o f  t h e  r o c k  m ass c o n d i t i o n  from  th e  b o r e h o le  d a t a  i s  p r o b a b ly  r e l a t e d  

t o  some e x t e n t ,  to  e a c h  o f  th e  c l a s s i f i c a t i o n  p a ra m e te r s .  Some may how­

e v e r  be  m ore r e l e v a n t  t h a n  o t h e r s .  The l a r g e s t  d e v ia t i o n  fro m  th e  i d e a l  

r e l a t i o n s h i p  i s  shown b y  r e s u l t s  from  th e  B u sh k o p p ies  T u n n e l , w ith  th e  

m o s t o b v io u s  from  th e  Bos 3 s i t e .  T h is  l a t t e r  c a se  i s  due t o  t h e  b o re ­

h o le  i n t e r s e c t i o n  o f  a  n a rro w , s h e a r e d  d yke , w h ic h  w as su b s e q u e n t ly  found  

t o  b e  u n r e p r e s e n ta t i v e  o f  t h e  t r u e  r o c k  c o n d i t i o n s  a t  t h e  s i t e .  The o th e r  

r e s u l t s  w h ic h  d e v ia t e  q u i t e  s i g n i f i c a n t l y  fro m  th e  i d e a l ,  v i z .  fro m  s i t e s  

Bos 1 , 10 a n d  1 1 , a r e  a l l  c lo s e  t o  z o n e s  o f  f a u l t i n g  and more in t e n s e  

j o i n t i n g .  T h ese  f a c to '1'.* c o u ld  h av e  in f lu e n c e d  th e  a s s e s s m e n t o f  a n y  o f  

t h e  c l a s s i f i c a t i o n  p a ra m e te r s .  The r e l a t i o n s h i p  b e tw ee n  th e  b o r e h o le  and  

i n  s i t u  r a t i n g s  f o r  th o s e  p a ra m e te r s  e v a lu a te d  and  t h e i r  p o s s ib l e  b e a r in g  

o n  th e  f i n a l  RK R-value w i l l  b e  d is c u s s e d  l a t e r .

One m ig h t e x p e c t  l e s s  v a r i a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  r e ­

s u l t s  i n  b e t t e r  q u a l i t y  ro o k  (Rock C l a s s e s  1 and  2 )  th a n  i n  p o o r e r  r o c k .  

T h is  i s  n o t  b o rn e  c u t  > l> e  p r e s e n t  r e s u l t s  and  c o u ld  be  due  t o  t h e  s m a ll 

num ber o f  o b s e r v a t io n s  11 a s  th e  l im i t e d  ra n g e  o f  r o c k  c l a s s e s  d i s ­

p la y e d  b y  fi-.Hse o b s e r v a t io n s .  A t m o st s i t e s  Rock C la s s e s  2 and  3 o b t a in ,

/w h ile  .................................
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w h i ls  n ly  a few  s i t e s  a r e  c h a r a c t e r i s e d  b y  Rock C la s s e s  1  and  4 . and no 

e x am p le s  o f  Rock C la s s  5 w ere  s tu d i e d .

The s p r e a d  o f  r e s u l t s  i s  c o n s i s t e n t  w i th  th e  v a r io u s  l i t h o l o g i e s  ex~ 

a m in ed . The f i n e - g r a in e d  l a v a s  fro m  th e  B u sh k o p p ies  T unnel g e n e r a l l y  

g iv e  h ig h  R H P .-values, w h ile  th e  w e a th e re d  s e d im e n ts  fro m  th e  D e lv e r s  T u n n e l 

g iv e  lo w e r  v a l u e s .  The p o r p h y r i t i o  g r a n i t e  from  th e  Du T o i t s k l o o f  T u n n e l 

a l s o  h a s  h ig h e r  R M R -values, s i m i l a r  to  th o s e  c a l c u l a t e d  f o r  t h e  la v a .  The 

q u a r t z i t i c  s a n d s to n e s ,  a n d  th e  f a u l t e d  and s h e a r e d  r o c k s  a s s o c i a t e d  w i th  

th e  Du T o i t s k l o o f  F a u l t , g iv e  low  RKR-va'l” 3e and  d i s p l a y  q u i t e  s i g n i f i c a n t  

s c a t t e r .  H o u g h to n 's ^ " ^  w ork  a t  th e  K ie ld e r  E x p e r im e n ta l T u n n e l i n  Eng­

la n d  d id  n o t  r e v e a l  a n y  s i g n i f i c a n t  v a r i a t i o n  b e tw een  R M R -values c a l c u l a t e d  

f o r  v a r io u s  s e d im e n ta r y  l i t h o l o g i e s  i n  a  common t e c t o n i c  e n v iro n m e n t.

5 .1 .2  J o i n t  S p a c in g  

The b o r e h o le  e v a lu a t io n  o f  th e  j o i n t  s p a c in g  g e n e r a l l y  i n d i c a t e d  more 

c l o s e l y  j o i n t e d  r o c k  c o n d i t i o n s  th a n  w ere  a c t u a l l y  p r e s e n t  a t  t h e  s i t e s .  

T h is  i s  n o t  s u r p r i s i n g  when one c o n s id e r s  t h e  p r a c t i c a l  p ro b le m s o f t e n  

r e l a t e d  t o  r e c o v e r in g  i n t a c t  c o re  and i n  a d d i t i o n ,  th e  d i f f i c u l t y  some­

t im e s  e n c o u n te re d  i n  d i f f e r e n t i a t i n g  b e tw ee n  u n n a tu r a l  and n a t u r a l  b r e a k s  

i n  b o re  c o r e s .

The r e s u l t s  f ro m  th e  D e lv e r s  and Du T o i t s k l o o f  T u n n e ls  d e v ia t e  m ost 

s i g n i f i c a n t l y  from  th e  i d e a l  r e l a t i o n s h i p  ( s e e  F i g .  4 . 4 ) .  ITo s a t i s f a c t o r y  

e x p la n a t io n  c an  b e  g iv e n  f o r  t h i s  how ever, b e c a u s e , f o r  e x am p le , th e  r e ­

s u l t s  fro m  s i t e s  D e l 1 and  D el 2 ,  w h ich  b o th  r e p r e s e n t  s i m i l a r  s h e a re d  and  

c l o s e l y  j o i n t e d  r o c k  m ass c o n d i t i o n s ,  d i s p l a y  a p p ro x im a te ly  e q u a l  b u t  

o p p o s i t e  d e v ia t i o n s  f ro m  th e  J s p ( ? 5 )  = J sp ( lH S )  l i n e .  W id e ly  j o in t e d  

q u a r t z i t e  w as p r e s e n t  a t  s i t e  D el 4 ,  b u t  a l s o  g av e  a  s i m i l a r  d e v ia t i o n  

fro m  th e  i d e a l  l i n e .  The l a r g e s t  d i s c r e p a n c y  a t  th e  Du T o i t s k l o o f  T u n n e l 

w as fro m  s i t e  D ut 6 , w here  r e l a t i v e l y  w id e ly  j o i n t e d  r o c k  w as e n c o u n te re d  

( a v e ra g e  s p a c in g  1 -  3 m ) . B o re h o le  D u t 6 -H  in d i c a t e d  m ore c l o s e l y  sp a ce d  

j o i n t s  w i th  s p a c in g s  o f  50 -  500 mm and 0 ,3  -  1 m. T hese  r e s u l t s  su g g e s t  

t h a t  a n y  d is c r e p a n c y  b e tw ee n  th e  b o re h o le  and  i n  s i t u  a s s e s s m e n t  o f  t h i s  

p a ra m e te r  i s  r e l a t e d  t o  th e  q u a l i t y  o f  c o re  e x am in e d . I n  r e a l i t y  one 

w ould  e x p e c t  p o o r  c o re  f ro m  h i g h ly  j o i n t e d  r o c k  and b e t t e r  c o re  fro m  w id e ly  

jo in t e d  ro o k  ty p e s .  T h is  i s  e v id e n t l y  n o t  a lw ay s  th e  c a s e  ho w ev e r, and 

may be due  t o  o t h e r  f a c t o r s ,  su c h  a s  b r i t t l e n e s s ,  w hich  c o u ld  c au se  th e  

more c o m p e te n t r o c k s  to  b r e a k  up  when d r i l l e d .
The a v e ra g e  j o i n t  s p a c in g  i n  a  r o c k  m ass i s  *  f u n c t i o n  o f  b o th  th e  

s p a c in g  o f  e a c h  j o i n t  s e t  and th e  num ber o f  j o i n t  s e t s  p r e s e n t .  I f  a l l

/ t h e  s e t s  ........................



th e  s e t s  c an  b e  o b s e rv e d , ar.d n e a s u r e d ,  a  good e s t im a te  o f  th e  a v e ra g e  

j o i n t  s p a c in g  s h o u ld  b e  p o s s i b l e .  I f ,  how ever, a s  n a y  o c c u r  i n  a  b o r e ­

h o le ,  a l l  th e  j o i n t  s e t s  a r e  n o t  i n t e r s e c t e d ,  a n  e rr o n e o u s  e s t im a te  w ould 

b e  o b ta in e d .  I n  t h i s  e v e n t ,  how ever, th e  e r r o r  w ould te n d  t o  b e  i n  th e  

o p p o s i t e  s e n s e  to  t h a t  o b s e rv e d , i . e .  w id e r  j o i n t  s p a c in g s  w ould  be i n ­

d i c a t e d  b y  th e  b o r e h o le .  T h is  f a c t o r  c o u ld  c o n t r i b u t e  t o  th e  e r r o r ,  b u t  

i s  e v id e n t l y  l e s s  s i g n i f i c a n t  t h a n  th e  c o re  q u a l i t y .

No results from the two lower spacing categories are included, and 

thus no comment can be made concerning the degree of correlation between 

the borehole and in situ ratings in each category. With regard to the 

different lithologies, the lavas are generally more widely jointed than 

the weathered and sheared sediments. The Du Toitskloof Tunnel results 

show more scatter, particularly in the case of the more highly jointed 

quartzitic sandstones and sheared rocks.

T h is  p a ra m e te r  e v id e n t l y  c o n t r i b u t e s  to w a rd s  th e  te n d e n c y  f o r  a  con ­

s e r v a t i v e  b o r e h o le  H I© -v a lu e . B e t t e r  c o re  q u a l i t y  w ould o b v io u s ly  im prove

th e  r e s u l t s  o b ta in e d  h e re  b u t  c o u ld  a l s o  r e s u l t  i n  th e  o p p o s i t e  ty p e  o f  

e r r o r  e m erg in g .

5 .1 .3  J o i n t  C o n d i t io n  

T he r e a s o n a b ly  gooa c o r r e l a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  r e s u l t s  

f o r  t h i s  p a ra m e te r  ( s e e  F i g .  4 - 5 )  i s  s u r p r i s i n g  b e c a u se  th e  j o i n t  c o n t in ­

u i t y  c a n n o t b e  e v a lu a te d  a t  a l l  from  a  b o re  c o r e ,  w h ile  i n  yo o r  q u a l i t y  

r o c k ,  th e  j o i n t  s e p a r a t i o n  e s t im a te  te n d s  t o  b e  l i t t l e  more th a n  an  e d u ­

c a te d  g u e s s .  R e s u l t s  f ro m  th e  B u sh k o p p ies  T u n n e l d i s p l a y  th e  l a r g e s t  

d e v ia t i o n  fro m  th e  i d e a l  r e l a t i o n s h i p  w ith  t h e  b ig g e s t  e r r o r ,  a s  e x p e c te d , 

fro m  s i t e  B os 3- The d e v ia t i o n s  d is p l a y e d  b y  th e  r e s u l t s  fro m  s i t e s  B os 0 

a n d  Bos 1 2 , a r e  b o th  a p p a r e n t l y  due  t o  i n c o r r e c t  j o i n t  s e p a r a t i o n  e s t im a te s .  

A t Bos 8 ,  a  c h l o r i t e  and  m ic a  f i l l e d  j o i n t  r e c o rd e d  i n  t h e  c o re  was found  

t o  b e  a  l o c a l i z e d  and  i n s i g n i f i c a n t  f e a t u r e  when o b se rv e d  i n  s i t u .  At 

Bos 1 2 , op en  j o i n t s  w i th  q u a r tz  and  c a l c i t e  c o a t in g s  e x c e e d in g  1 mm i n  

t h i c k n e s s  w ere  r e c o rd e d  i n  th e  b o r e c o r e .  The i n  s i t u  s u r v e y  r e v e a le d  

t h a t  th e s e  j o i n t s  w ere  c lo s e d  and cem en ted  and  h a d  no s i g n i f i c a n t  in f lu e n c e  

o n  th e  r o c k  m ass c o n d i t i o n .

The r e s u l t  fro m  D u t 5 was th e  o n ly  o th e r  w hich  showed a  n o t i c e a b le  

d e v i f t i o n  fro m  th e  i d e a l  r e l a t i o n s h i p .  I n  t h i s  c a s e ,  th e  e r r o r  was due  

to  th e  i n c o r r e c t  e v a lu a t io n  o f  th e  j o i n t  r o u g h n e s s .  The b o r e h o le  e s t im a te  

w as 'r o u g h ' w h ile  th e  i n  s i t u  s u r v e y  in d i c a t e d  " u n d u la t in g  and sm ooth  w ith  

s l i c k e n s i d e s . "

/O w in g ..................................



O w ing to  th e  d i f f i c u l t i e s  in v o lv e d  i n  a s s e s s in g  th e  j o i n t  c o n d i t io n  

from  a  b o re  c o r e ,  i t  i s  s u s p e c t e d  t h a t  th e s e  r e a u l t s  do n o t  g iv e  a  r e a l ­

i s t i c  p i c t u r e  o f  th e  j o i n t  c o n d i t io n s  a l th o u g h  th e  a v e ra g e  r a t i n g s  o b ta in e d  

fro m  th e  b o re  c o re  and  i n  s i t u  m easu rem en to  a r e  s im i l a r .  The te n d e n c y  

f o r  a  c o n s e r v a t iv e  e s t im a te  from  th e  b o re  c o r e ,  w hich  i s  n o t  a s  m arked  a s  

f o r  t h e  J o i n t  S p a c in g , c o u ld  be due  to  a  n a t u r a l  te n d e n c y  t o  a d o p t  a  more 

c o n s e r v a t iv e  a p p ro a c h  when f a c e d  w i th  a n  u n c e r t a i n  s i t u a t i o n .  On th e  o th e r  

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

be due  t o  a  te n d e n c y  to  s e l e c t  a n  a v e ra g e  c o n d i t i o n  when f a c e d  w ith  th e  

same p ro b le m . T h ese  a r e  c o n t r a d i c to r y  p o s s i b i l i t i e s  and i t  seem s t h a t  

th e y  may b o th  h av e  in f lu e n c e d  th e  r e s u l t  t o  some e x t e n t .

The s p r e a d  o f  r e s u l t s  i s  s i m i l a r  t o  t n a t  p r e v io u s ly  n o te d ,  w ith  th e  

J o i n t  C o n d i t io n  a t  th e  B u sh k o p p ies  T unnel b e in g  g e n e r a l l y  b e t t e r  th a n  a t  

e i t h e r  t h e  D e lv e r s  o r  Du T o i t s k l o o f  T u n n e ls .  The r e s u l t s  fro m  th e  l a t t e r  

tw o p r o j e c t s  a r e  n o t  a s  c l e a r l y  s e p a r a t e d  a s  p r e v io u s ly .  T h is  may b e  due 

to  s i m i l a r  g e o lo g ic a l  c o n d i t i o n s ,  i . e .  s h e a r in g  and  f a u l t i n g ,  p r e v a i l i n g  

i n  b o th  c a s e s .

T hese  r e s u l t s  a l s o  c o n t r i b u t e  s l i g h t l y  t o  a  c o n s e r v a t iv e  b o r e h o le  

R K R -value. I n  c e r t a i n  c a s e s ,  f o r  i n s t a n c e ,  v e ry  o b v io u s ly  s l i c k e n s id e a  

j o i n t  s u r f a c e s ,  a  b e t t e r  c o r r e l a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  

r a t i n g s  may b e  a c h ie v e d .  I n  o th e r s  th e  " a v e ra g in g  o uc"  p r o c e s s  n o te d  

above may b e  m ore s i g n i f i c a n t  a n d  a l s o  r e s u l t  i n  a  b e t '. e r  c o r r e l a t i o n .

5 .1 .4  J o i n t  O r i e n t a t i o n  

T h ere  i s  no r e a l  c o r r e l a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  j o i n t  o r i e n ­

t a t i o n  r a t i n g s  w i th  r e s p e c t  t o  t h e  i d e a l  Jo(B H ) = Jo ( lN S )  r e l a t i o n s h i p .  

B ecause  no in f o r m a t io n  r e g a r d i n g  th e  s t r i k e  d i r e c t i o n  o f  th e  j o i n t s  w i th  

r e s p e c t  t o  th e  tu n n e l  d i r e c t i o n s  was a v a i l a b l e  f ro ®  th e  b o re  c o r e s ,  th e  

j o i n t  o r i e n t a t i o n  e f f e c t  was g e n e r a l l y  assum ed to  b e  " F a i r "  ( s e e  T a b le  1 .1 7 ) .  

The p ro b lem s in v o lv e d  i n  e v a lu a t in g  t h i s  p a ra m e te r  c o r r e c t l y  fro m  a  b o r e ­

h o le  c o re  a r e  p u r e ly  p h y s i c a l ,  a n d  p r o v id e d  a l l  th e  r e l e v a n t  j o i n t  s e t s  

c an  b e  r e c o g n is e d  i n  th e  c o re ,  a r e  n o t  r e l a t e d  t o  th e  c o re  r e c o v e r y .

V a r io u s  c o re  o r i e n t a t i o n  te c h n iq u e s  e x i s t ,  n o t  a l l  o f  w h ich  a r e  a lw ay s  

p r a c t i c a l  o r  econom ic  t o  u s e .  A good know ledge o f  th e  l o c a l  g e o lo g y  

to g e th e r  w i th  r e c o g n iz a b le  m a rk e r s  c a n  a l s o  b e  o f  c o n s id e r a b le  u s e .

The l i t h o l o g i e s  a n d  r o c k  c o n d i t io n s  exam ined  c o v e r  a  r e a s o n a b ly  good 

r a n g e ,  and th e  i n  s i t u  r e s u l t s  o b ta in e d  f o r  t h i s  p a ra m e te r  a r e  p r o b a b ly  

a  f a i r  r e f l e c t i o n  o f  t h e  a v e ra g e  c o n d i t io n s  one m ig h t e x p e c t  t o  e n c o u n te r

/ i n  n a tu re .
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i n  n a t u r e .  The f a c t  t h a t  th e  j o i n t  o r i e n t a t i o n s  w ere u n f a v o u r a b le  a t  a  

l a r g e  num ber o f  th e  sam ple  s i t e s  h a s  r e s u l t e d  i n  a  l e s s  f a v o u r a b le  a s s e s s ­

m en t b e in g  g e n e r a l l y  r e l a t e d  t o  t h e  i n  j i t u  m e asu rem en ts  th a n  to  th e  b o r e ­

h o le  m e asu re m en ts . T n is  i s  a c c e n tu a te d  by  th e  h e a v ie r  n e g a t iv e  r a t i n g  

v a lu e s  a l lo c a te d ,  t o  th e  l e s s  f a v o u r a b le  o r i e n t a t i o n  c o n d i t io n s .

T hese  r e s u l t s  a l s o  c o n t r i b u t e  t o  th e  c o n s e r v a t iv e  b o r e h o le  HMR-value 

a a  n o te d  f o r  th e  p r e v io u s  two p a ra m e te r s  d i s c u s s e d .  More s o p h i s t i c a t e d  

c o re  o r i e n t a t i o n  te c h n iq u e s  c o u ld ,  ho w ev e r, p r o v id e  a  b e t t e r  c o r r e l a t i o n  

be tw ee n  th e  b o r e h o le  and  i n  s i t u  r a t i n g s  t h a n  o b ta in e d  h e r e .

5 .2  S .G .X . C l a s s i f i c a t i o n  System

A p a r t fro m  th e  c a s e  r e c o r d s  and exam ples  g iv e n  b y  B a r to n  e t  a l ^ \  to  

i l l u s t r a t e  t h e  d e v e lo p m e n t and u s e  o f  J ha N .G .I .  C l a s s i f i c a t i o n  System , 

v e r y  few  r e s u l t s  o f  i t s  a p p l i c a t i o n  i n  p r a c t i s e  a p p e a r  t o  have  b e e n  pub ­

l i s h e d .  B a r t o n ^ *  h a e  h im s e l f  p r o v id e d  some r e s u l t s  fro m  a  19 m e tre  

sp a n , 31 m h ig h  pow er h o u se  i n  q u i t e  m a ss iv e  b i o t i t e  g n e i s s  a t  a  d s y th  o f  

100 »  150 m e tr e s  and  f ro m  an  8 ,9  m e tre  sp a n , 4 ,8  k i lo m e tr e  t a i l r a c e  tu n n e l  

v a r y in g  from  10 -  20 m e tr e s  to  1^0 -  160 m e tr e s  i n  d e p th .

The i n i t i a l  r o c k  c l a s s i f i c a t i o n  f o r  t h e  pow er h o u se  was b a s e d  on 

g e o lo g ic a l  r e p o r t s  and  b o r e h o le  lo g s  from  f i v e  b o r e h o le s  d r i l l e d  i n  i t s  

v i c i n i t y .  The a v e ra g e  'B e s t ' ,  'M edium ' a n d  'P o o r e s t '  Q -v a lu e s  r e l e v a n t  

to  th e  r o c k  m ass a t  th e  d e p th  o f  th e  e x c a v a t io n  w ere  e s t im a te d .  T hese 

m ean Q -v a lu e s  w ere  6 7 , 20 and 1 ,2  r e s p e c t i v e l y  end  w ere  b a se d  on  a  m ax i­

mum num ber o f  t h r e e  j o i n t  s e t s  f o r  th e  'P o o r e s t '  q u a l i t y  r o c k ,  two f o r  

th e  'M edium ' q u a l i t y  a n d  one f o r  th e  'B e s t '  q u a l i t y .  J o i n t  ro u g h n e ss  

was e s t im a te d  a s  sm oo th , u n d u la t in g  f o r  th e  'B e s t '  and 'M edium ' q u a l i t i e s  

and  sm ooth  p l a n a r  f o r  th e  'P o o r e s t '  q u a l i t y ,  and  j o i n t  a l t e r a t i o n  v a r i e d  

f ro m  u n a l t e r e d  to  c h l o r i t e  c o a t in g s .  The j o i n t  w a te r  r e d u c t io n  f a c t o r  

w as assum ed t o  b e  m in o r  in f lo w  f o r  th e  'B e s t '  and  'M edium ' q u a l i t i e s  and  

medium in f lo w  f o r  th e  'P o o r e s t '  q u a l i t y ,  w h ile  s t r e s s  r e d u c t io n  f a c t o r s  

o f  medium s t r - s a  and  s in g l e  o la y  f i l l e d  w ea k n ess z o n es  ( > 5 C m  d e p th )  

w ere  s e l e c t e d  r e s p e c t i v e l y .  The pe rm a n en t r o o f  and  w a l l  s u p p o r t  e s t im ­

a t e d  from  th e s e  Q -v a lu e s  a r e  r e p ro d u c e d  i n  T a b le  5 .2 .

/T a b le  5 .2
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TABLE 5 .2

FERMAESiiT SUPPORT ESTIMATES TOR UlfDSRGROOiTO KJ1/EH STATION 
BASED ON'BOREHOLE VATA*

U n te n s io n e d , g r o u te d  b o l t s ,  
5 m lo n g , o /o  2 ,0  m

T e n s io n e d , g r o u te d  b o l t s ,  
5 m lo n g , o /o  1 ,7  m

’P o o r e s t 1 T e n s io n s .. . g r o u te d  b o l t s ,
Q = 1 ,2  5 m lo n g ,  o /o  1 ,0  t

+ s h o t c r e t e ,  mesh r e in f o r c e d  
15 cm th i c k

T e n s io n e d , g r o u te d  
b o l t s ,  7 m lo n g , 
o /o  1 ,4  m + s h o t ­
c r e t e ,  mesh r e i n ­
f o r c e d ,  12 cm

* A f te r :  B a r to n , 1976

.The s i t e  w as s u b s e q u e n t ly  v i s i t e d  and n in e  lo c a t i o n s  w ere  c l a s s i f i e d  i n  

s i t u .  T hese  w ere  a v e ra g e d  to  g iv e  'B e s t ' ,  'P o o r e r ' and 'W o r s t ' zo n es 

w i th  Q -v a lu e s  o f  59 , 11 and  0 ,6  r e s p e c t i v e l y .  I t  w as e s t im a te d  t h a t  

90 p e r  c e n t  o f  th e  e x c a v a te d  s u r f a c e  i n  th e  pow er h o u se  w ould be 'B e s t '  

q u a l i t y ,  l e s s  th a n  10 p e r  c e n t  w ould b e  'P o o r e r '  q u a l i t y  and o n ly  1 - 2  

p e r  c a n t  w ould  b e  'W o r s t ' q u a l i t y .  The pe rm a n en t s u p p o r t  recom m endations 

f o r  t h e s e  Q -v a lu e s  a r e  g iv e n  be lo w  i n  T a b le  5 -? •

/T ab le  5 .5
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TABL2 5.3

E S K f W g  SPPKUtT BSTECITSS K )5 PlTBSSGHOrorD KlWSR STATION 
BASSO OH P I  SITO T)k'2kx

Q H oof

'B e s t '
Q = 39

Sy t e m a t ic  b o l t i n g ,  o / c  1 ,7  o  
w i th  c h a in  l i n k  mesh o r  s t e e l

S p o t b o l t s

'P o o r e r '  
Q -  11

S y s te m a tic  b o l t i n g ,  c / c  1 ,5  to 
w i th  mesh r e in f o r c e d  s h o t ­
c r e t e ,  7 o r  t h i c k

S y s te m a tic  b o l t ­
in g ,  o /c  1 ,6  m 
w i th  c h a in  l i n k  
m esh o r  s t e e l  
b ands

Q = 0 ,6
S y s te m a tic  b o l t i n g ,  o /o  1 ,0  m 
w ith  m esh  r e in f o r c e d  s h o t ­
c r e t e  , 15 cm t h i c k

S y s te m a tic  b o l t ­
in g ,  c / c  1 ,2  m 
w i th  mesh r e i n f o r c ­
e d  s h o t c r e t e ,
12 cm th i c k

s A f t e r : B a r to n ,  1976

I t  c a n  b e  s e e n  t h a t  a l th o u g h  th e  th r e e  m ean i n  s i t u  v a lu e s  o f  Q, (3 9 , U  

a n d  0 ,6 )  a r e  e a c h  a b o u t h a l f  th e  b o r e h o le  Q -v a lu e s  (6 7 , 20 and  1 ,2 ) ,  th e  

d is c r e p a n c y  h a s  a  r e l a t i v e l y  s m a ll  e f f e c t  on  th e  recommended pe rm anen t 

s u p p o r t F o r  t h i s  p r o j e c t  th e  b o r e h o le  Q -e s tim a te a  w ere  l e s s  con­

s e r v a t i v e  t h a n  th e  i n  s i t u  Q -v a lu e s .

F o r  th e  i n i t i a l  s u p p o r t  p r e d i c t i o n s ^ ^  o f  th e  above m e n tio n e d  t a i l -  

r a c e  t u n n e l ,  c o r e lo g s  f ro m  f i f t e e n  i r r e g u l a r l y  sp a ce d  i n v e s t i g a t o r y  b o re ­

h o le s  w ere  exam ined  a t  t h e  tu n n e l  d e p th .  iir im a te s  o f  'B e s t 1, 'P o o r e r ' 

and  'W o r s t ' r o c k  q u a l i t i e s  w ere  made fro m  e a c h  c o r e lo g  and th e  f o l lo w in g

/a v e r a g e
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- .v s ra g e  Q -v a lu e  a f o r  th e  f i f t e e n  h o le s  w ere  o b ta in e d :

B e a t Q =■ 42

P o o r e r  Q = 12

W orst Q, = 1 ,1

The v a r i a t i o n s  b e tw ee n  b o r e h o le s  was q u i t e  m arked and minimum q - v a lu e s  o f

0 ,0 7  a n d  0 ,0 5  w ere  o b t a in e d .  T h ese  w ere  assum ed t o  r e p r e s e n t  th e  q u a l i t y  

o f  w eakness  z o n e s  a t  tu n n e l  l e v e l .

B ased  o n  a  tu n n e l  sp a n  and  h e ig h t  o f  8 ,8  a  and  a n  ESR v a lu e  o f  1 ,3  

e s t im a te s  o f  pe rm a n en t s u p p o r t  w ere  m ade. T hese  a r e  g iv e n  be low  in  

T a b le  5 . 4 , to g e th e r  w i th  a p p ro x im a te  e s t im a te s  o f  th e  a n t i c i p a t e d  d i s t r i ­

b u t io n  o f  e a c h  r o c k  q u a l i t y  a lo n g  th e  tunnel^® ® X  No e v id e n c e  o f  s w e l l ­

i n g  c l a y s  w as o b ta in e d  fro m  th e  b o r e h o le  i n f o r m a t io n ,  b u t  i f  e n c o u n te re d  

i t  w as s u g g e s te d  t h a t  c a s t  c o n c r e te  a r c h e s ,  50 c e n t im e t r e s  o r  more i n  

t h i c k n e s s ,  m ig h t be r e q u i r e d  i n  th o s e  zones^® ” ^.

TABia 5 .4

PERMANENT SUPPORT ESTIMATES BOB TAIU'.iCE TTJimBL 
FROM BO HE BOLE BATA*

Q A n t ic ip a t e d  ex ­
t e n t  o f  zone

'B e s t ' H on, M a jo r i ty  
(60  -  8 0 / )

'P o o r e r ’ 
Q - 12

S y s te m a tic  b o l t i n g ,  c / c
1 ,5  m

M in o r i ty

’W o rs t’
q  »  1 ,1

S y s te m a tic  b o l t i n g ,  c / c  
1 ,0  m w i th  m esh  r e i n ­
f o r c e d  s h o t c r e t e ,  5  cm

S y s te m a tic  b o l t ­
i n g ,  c / c  1 ,0  m 
w ith  s h o tc r e t e ,

Meah r e in f o r c e d  
s h o t c r e t e ,  5 cm 
t h i c k  (d e p e n d in g  
on  b lo c k  s i z e )

L e s s  Common

’W eakness 

Q = 0 ,0 5

Meeh r e in f o r c e d  s h o tc r e t e ,  
20 -  25 cm t h i c k  ( in c lu d e  
i n v e r t )

P o s s ib ly  no more 
th a n  25 o c c u r r -

$A f t e r :  B a r to n , 19Y6, 1977

/B astd  ...............................
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B ased  on  th e s e  e s t im a te s  a p p ro x im a te ly  2 900 m e tr e s  t o  5  800 m e tre s  

o f  th e  txmr.'*] w ere  a n t i c i p a t e d  t o  r e q u i r e  no s u p p o r t .  A ssum ing  t h a t  75 

p e r  c e n t  o f  th e  r e m a in in g  1 000 m e tr e s  t o  1 900 m e tr e s  was fo rm ed  b y  th e  

'P o o r e r '  o - o l i t y  r o c k  a n d  25 p e r  c e n t  b y  th e  'W o r s t ' q u a l i t y ,  and  t h a t  th e  

r o o f  a rc h  c o n s i s t e d  o f  a  s e m i - c i r c l e  w i th  a  r a d i u s  o f  4 ,4  m e t r e s ,  i t  can  

b e  c a l c u l a t e d  t h a t  a p p ro x im a te ly  7 500 to  15 500 r o c k  b o l t s  w ould b e  r e ­

q u i r e d  to g e th e r  w i th  s u f f i c i e n t  s h o tc r e t e  and m esh r e i n f o r c i n g  to  s u p p o r t  

250 to  500 m e tr e s  o f  tu n n e l  and  o c c a s io n a l  w ea k n ess z o n es  a s  s p e c i f i e d .

The a c t u a l  s u p p o r t  i n s t a l l e d  a f t e r  a p p ro x im a te ly  4 500 m e tr e s  o f  th e  tu n n e l  

h a d  b e e n  e x c a v a te d  c o n s t i t u t e d  4 900 r o c k  b o l t s ,  650 m e tr e s  o f  5 c e n t im e t r e  

t h i c k  s h o t c r e t e ,  400 m e tr e s  o f  10 c e n t im e t r e  th i c k  s h o tc r e t e  and  200 m e tr e s  

o f  15 c e n t im e t r e  t h i c k  s h o t c r e t e I n  a d d i t i o n ,  550 m e tr e s  o i  50 c e n t i ­

m e tre  t h i c k ,  c a s t  c o n c r e te  a r c h e s  w ere  u s e d  b e c a u s e  s w e l l in g  c l a y  w as e n ­

c o u n te r e d  i n  some z o n es  on  e x c a v a t io n .  T hese  r e s u l t s  s u g g e s t  t h a t  a l th o u g h  

th e  s u p p o r t  m e a su re s  a d o p te d  w ere  s l i g h t l y  d i f f e r e n t  t o  th o s e  p r e d i c t e d ,  

th e  g e n e r a l  n a tu r e  o f  e a c h  was s i m i l a r .  I f  a n y th in g ,  th e  b o r e h o le  c l a s s ­

i f i c a t i o n  o f  th e  r o c k  w ould  a p p e a r  t o  have  b e e n  s l i g h t l y  c o n s e r v a t iv e .

The Q -v a lu e s  e s t im a te d  fro m  th e  b o re h o le  d a t a  i n  th e  p r e s e n t  s tu d y  

w ere  g e n e r a l l y  lo w e r  th a n  th e  a s s o c i a t e d  i n  s i t u  Q -v a lu e s . T hese  r e s u l t s ,  

to g e th e r  w i th  th e  r e s u l t s  o b ta in e d  f o r  some o f  t h e  c l a s s i f i c a t i o n  p a r a ­

m e te r s ,  a r e  d is c u s s e d  b e lo w . The l i m i t i n g  sp a n s  and s ta n d - u p  tim e s  c a l ­

c u l a t e d  fro m  th e  b o r e h o le  and  i n  s i t u  Q -v a lu e s  a r e  g e n e r a l l y  o f  th e  same 

o r d e r ,  a l th o u g h  some m arked  d i s c r e p a n c i e s  a r e  a p p a r e n t .

5 .2 .1  Q -V alues

A d is c r e p a n c y  w as a l s o  n o te d  f o r  t h i o  c l a s s i f i c a t i o n  sy s te m  b e tw ee n  th e  

b o r e h o le  and  i n  s i t u  r e s u l t s ,  d i f f e r i n g  by  one  r o c k  c l a s s ,  o b ta in e d  from  

th e  Q(BH) v e r s u s  Q(lMS) g r a p h ,  and  th e  ro o k  c l a s s  h is to g ra m s  r e s p e c t i v e l y  

( s e e  ? i g s .  4 .9  and  4 . 9 ) .  T h is  i s  b e ca u se  a  l i m i t i n g  v a lu e  o f  1 0 ,0  was 

s e l e c t e d  f o r  e v a lu a t in g  th e  g ra p h , ev en  th o u g h  Q -v e lu e s  i n  a d ja c e n t  r o c k  

c l a s s e s  c a n  d i f f e r  by a  f a c t o r  o f  up  to  10 0 , w h i l s t  th e  h is to g ra m s  w ere 

b a se d  on  th e  r o c k  c l a s s  • r . ;e r e n c e s  o n ly  w i th o u t  r e g a r d  f o r  t h e  s e l e c te d

The l i m i t i n g  v a lu e  c. 1 0 ,^  i s  c o n s id e r e d  t o  b e  u s e f u l  b e c a u se  i t  r e ­

p r e s e n t s  th e  maximum v a lu e  a s s o c i a t e d  w ith  one  r o c k  c l a s s  d i f f e r e n c e  

be tw ee n  r e l a t e d  b o r e h o le  a n d  i n  s i t u  Q -v a lu e s .  Any l i m i t i n g  v a lu e  e x c e e d ­

i n g  1 0 ,0  c o u )d  in c lu d e  r e s u l t s  d i f f e r i n g  by m ore th s v  one c l a s s .  B oth  

t h e  h is to g ra m s  a n d  th e  Q(BH) v e r s u s  Q (HiS) g ra p h  in . ' ■ the a  te n d e n c y  f o r  

t h e  b o r e h o le  Q -v a lu e s  t o  be  e i t h e r  e q u a l  to  o r  lows." .nan th e  a s s o c i a te d
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i n  s i t u  3 ,-v a lu e s .

The l a r g e s t  d e v ia t i o n s  from  th e  i d e a l  r e l a t i o n s h i p  a re  fro m  s i t e s  

B os 5 a n d  D el 5* The fo rm e r  r e s u l t  i s  r e l a t e d  t o  th e  s h e a re d  dyke p r e v ­

i o u s l y  d e s c r ib e d  and  th e  l a t t e r  a p p e a rs  t o  b e  due to  th e  low  RQO v a lu e  

o b ta in e d  fro m  th e  b o re  c o re ,  to g e th e r  w i th  an  o v e r  c o n s e r v a t iv e  e s t im a te  

o f  th e  b o r e h o le  SRF r a t i n g ,  a s  a  r e s u l t  o f  th e  p o o r  c o re  r e c o v e r y .  Re­

s u l t s  fro m  s i t e s  D e l 2 ,  Bos 6 and  Bog 9 a l s o  p l o t  o u ts id e  th e  s e l e c t e d  

l i m i t s .  I n  th e  f i r s t  c a s e  th e  e r r o r  i s  due to  d i f f e r e n t  b o r e h o le  and i n  

s i t u  R%D e s t im a te s ,  com bined w i th  a n  o v e r  e s t im a te  o f  th e  b o re  c o re  J o in t  

S e t  Number ( J n ) .  E r r o r s  i n  th e  b o r e h o le  e s t im a te s  o f  J n  w ere  a l s o  made 

a t  th e  o t h e r  two s i t e s  m e n tio n e d .

Of t h e  t h r e e  p r o j e c t s  s tu d i e d ,  th e  r e s u l t s  fro m  th e  D e lv e r s  T unnel 

show th e  b ig g e s t  c o l l e c t i v e  d e v i a t i o n  fro m  th e  Q(BH) ** «j(21fS) l i n e .  She 

m a jo r i t y  o f  i n  s i t u  r e s u l t s  from  t h i s  p r o j e c t  i n d i c a t e  s ta n d - u p  t im e s  i n  

e x c e s s  o f  t e n  y e a r s .  T hese  e s t im a te s  seem  somewhat o p t i m i s t i c  i n  v iew  

o f  th e  w e a th e re d  s t a t e  o f  th e  r o c k  a t  m o st o f  th e  s i t e s  exam ined . A l­

th o u g h  i t  i s  r e a l i s e d  t h a t  th u  la c k  o f  g ro u n d  w a te r  and  th e  s m a l l  d im e n s io n s  

o f  t h e  e x c a v a t io n  w i l l  g r e a t l y  e n hance  i t s  s t a b i l i t y ,  th e  b o r e h o le  e s t im a te s  

o f  "w eeks t o  m on th s "  seem  more r e a l i s t i c .  The c o r r e l a t i o n  b e tw e e n  th e  

d i f f e r e n t  p a ra m e te r s  a t  t h i s  tu n n e l  w i l l  b e  d is c u s s e d  in  t h e  f o l lo w in g

The s p r e a d  o f  r e s u l t s  fro m  th e  l a v a s ,  w h ich  a re  r e l a t i v e l y  homogen­

e o u s  r o c k s ,  s u g g e s ts  t h a t  t h e  Q -v a lu e s  a r e  a  r e a s o n a b ly  good r e f l e c t i o n  

o f  th e  v a r io u s  r o c k  m ass c o n d i t i o n s  e n c o u n te re d . The r e s u l t s  from  the  

D e lv e r s  a n d  Du T o i t s k l o o f  T u n n e ls  su p p o r t  t h i s  v ie w  to  some e x t e n t , w i th  

t h e  s h e a r e d  g r a n i t e  and  p o r p h y r i t i c  g r a n i t e ,  f o r  exam p le , d i s p l a y in g  v e ry  

d i f f e r e n t  r e s u l t s ,  w h ile  t h e  fo rm e r  a r e  v e r y  s i m i l a r  t o  th e  s h e a r e d  a r ­

g i l l a c e o u s  q u a r t z i t e s  from  th e  D e lv e r s  T u n n e l . Some r e f l e c t i o n  o f  th e  

d i f f e r e n t  l i t h o l o g i e s  i s  a l s o  a p p a r e n t  b u t  t h e  num ber o f  o b s e rv a t io n s  

a r e  to o  few  f o r  m e a n in g fu l comments to  b e  m ade. From h i s  w ork  a t  th e  

K ie ld e r  E x p e r im e n ta l  T u n n e l , H o u g h to n ^ " ^  fo u n d  v e r y  l i t t l e  l i t h o l o g i o a l  

d i f f e r e n t i a t i o n  be tw ee n  Q -v a lu e s  c a l c u l a t e d  f o r  s m d s t o n e ,  m udstone  and 

l im e s to n e  h o r iz o n s  i n  a  common t e c t o n i c  e n v iro n m e n t.

The m a jo r i t y  o f  Q -v a lu e s  from  t h i s  s tu d y  a r e  b e tw een  0 , 1  and 10 ,0  

a n d  th e r e f o r e  do n o t  c o v e r  a  l a r g e  enough r a n g e  t o  compare t h e  d e g re e  

o f  c o r r e l a t i o n  b e tw ee n  th e  i n  s i t u  and b o r e h o le  r e s u l t s  o v e r  th e  f u l l  

r a n g e  o f  p o s s ib l e  Q -v a lu e s . One w ould e x p e c t ,  how ever, t h a t  a  b e t t e r  

c o r r e l a t i o n  w ould be o b ta in e d  f o r  b e t t o r  r o c k  c o n d i t io n s  ( i . e .  h ig h e r  

Q -v a lu e s ) .

.............



174

5 .2 .2  J o i n t  S a t  ’Tumosp 

'he  c o n f id e n c e  w ith  w h ich  th e  num ber o f  j o i n t  s e t s  p r e s e n t  i n  a  r o c k  mass 

c an  b e  e s t im a te d ,  w i l l  b e  r e l a t e d  to  th e  m ethod u se d  to  r e c o r d  th e  j o i n t s .  

I n  th e  c a s e  o f  a  b o r e h o le  o r  l i n e  s u r v e y ,  t h e  e s t im a te d  num ber o f  s e t s  

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

p e c t  t o  th e  o r i e n t a t i o n  and  le n g th  r e s p e c t i v e l y ,  o f  th e  b o r e h o le  o r  su rv e y

As p r e v io u s ly  d e s c r ib e d ,  t h e  m ethod u se d  to  e s t im a te  th e  num ber o f  

j o i n t  s e t s  fro m  th e  b o re  c o r e s  assum ed t h a t  a l l  j o i n t s  w i th  s i m i l a r  d ip  

a n g le *  ( i n c l i n a t i o n  a n g le s  w i th  r e s p e c t  t o  t h e  c o re  a x i s )  a l s o  had s im i l a r  

d ip  d i r e c t i o n s .  O b v io u s ly  t h i s  i s  n o t  n e c e s s a r i l y  c o r r e c t  and  c o u ld  le a d  

to  u n d e r - e s t im a te s  o f  th e  num ber o f  j o i n t  s e t s  p r e s e n t .  C o n s id e r in g  t h i s ,  

t o g e th e r  w ith  t h e  p o s s i b i l i t y  t n a t  j o i n t s  c an  o c c u r  w h ich  a r e  p a r a l l e l  to  

th e  b o r e h o le  a x i s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  j o i n t  s e t  num ber e s t im ­

a te d  f ro m  th e  b o re  c o re  te n d s  t o  b e  l e s s  th a n  th e  a c t u a l  num ber e n c o u n te re d  

a t  th e  s i t e .  I n  t h i s  r e s p e c t  th e  p a rm n e te r  te n d s ,  t h e r e f o r e ,  to  oppose  

r a t h e r  th a n  c o n t r i b u t e  t o  th e  g e n e r a l  te n d e n c y  f o r  a  c o n s e r v a t iv e  b o re h o le

A l a r g e  num ber o f  random  uo i n t s  w ere  u s u a l ly  r e c o rd e d  from  e a c h  in  

s i t u  j o i n t  s u r v e y . Some o f  t h e s e  m ig h t be r e l a t e d  to  o th e r  j o i n t  s e t s  

i n  th e  r o o k  m ass w h ich  w ere  n o t  w e l l  d e f in e d  on  th e  s te n o g r a p h ic  d ia g ra m s , 

w -.ile  o t h e r s  a r e  u n d o u b te d ly  ran d o m ly  o r i e n t a t e d .  The q u e s t io n  t h a t  

a r i s e s  fro m  t h i s  i a  w h e th e r  a n  e r r o r  o f  t h i s  n a tu r e  would make a n  a p p re c ­

i a b l e  . '. f f e r e n c e  to  th e  c a l c u l a t e d  9 - v a lu e . U n fo r tu n a te ly  t h i s  c a n n o t 

b e  answ ered  w ith o u t  a n a ly s i n g  th e  s e n s i t i v i t y  o f  Q w ith  r e s p e c t  t o  J n . 

B ecause  random  j o i n t s  a re  a c c o u n te d  f o r  i n  th e  H .G .I .  Sys tem , how ever, i t  

seem s t h a t  i n  m ost c a s e s ,  p a r t i c u l a r l y  i f  th e  i n  s i t u  s u r v e y  i s  su p p o r te d  

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

The Jn(B H ) a n d  Jn (lM S ) r e s u l t s  fro m  th e  D e lv e r s  T u n n e l c o r r e l a t e  

r e a s o n a b ly  w e l l .  T h is  i n d i c a t e s  t h a t  th e  d i f f e r e n c e s  b e tw een  th e  b o r e ­

h o le  and  i n  s i t u  Q -v u lu es  f o r  t h i s  p r o j e c t  a r e  n o t  c au se d  by  t h i s  p a r a ­

m e te r ,  and a l th o u g h  i t  d o se  n o t  mean t h a t  th e  e s t im a te d  j o i n t  s a t  number 

i n  e i t h e r  c a s e  i s  c o r r e c t ,  i t  s u g g e s ts  t h a t  b o th  m e thods o f  e v a lu a t io n  

g iv e  a  r e a s o n a b ly  good e s t im a te  o f  th e  num ber o f  j o i n t  s e t s  p r e s e n t .

I f  one ex am in e s th e  p o i n t s  w h ich  p l o t  o u to id e  th e  l i m i t s  s e le c te d  

f o r  t h i s  p a ra m e te r  ( s e e  F i g .4 .1 0 ) ,  i t  c an  be s e e n  t h a t  t h e y  a r e  n o t  n e c ­

e s s a r i l y  r e l a t e d  t o  p o o r  q u a l i t y  r o c *  c o n d i t i o n s .  S i t e s  Bos g a n d  D ut 6 

( B o re h o le  D u t 6-H ) a r e  ex am p le s  o f  good q u a l i t y  ro o k  m a sse s  i n  w hich  a l l  

th e  j o i n t  s e t s  r e c o rd e d  d u r in g  th e  i r  s i t u  s u r v e y  w ere  n o t  i n t e r s e c t e d  by

/ t h e  b o r e h o le s  .................
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th e  " b o re h o le s . A t s i t e  D el 2  ho w ev e r, w h ich  i s  l o c a te d  i n  a  s h e a r e d  r o c k  

m a ss , th e  b o r e h o le  e s t im a te  o f  j o i n t  s e t s  w as g r e a t e r  th a n  fo u n d  i n  s i t u .  

T h is  c o u ld  h av e  b e e n  due t o  wavy s h e a r  j o i n t s  a p p e a r in g  t o  d ip  i n  a  num ber 

o f  d i f f e r e n t  d i r e c t i o n s  when o b se rv e d  i n  a  b o re  c o re .  S i t e  D e l 1 , lo c a te d  

i n  a  s i m i l a r  s h e a re d  ''o c k  d id  n o t ,  h o w ev e r, d i s p l a y  a  la r g e  d e v ia t i o n  from  

th e  i d e a l  l i n e .

5 .2 .3  J o i n t  R oughness

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

b e t t e r  j o i n t  c o n d i t io n s  th a n  do th e  i n  s i t u  r e s u l t s  ( s e e  P i g .  4 .1 1 ) .

T h is  i s  r a t h e r  u n a  .p a rs e d  b e c a u se  i t  im p l i e s ,  f o r  i n s t a n c e ,  t h a t  j o i n t  

s u r f a c e s  c l a s s i f i e d  a s  u n d u la t i n g  w ere  a c t u a l l y  p l a n a r .  One w ould ex ­

p e c t  th e  o p p o s i t e  e r r o r  t o  b e  more common, b u t  c o u ld  p r o b a b ly  a c c o u n t f o r  

th e  o b s e rv e d  r e s u l t  i n  a  num ber o f  d i f f e r e n t  w ays. The m o st l i k e l y  i s ,  

h o w ev e r, p o s s ib l y  t h a t  th e  l a r g e r  a s p e r i t i e s  on p l a n a r  j o i n t  s u r f a c e s  w ere 

r e c o g n iz e d  e r r o n e o u s ly  a s  u n d u la t i o n s .

C o n s id e r in g  th e  s m a ll j o i n t  s u r f a c e  a r e a  e x p o sed  i n  a  r o c k  c o r e ,  th e  

c o r r e l a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  r e s u l t s  i s  q u i t e  good . T h is  

i s  p r o b a b ly  due  to  t h e  r e l a t i v e l y  s im p le  c l a s s i f i c a t i o n  a d o p te d  f o r  t h i s  

p a ra m e te r .  A more random  s c a t t e r  o f  p o in t s  may become a p p a r e n t  i f  more 

d a t a  w ere  e v a lu a t e d .  W ith  r e s p e c t  t o  t h e  f i n a l  Q -v a lu e , t h i s  p a ra m e te r  

a l s o  te n d s  t o  oppose  r a t h e r  t h a n  c o n t r i b u t e  to  t h e  c o n s e r v a t iv e  b o re h o le  

e s t i m a t e s .  The D e lv e r s  T u n n e l r e s u l t s  e r e  s c a t t e r e d  and  show no p a r t i ­

c u l a r  t r e n d .

5 .2 .4  J o i n t  A l t e r a t i o n

The r e l i a b i l i t y  o f  j o i n t  a l t e r a t i o n  e s t im a te s  fro m  b o re  c o re s  i s  a l l i e d  to  

th e  q u a l i t y  o f  th e  d r i l l i n g  o p e r a t i o n ,  th e  c o re  r e c o v e r y  and th e  c a r e  w hich 

i s  ta k e n  b y  th e  d r i l l  o p e r a to r  t o  r e c o r d  d a t a  su c h  a s  c h an g e s  i n  th e  c o lo u r  

o f  th e  f l u s h i n g  w a te r  and  v a r i a t i o n s  i n  th e  b i t  p e n e t r a t i o n  r a t e .  T h is  

i n f o r m a t io n  c a n  g r e a t l y  a s s i s t  i n  th e  a s se s s m e n t o f  th e  n a tu r e  o f  m a te r i a l s  

on  j o i n t  s u r f a c e s  b e c a u se  i t  c an  in d i c a t e  z o n es  o f  s o f t  c l a y  w h ich  may be  

t o t a l l y  o r  p a r t i a l l y  l o s t  d u r in g  d r i l l i n g ,  and w h ich  a re  p a r t i c u l a r l y  im­

p o r t a n t  i n  e v a lu a t in g  th e  s t r e n g t h  c h a r a c t e r i s t i c s  o f  a  ro c k  m a ss . Ob­

v io u s l y ,  w ith o u t  sa m p le s  o f  th e  c l a y  a lo n g  th e  j o i n t s ,  o r  o t h e r  r e c o r d s ,  

th e  s w e l l in g  c h a r a c t e r i s t i c s  o f  th e  m a te r i a l  c a n n o t b e  d e te rm in e d . A 

g e n e r a l  know ledge o f  th e  geology c a n , how ever, som etim es a s s i s t  i n  t h i s  

r e g a r d .

/ I n  th e  ...............................
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I n  th e  c a s e s  s tu d i e d  no d r i l l i n g  in f o r m a t io n  w as a v a i l a b l e  to  s u p p le ­

m ent t h e  b o re  c o re  o b s e r v a t io n s .  A lth o u g h  th e r e  a p p e a rs  to  be a  s l i g h t  

te n d e n c y  f o r  th e  b o r e h o le  r e s u l t s  to  i n d i c a t e  more in t e n s e  a l t e r a t i o n  th a n  

t h e  i n  s i t u  e v a lu a t io n ,  th e  g e n e r a l  c o r r e l a t i o n  b e tw een  th e  two s e t s  o f  

r a t i n g s  i s  q u i t e  good and  d o e s  n o t  c o n t r i b u t e  t o  th e  c o n s e r v a t iv e  b o re h o le  

Q -v a lu e s  ( s e e  F ig . A .1 2 ) .  The ra n g e  o f  a l t e r a t i o n  c o n d i t io n s  exam ined  was 

l i m i t e d  how ever and  i t  i s  v e r y  l i k e l y  t h a t  c r r e l a t i o n  w ould  b e  s i g n i f i c a n t l y  

p o o r e r  f o r  c a te g o r y  ( c ) ,  'Mo w a l l  r o c k  c o n . o t  when s h e a r e d ' ,  T a b le  1 .2 6 .

O n ly  tw o s i t e s  d e v ia te d  s i g n i f i c a n t l y  fro m  th e  i d e a l  r e l a t i o n s h i p .

A t Bos 1 , t h e  i n  s i t u  s u r v e y  r e v e a le d  t h i c k  c l a y  gouge w h ich  h a d  e v id e n t l y  

b e e n  w ashed  away d u r in g  th e  d r i l l i n g  o p e r a t i o n  and w as n o t  r e c o rd e d  i n  th e  

b o r e h o le  l o g .  B o re h o le  B ut 2-V e v id e n t l y  i n t e r s e c t e d  s e v e r a l  zo n es o f  

c la y e y  g r i t  above  th e  e x c a v a t io n  w h ich  w ere  n o t  p r e s e n t  a t  tu n n e l  l e v e l .

T h is  l a t t e r  o b s e r v a t io n  i l l u s t r a t e s  how l o c a l i z e d  v a r i a t i o n s  i n  th e  ro c k  

m ass c a n  in f lu e n c e  i t s  e n g in e e r i n g  c l a s s i f i c a t i o n .

5 .2 .5  S t r e s s  R e d u c t io n  F a c to r  

The c a t e g o r i e s  u se d  f o r  t h i s  p a ra m e te r  a r e  w e l l  d e f in e d  .and a r e  r e l a t e d  t o  

th e  r o c k  m ass a s  a  w ho le  r a t h e -  t h a n  to  i n d i v i d u a l  j o i n t  s e t s .  The c o r r e ­

l a t i o n  b e tw ee n  th e  i n  s i t u  and  b o r e h o le  r e s u l t s  i s  b e t t e r  t h a n  f o r  a n y  o f  

th e  o t h e r  p a ra m e te r s  e v a lu a te d  f o r  t h e  M .5 . I .  System  ( s e e  F i g ,  -5 ) and 

s u g g e s ts  t h a t  a  g e n e r a l  a p p r a i s a l  o f  th j .s  n a tu r e  c a n  be made w i th  some 

c e r t a i n t y  fro m  a  b o re  c o r e .  T h e re  i s  a  s l i g h t  te n d e n c y  f o r  a n  u n fa v o u ra b le  

b o r e h o le  e s t im a te  o f  t h i s  p a ra m e te r  a l th o u g h  i t  i s  p o o r ly  d e f in e d  and  may 

n o t  be a p p a r e n t  i f  more d a t a  w ere  a v a i l a b l e .  T hese  r e s u l t s ,  t h e r e f o r e ,  

c o n t r i b u t e  o n ly  s l i g h t l y  to  th e  c o n s e r v a t iv e  b o r e h o le  Q -v a lu e s .

Two p o i n t s ,  Bos 5 and  B e l  5 r e s p e c t i v e l y ,  p l o t  o u ts i d e  th e  s e l e c t e d  

l i m i t s .  The f i r s t  c a s e  i s  t o  be e x p e c te d .  A t t h e  l a t t e r  s i t e  th e  p o o r  

c o re  q u a l i t y  w as assum ed to  i n d i c a t e  th e  p r e s e n c e  o f  m u l t i p l e  c l a y - f i l l e d  

w ea k n ess z o n e s , w h ile  i n  r e a l i t y  th e  c a te g o r y  r e l a t i n g  to  s in g l e  c l a y - f i l l e d  

w eakness  z o n es  was fo u n d  to  b e  more a p p r o p r i a t e .

5 .5  Rock Q u a l i t y  D e s ig n a t io n

The c o m p ar iso n  o f  th e  b o r e h o le  and  i n  s i t u  RQD v a lu e s  show s v e r y  l i t t l e  

c o r r e l a t i o n  w i th  r e s p e c t  to  t h e  i d e a l  r e l a t i o n s h i p  ( s e e  F ig .  4 . 7 ) .  The 

b o r e h o le  RQD v a lu e s  v a r y  fro m  0 -  100 p e r  c e n t ,  w h ile  th e  i n  s i t u  v a lu e s  

a r e  a l l  g r e a t e r  th a n  a p p ro x im a te ly  55 p e r  c e n t .  The r e a u l t s  fro m  th e
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B u sh k o p p ies  and  Pu T o i t s k ’ o o f  T u n n e ls  d i s p l a y  a  la r g e  s c a t t e r  w i th  some 

p o in t s  p l o t t i  c lo s e  to  th e  i d e a l  l i n e .  Itone o f  th e  D e lv e r s

T u n n e l r e  s u i t  l '• 'lin  th e  s e l e c t e d  l i m i t s ,  how ever.

As a l r e a  -u c e u  o u t ,  th e  m easu rem en t o f  j o i n t s  a lo n g  a  b o re  c o re  

o r  j o i n t  su rv e y  l i n e  i s  th e  same o p e r a t io n  and sh o u ld  t h e o r e t i c a l l y  y i e l d  

s i m i l a r  r e s u l t s  f o r  th e  same l o c a t i o n .  The m ain  p ro b lem , a n d  p o s s ib l y  

t h e  m oat r e l e v a n t  i n  th e  p r e s e n t  c o n te x t ,  i s  r e l a t e d  t o  th e  r e s p e c t iv e  

d i r e c t i o n s  o f  e a c h  s u r v e y .  F o r  exam p le , a  v e r t i c a l  b o r e h o le  and  a  h o r i ­

z o n ta l  s u r v e y  l i n e  a lo n g  a  tu n n e l  w a l l  c o u ld  g iv e  e n t i r e l y  d i f f e r e n t  H(£D 

v a lu e s  i f  th e  r o c k  m ass h a d  a  p r e f e r e n t i a l  j o i n t  d i r e c t i o n .  The f a c t  

t h a t  t h e  s t r u c t u r a l l y ,  m ore hom ogeneous o r  b lo c k y  r o c k  ty p e s ,  such  a s  th e  

g r a n i t e  and la v a ,  show a  b e t t e r  c o r r e l a t i o n  w i th  t h e  i d e a l  r e l a t i o n s h i p  

t h a n  do th o s e  w i th  an  in h e r e n t  s t r u c t u r e ,  te n d s  t o  s u p p o r t  t h i s  i d e a .

T h is  c o u ld  a c c o u n t f o r  th e  g e n e r a l l y  p o o r  c o r r e l a t i o n  shown by  th e  D e lv e r s  

T u n n e l r e s u l t s  a s  w e l l  a s  e x p la in i n g  th e  d i f f e r e n t  RQD v a lu e s  o b ta in e d  f o r  

h o r i z o n t a l  and  v e r t i c a l  b o r e h o le s  a t  th e  Du T o i t s k l o o f  T u n n e l . The e r r o r  

i s  m o st '  \k e ly  t o  b e  i n  th e  b o re  c o re  RQD v a lu e  b e c a u se  th e  i n  s i t u  s u r v e y  

c a n  b e  su p p le m e n ted  b y  a d d i t i o n a l  d a t a  fro m  th e  s u r ro u n d in g  r o c k  e x p o s u re .

O th e r  f a c t o r s  su c h  a s  c o re  q u a l i t y ,  and  th e  a c c u ra c y  o f  i n  s i t u  

m e asu re m en ts  c o u ld  a l s o  h av e  a  p ro fo u n d  e f f e c t  on  RQD e s t im a te s .  A t th e  

B u sh k o p p ies  T u n n e l , f o r  i n s t a n c e ,  a  num ber o f  t h e  c o re s  had  be en  d i s t u r b e d  

d u r in g  s to r a g e  movement and  w ere  d i f f i c u l t  t o  r e c o n s t r u c t .  A t th e  D e lv e r s  

T u n n e l , a l l  t h e  i n  s i t u  j o i n t  s p a c in g  v a lu e s  w ere b a sed  on  v i s u a l  e s t im a te s  

a lo n e  and may, t h e r e f o r e ,  h av e  be en  l e s s  r e l i a b l e  th a n  a n t i c i p a t e d .

T h is  p a ra m e te r  h a s  made a  v e r y  d e f i n i t e  c o n t r i b u t io n  to  th e  c o n s e rv ­

a t i v e  b o r e h o le  c l a s s i f i c a t i o n  v a lu e s  f o r  b o th  s y s te m s . H ow ever, i f  th e  

p r e v io u s  d is c u s s io n  i s  r e l e v a n t ,  v e r y  l i t t l e  c an  b e  done to  o b t a in  more 

a c c u r a te  RQD e s t im a te s  fro m  b o re  c o re s  u n l e s s  m u l t i d i r e c t i o n a l  d r i l l i n g  

i s  p r a c t i s e d .

5 .4  C om parison  o f  RKR a n d  Q.

The l i n e a r  r e g r e s s io n  l i n e s  c a l c u l a t e d  f o r  t h e  c o m p a ra t iv e  p l o t s  o f  th e  

b o r e h o le  RMR and Q -v a lu e s  and th e  i n  s i t u  HIE and Q -v a lu e s  r e s p e c t i v e l y ,  

a r e  v e r y  s i m i l a r  ( s e e  F i g s .  4 .1 4  and  4 .1 5 ) .  A lth o u g h  t h i s  i s  p o s s ib l y  

c o i n c i d e n t a l ,  i t  c o u ld  i n d i c a t e  some c o r r e l a t i o n  b e tw een  th e  two c l a s s i ­

f i c a t i o n  s y s te m s . The s c a t t e r  o f  p o in t s  a b o u t t h e  l i n e s  l a  l a r g e ,  how ever, 

a n d  a s  p o in te d  o u t  by  B a r to n ^ 8^  w i th  r e f e r e n c e  t o  s im i l a r  r e s u l t s  p r e s e n te d

/b y  B ien in w sk i



178

b y  3 ic in i? .w s k i/2^  w h ich  a l s o  d is p l a y e d  c o n s id e r a b le  s c a t t e r ,  i s  p r o b a b ly  

to o  g r e a t  t o  su p p o r t  th e  s u g g e s t io n  t h a t  a  good c o r r e l a t i o n  e x i s t s  b e tw ee n  

th e  two sy s te m s . B i e n i a w s k i^ 2  ̂ a g re e d  w i th  t h i s  v ie w p o in t ,  b u t  s u g g e s te d  

t h a t  h i s  r e s u l t s  d id  i n d i c a t e  t h a t  some c o r r e l a t i o n  e x i s t s .

The r e l a t i o n s h i p  g iv e n  b y  B ie n ia w s k i^ 2^  i s  v e r y  d i f f e r e n t  from  th o s e  

c a l c u l a t e d  f o r  th e  p r e s e n t  s e t  o f  r e a u l t s  ( s e e  F i g s .  4 .1 4  and  4 .1 5 ) .  

B i e n i a w s k i 's  r e l a t i o n s h i p  i s  b a s e d  on a  much l a r g e r  num ber o f  d a t a  p o in ts  

th a n  i t  w as p o s s ib l e  t o  o b t a in  fro m  t h i s  s tu d y ,  and  a l th o u g h  th e  p r e s e n t  

r e s u l t s  a r e  p r o b a b ly  r e p r e s e n t a t i v e  o f  th e  r o c k  m ass c o n d i t io n s  exam ined , 

i f  a n y  c o r r e l a t i o n  d o e s  e x i s t  b e tw ee n  th e  two s y s te m s , B i s n i a w s k i 's  r e ­

l a t i o n s h i p  i s  more l i k e l y  t o  b e  g e n e r a l l y  a p p l i c a b l e .  I t  w ou ld  b e  i n t e r ­

e s t i n g  to  a t te m p t  t o  m o d ify  B ie n ia w r k i1s  r e l a t i o n s h i p  b y  in c lu d in g  th e  

p r e s e n t  d a t a ,  b u t  w ith o u t  more d e t a i l  o f  t h e  p o in t s  u se d  by  h im  t h i s  i s  

n o t  p o s s i b l e .

A c o m p ariso n  o f  th e  e s t im a te s  o f  s ta n d - u p  tim e  and  u n s u p p o r te d  sp a n  

f o r  r e l a t e d  r e s u l t s  from  e a c h  c l a s s i f i c a t i o n  sy s te m  i s  more l i k e l y  to  i n ­

d i c a t e  a  p o s s ib l e  c o r r e l a t i o n  b e tw een  th e  two s y s te m s . W ith  a  few  e x ce p ­

t i o n s  th e  c o r r e l a t i o n  b e tw een  th e  two s y s te m s , f o r  e i t h e r  b o r e h o le  o r  i n  

s i t u  r e s u l t s ,  i s  v e r y  p o o r .  The d i f f e r e n c e s  a r e  so  m arked  i n  some c a s e s  

t h a t  a l th o u g h  th e  G eom eohanics s ta n d - u p  tim e  i s  l e s s  th a n  th e  H .G .I .  s ta n d -  

u p  t im e ,  t h e  u n s u p p o r te d  sp a n  p r e d i c t e d  by  th e  fo rm e r  i s  g r e a t e r  th a n  th e  

l i m i t i n g  sp a n  p r e d i c t e d  by  th e  l a t t e r .

B a r to n ^ 3 "^  h a s  su g g e s te d  t h a t  q u i t e  l a r g e  d i f f e r e n c e s  a r e  a p p a r e n t  i n  

s u p p o r t  p r e d i c t i o n s  u s in g  b o th  s y s te m s . H o u g h to n ^ " ^ , on t h e  o th e r  h a n d , 

c o n c lu d e d  t h a t  t h e r e  w as l i t t l e  d i f f e r e n c e  be tw ee n  su p p o r t  p r e d i c t i o n s  

f o r  e a c h  sy s te m . The p r e s e n t  r e s u l t s  te n d  t o  1 B a r to n 's  c o n te n t io n ,

and  a l th o u g h  a p p e a r in g  t o  c o r r e l a t e  s l i g h t l y  be. • th e  s ta n d - u p  tim e

and u n s u p p o r te d  s p a n , a r e  v e r y  o f t e n  q u i t e  d i f f e  ..a e a c h  o th e r  when

e xam ined  i n  d e t a i l .

C om paring th e  two c l a s s i f i c a t i o n  sy s te m s  i n  te rm s  o f  t h e i r  p r a c t i c a l  

a p p l i c a t i o n ,  H o u g h to n ^ " ^  fo u n d  th e  G eom eohanics System  e a s i e s t  to  a p p ly  

and  f e l t  t h a t  th e  " d e g re e  o f  s o p h i s t i c a t i o n "  i n  th e  H .G .I .  S ys tem  " re q u i r e d  

c o n s id e r a b le  e x p e r t i s e . ” B i e n i a w s k i^ 2  ̂ how ever f e l t  t h a t  th e  H .G .I .  

System  was " r e l a t i v e l y  e a s y  to  a p p ly  o n ce  th e  p r i n c i p l e s  w ere  u n d e rs to o d ."  

I n  th e  p r e s e n t  s tu d y  n e i t h e r  sy s te m  was fo u n d  t o  b e  p a r t i c u l a r l y  d i f f i c u l t  

t o  u s e  once  a n  a p p r e c i a t i o n  o f  th e  g e o lo g y  o f  e a c h  s i t e  had  b e e n  a t t a i n e d .  

H ow ever, e a c h  sy s te m  was fo und  to  have  b o th  a d v a n ta g e s  and  d is a d v a n ta g e s  

when a p p l ie d  t o  a b o re  c o re  o r  i n  s i t u  e x p o su re .

F o r  t h a  c l a s s i f i c a t i o n  o f  a  ro c k  m ass from  a b o re  c o re ,  th e  p r e -
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r e q u i s i t e  f o r  'b o th  c l a s s i f i c a t i o n  sy s te m s  i s  <;ood c o re  r e c o v e r y .  I f  t h i s  

i s  a c h ie v e d  a  r e a s o n a b ly  a c c u r a te  a s se s s m e n t o f  :h e  liZfj o f  t.Le r o c k  c m  he  

m ade. I n  o r d e r  t o  o b t a in  a v e ra g e  r a t i n g  v a lu e s  f o r  v .ich  p n ra rce to r  p e r t i ­

n e n t  t o  th e  G eom eohanics Sys tem , i t  i s  n e c e s s a r y  to  t r y  t o  e v a lu a te  eac h  

j o i n t  s e t  p r e s e n t  i n  t h e  r o c k  m a ss . Some id e a  o f  th s  num ber c-f j o i n t  s e t s  

p r e s e n t  i s  t h e r e f o r e  r e q u i r e d .  T h is  c an  be a c h ie v e d  v i s u a l l y  o r  by  u s in g  

some fo rm  o f  s t a t i s t i c a l  m ethod  su c h  a s  th e  one a d o p te d  f o r  t h i s  c tu d y , b u t  

w i l l ,  i n  m ost c a s e s ,  b e  i n  e r r o r  t o  a  g r e a t e r  o r  l e s s e r  d e g r e e . Once th e  

num ber o f  s e t s  h a s  b e e n  d e f in e d ,  t h e i r  in d iv i d u a l  sp a c in g s  c a n  b e  e s t im a te d .  

The j o i n t  c o n t i n u i t y ,  w h ich  i a  r e l e v a n t  t o  th e  J o i n t  C o n d i t io n  p a ra m e te r  

f o r  t h i s  sy s te m , c a n n o t be e v a lu a te d  a t  a l l  fro m  a  b o ro  c o re  and  w ith o u t  

s p e c i a l  c o re  o r i e n t a t i o n  d e v ic e s  th e  J o i n t  O r i e n t a t i o n  i s  l i k e l y  t o  ho 

b a s e d  on  e x tre m e ly  g e n e r a l i s e d  in f o r m a t io n .  The w a te r  and ro o k  s t r e n g th  

p a ra m e te r s  a r e  n o t  d i r e c t l y  r e l a t e d  t o  th e  q u a l i t y  o f  th e  b o ro  c o re  end 

a r e  n o t  d is c u s s e d  f u r t h e r .

F o r  th e  H .G .I .  S ys tem , i t  i s  n e c e c s a ry  t o  e s t im a te  th e  num ber o f  j o i n t  

s e t s  p r e s e n t ,  a s  a b o v e, to g e th e r  w i th  th e  ro u g h n e s s  iutd a l t e r a t i o n  o f  th e  

s e t  c o n s id e r e d  to  be m o st l i k e l y  to  c a u se  i n s t a b i l i t y  i n  th e  tu n n e l .  The 

j o i n t  ro u g h n e s s  i s  n o t  a lw ay s  e a s y  to  e v a lu a t e ,  w ith  th e  g r e a t e s t  d i f f i ­

c u l t y  b e in g  i n  d i f f e r e n t i a t i n g  b e tw ee n  u n d u la t i n g  and p la n a r  s u r f a c e s .  t s  

d i s c u s s e d  a l r e a d y  th e  a l t e r a t i o n  a s se s s m e n t i s  r e l a t e d  to  th e  c o re  r e c o v e r y  

a n d  d r i l l i n g  p r o c e d u re , and  w i th  th e  a p p r o p r i a t e  in fo rm a tio n  c an  be e v a l ­

u a t e d  r e a s o n a b ly  e a s i l y .  The m ost d i f f i c u l t  a s p e c t  o f  t h i s  y y o to n , when 

c l a s s i f y i n g  th e  r o c k  fro m  a  b o re  c o re ,  i s  s e l e c t i n g  w hich  j o i n t  s e t  i s  

m o s t s i g n i f i c a n t  t o  t h e  s t a b i l i t y  o f  th e  e x c a v a t io n .  U s u a l ly  th a  s e t  

w i th  th e  p o o r e s t  r o u g h n e s s  end a l t e r a t i o n  c h a r a c t e r i s t i c s  i s  c h o se n . The 
S t r e s s  R e d u c t io n  F a c to r  i s  a  g e n e r a l i z e d  p a ra m e te r  w hich  was n o t  found  

d i f f i c u l t  t o  e s t im a te  p r o v id e d  th e  d a t a  r e l e v a n t  t o  r o c k  s t r e n g t h  and in  

s i t u  s t r e s s  w as a v a i l a b l e .  The J o i n t  h a t e r  p a ra m e te r ,  a s  t o r  th e  Geo­

n e c h a n ic s  S y s tem , i a  n o t  r e l a t e d  to  th e  b o re  c o r e .

f o r  th e  i n  s i t u  c l a s s i f i c a t i o n  o f  a  r o c k  m ass i t  i n  n e c M c a r y  to  c a l ­

c u l a t e  th e  S53 from  measureaento o r  v i s u a l  e s t im a te s  o f  th e  j o i n t  s p a c in g  

o r  j o i n t  f r e q u e n c y .  Some c a r e  i s  n e o le d ,  p a r t i c u l a r l y  f o r  la m in a te d  r o c k s  

w h ere  a l l  s t r u c t u r e s  a r e  n o t  n e c e s s a r i l y  a c t u a l  p o r t i n g  p la n e : ; .  The r e ­

m a in in g  p a ra m e te r s  i n  b o th  c l a s s i f i c a t i o n  sy s te m s  o=3 be e s t im a te d  v i s u a l l y  

a n d  by  a p o r o x is u te  m e asu rem en ts  o r  from  ' . a t - . i l c l  j o i n t  s u r v a y a . ' . o i t h v r  

a y s to n  h a s  a n y  p a r t i c u l a r  a d v an ta g e  o v e r  tr.v  aV  "■ r  i n  tr .i : ;  r a . ip a o t .  d o c ' 

s t r e n g t h  d a t a  i s  more d i f f i c u l t  t o  oh • '. in  :r . t h i s  c a s e  i f  no ro c k  o-.ro  io  

a v a i l a b l e ,  a l th o u g h  w ith  th e  dev elo p m e n t Oho i r r e g u l a r  I '^ .p  t e s t  fog



t h e  P o i n t  L oad S t r e n g th  T e s t ,  t h i s  in f o r m a t io n  c.’n  be  o b ta in e d  r e l a t i v e l y  

e a s i l y .  S t r e n g th  d a t a  i a  n o t  a lw ay s  n e c e s s a r y  f o r  c l a s s i f y i n g  th e  r o c k  

m ass a c c o r d in g  to  th e  N X . I .  Sys tem . C w ing  t o  t h s  g e n e r a l i s e d ,  b reakdow n 

o f  th e  J o i n t  O r i e n t a t i o n  e f f e c t ,  a  v i s n n l  e s t im a te  o f  t h i s  p a ra m e te r  f o r  

e a c h  s e t  i s  u s u a l l y  c u i t e  s u f f i c i e n t .

I n  summ ary i t  c an  b e  s e e n  t h a t  b o th  c l a s s i f i c a t i o n  sy s te m s  r e q u i r e  

a n  e s t im a te  o f  th e  num ber o f  j o i n t  s e t s  p r e s e n t  i n  th e  r o c k  m a ss . The 

G eo m sch a n ics  p a ra m e te r s  a - e  p o s s ib l y  s l i g h t l y  more d i f f i c u l t  t o  a s s e s s  

a c c u r a t e l y  fro m  a  b o re  c o r e ,  b u t  c e r t a i n  a s su m p tio n s  have  to  be made i n  

t h i s  r e s p e c t  f o r  b o th  s y s te m s . B o th  sy s te m s  s u f f e r  s i m i l a r  m in o r  p r o b ­

le m s f o r  i n  s i t u  c l a s s i f i c a t i o n  w ith  th e  P.QD e s t im a te s  b e in g  th e  m ost 

p r o b le m a t i c a l  i n  p o o r  r o c k  c o n d i t i o n s .

5 .5  Rock C l a s s i f i c a t i o n  S ys tem s in  T u n n e l D es ig n s  and C o n t ra c ts

The q u e s t io n  o f  u s in g  r o c k  c l a s s i f i c a t i o n  sy s te m s  f o r  tu n n e l  d e s ig n  and  

c o n t r a c t  p u r p o s e s  was d is c u s s e d  i n  some d e t a i l  a t  th e  E x p lo r a t i o n  f o r  

Rock E n g in e e r in g  Symposium h e ld  i n  Jo h a n n e sb u rg  i n  1976 . M e n ia w s k i ^ 2  ̂

f e l t  t h a t  a  ro o k  c l a s s i f i c a t i o n  sy s te m  i o  n o t  s u f f i c i e n t  f o r  d e s ig n  and  

sh o u ld  b e  u s e d  m a in ly  t o  d e te rm in e  g e n e r a l  r o c k  c o n d i t io n s  d u r in g  th e  

e x p lo r a to r y  p h a se  o f  a  p r o j e c t .  I f  s u p p o r t  recom m endations w ere  m-ide 

fro m  th e  e x p lo r a to r y  d a t a ,  and  when p o s s ib l e  from  i n  s i t u  d a t a ,  they  

sh o u ld  b e  s u p p o r te d  b y  a  m o n ito r in g  prog ram  to  c h ec k  t h e i r  s u i t a b i l i t y .

On th e  c o n t r a c t u a l  a s p e c t s ,  C o c k c r o f t q u e s t i o n e d  w h e th e r  a  c o n ­

t r a c t o r  c o u ld  be r e a s o n a b ly  e x p e c te d  to  ta k e  r e s p o n s i b i l i t y  f o r  i n s t a l l i n g  

p r im a ry  s u p p o r t  d e s ig n e d  on  t h i s  b a s i s .  D a v i e s / c o n s i d e r e d  t h a t  a  r o c k  

m ass c l a s s i f i c a t i o n  r e q u i r e d  judgem en t a n d  w h ile  b e in g  s u i t a b l e  a s  a  d e ­

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

c o n s e q u e n tly  le a d  to  a rgum en t when paym ent was c o n c e rn e d . B a r to n  a g re e d  

w i th  t h i s  v ie w p o in t  i n  r e g a r d  t o  t h e  1T .G .I. C l a s s i f i c a t i o n  System .

B o th  th e  G eom eohanics and  th e  M .G .I . C l a a o i f i o a t i o n  S ys tem s r e p r e s e n t  

a  s y n th e s i s  o f  i d e a s  and c a s e  r s c o r l s  r e l e v a n t  t o  th e  p ro b lem  o f  a d e q u a te ­

l y  d e s c r i b i n g  r o c k  m a sse s f o r  e n g in e e r i n g  p r o j e c t s  l i k e  t u n n e l l i n g .  As 

su c h  th e y  s h o u ld  r e p r e s e n t  a n  im provem ent on th e  l e s s  q u a n t i t a t i v e  m e thods 

p r e v io u s ly  u s e d  f o r  t h i s  p u r p o s e .  I n  g e n e r a l  te rm s  th e  r e s u l t s  o b ta in e d  

fro m  e v a lu a t in g  b o re  c o re s  c o r r e l a t e  r e a s o n a b ly  w e l l  w ith  th e  i n  s i t u  r e ­

s u l t s .  D i s c re p a n c ie s  a r i s e ,  how ever, i f  more d e t a i l  i s  r e q u i r e d .  The 

r e s u l t s  p r e s e n te d  i n  t h i s  d i s s e r t a t i o n  le n d  s u p p o r t  t o  th e  above  a rg u m e n ts

/a n d  suggesfc



a n d  s u g g e s t  t h a t  b o th  c l a s s i f i c a t i o n  sy s te m s  a re  s u i t a b l e  a s  d e s ig n  t o o l s  

b u t  n e i t h e r  a r e  s u i t a b l e ,  e x c e p t  p o s s ib l y  i n  g e n e r a l  te rm s , f o r  c o n t r a c t u a l  

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

W ith  r e g a r d  to  d e s ig n ,  t h e  N .G .I .  System  i s  p o s s ib l y  s l i g h t l y  more 

u s e f u l  t h a n  th e  G eom eohanics System  b e ca u se  e s t im a te s  c an  b e  made, w ith  

r e a s o n a b le  r e l i a b i l i t y ,  o f  w h e th e r  th e  e x c a v a t io n s  may be s t a b l e  w ith o u t  

s u p p o r t .  I n  a d d i t i o n ,  th e  s u p p o r t  rec o m m e n d atio n s g 'v e n  by  th e  N .G .I .  

System  a r e  m ore s p e c i f i c  and  a p p e a r  t o  b e  b e t t e r  r e l a t e d  t o  p a r t i c u l a r  

ro o k  m ass c o n d i t i o n s .

A paym ent sy s te m , s i m i l a r  t o  t h a t  d e s c r ib e d  by  C o c k c r o f t^ '0  ̂ f o r  the  

Du T o i t s k l o o f  T u n n e l , b a s e d  on  th e  s u p p o r t  a c t u a l l y  i n s t a l l e d ,  w ould seem 

to  b e  a  m ost p r a c t i c a l  s o l u t i o n  t o  th e  c o n t r a c t u a l  p ro b lem . F o r  t h i s  

p u r p o s e , a  num ber o f  r o c k  c l a s s e s  a re  d e f in e d  a c c o rd in g  t o  t h e i r  su p p o r t 

r e q u i r e m e n ts ,  a n l  a c o s t  r a t e  e s t a b l i s h e d  f o r  e a c h . T hese  a r e  th e n  u se d  

a s  a  b a s i s  o f  paym ent f o r  e a c h  s e c t i o n  o f  tu n n e l  e x c a v a te d  th ro u g h  tite  

d i f f e r e n t  r o o k  c l a s s e s .  A r o c k  m ass c l a s s i f i c a t i o n  c o u ld  b e  u se d  t o  d e ­

f i n e  t h e  r e s p e c t iv e  c l a s s e s  i n  te rm s  c o n s i s t e n t  w i th  th e  a n t i c i p a t e d  ro c k  

m ass c o n d i t i o n s .

5 .6  C om parison  o f  t h e  P r e d ic t e d  and I n s t a l l e d  S u p p o rt

D i f f e r i n g  t u n n e l l i n g  p r a c t i c e s  make i t  d i f f i c u l t  t o  com pare p r e d ic te d  

s u p p o r ts  w i th  th e  a c t u a l  i n s t a l l e d  s u p p o r t .  H ow ever, in  v iew  o f  th e  f a c t  

t h a t  t h e  p r im e  o b je c t  o f  b o th  c l a s s i f i c a t i o n  sy s te m s  i s  to  i n d i c a t e  th e  

s u p p o r t  r e q u ir e m e n ts  f o r  an  e x c a v a t io n ,  some comment on t h i s  a s p e c t  i s  

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

d i c t e d  s u p p o r ts  f o r  e a c h  c l a s s i f i c a t i o n  sy s te m  a r e  p r e s e n te d  i n  T a b le s  5./1 -  

5 .7 .  F o r  th e  N .G .I .  S ys tem , th e  c o n c e p t o f  a  l i m i t i n g  sp a n  was u se d  to  

i n d i c a t e  w h e th e r  o r  n o t  s u p p o r t  was r e q u i r e d .  W henever th e  l i m i t i n g  sp a n  

e x ce ed e d  th e  tu n n e l  d im e n s io n , i t  was assum ed t h a t  th e  r o c k  m ass c o u ld  

re m a in  u n su p p o r te d .

A lth o u g h  b o r e h o le s  a lo n g  m ost o f  th e  B u sh k o p p ies  T unnel r o u te  v o te  

e x am in e d , th e  s c o p e  o f  th e  w ork u n d e r ta k e n  d id  n o t  a l lo w  a n y  in t e r p o l a t i o n  

t o  b e  made b e tw ee n  them . Comments a re  th e r e f o r e  c o n f in e d  to  th e  s i t e s  

exam ined  o n ly .  The i n  a i t u  s u p p o r t  p r e d i c t i o n s  from  th e  N .G .I .  System  

com pare v e r y  w e l l  w i th  th e  s u p p o r t  i n s t a l l e d  a t  e a c h  s i t e .  The e rream ent 

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

i t i e s  c a n  be s e e n .  F o r  th e  G eom echanics System  th e  s u p p o r ts  p r e d ic t* .!



f ro m  e i t h e r  t h e  b o r e h o le  o r  i n  s i t u  d a t a  do n o t  com pare w e l l  w i th  th e  i n ­

s t a l l e d  s u p p o r t s .  T h is  i s  due p a r t l y  to  th e  f a c t  t h a t  th e  e x c a v a t io n  

s i z e  c a n n o t be a c c o u n te d  f o r  i n  t h i s  s y s te m , o th e r  th a n  to  v a r y  th e  b o l t  

l e n g th s  o f  th e  recom m ended s u p p o r t .

F o r  t h e  Du T o i t s k l o o f  T u n n e l th e  c o r r e l a t i o n  betw een  th e  i n s t a l l e d  

s u p p o r t  and  th e  s u p p o r t  p r e d ic t e d  fro m  th e  IT .G .I. System  i s  n o t  a s  good 

a s  f o r  th e  B u sh k o p p ies  T u n n e l . W here tw o b o r e h o le s  w ere d r i l l e d  from  a  

s i t e  t h e  more c o n s e r v a t iv e  p r e d i c t i o n  o n ly  i s  show n. The l i m i t i n g  sp a n s  

c a l c u l a t e d  f o r  s i t e s  D ut 1 , 2 and 3 a r e  o n ly  s l i g h t l y  g r e a t e r  th a n  th e  

tu n n e l  d im e n s io n  o f  3 .0  m e t r e s .  A ssum ing  th e  l i m i t i n g  sp a n s  t o  be c o r r e o t  

t h i s  c o u ld  mean t h a t  a t  t h e s e  s i t e s  t h e  tu n n e l  i s  a  b o r d e r - l i n e  c a se  b e ­

tw e en  's u p p o r t e d ' and 'u n s u p p o r t e d '. T h is  c o u ld  a c c o u n t f o r  some o f  th e  

d i f f e r e n c e s .  F o r  t h e  G eom eohanics S ys tem  th e  p r e d i c t e d  s u p p o r ts  a r e  more 

c o n s e r v a t iv e  th a n  th e  i n s t a l l e d  s u p p o r ts .

The D e lv e r s  T u n n e l r e s u l t s  a r e  n o t  am enable  t o  t h i s  ty p e  o f  c o m p ariso n  

b e c a u s e  s. s ta n d a r d iz e d  s u p p o r t  sy s te m  was u se d  a lo n g  th e  e n t i r e  tu n n e l  

i r r e s p e c t i v e  o f  r o c k  c o n d i t i o n s .  The v a lu e  o f  r o c k  b o l t s  i n  t h i s  ty p e  o f  

w e a th e re d  r o c k ,  a s  recommended by  b o th  s y s te m s , i s  q u e s t io n e d , how ever.

k
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The v.vrV- p resa tvV id  i n  t h i s  S i s a a r t a t i o s ;  h a s  a tt® :ap tad  to  e v a lu a te  th e  

r e l i a b i l i t y  o f  b o r e h o le  c o re  d a t a  i n  e n g in e e r i n g  ro o k  nv.so c lo .o s if ic o . t io n  

3j'Ste;.i3 f : r  u n d e rg ro u n d  e x c a v a t io n  d o s ig n .  S e v e ra l  g e o lo g ic a l  e n v i ro n -  

xe r.k s  w ere  e x 'u in e d  d u r in g  th e  f ie ld w o r k ,  and i t  i s  f e l t  by  t h e  a u th o r  

t h a t  th e  r e s u l t s  p r e s e n te d  in d i c a t e  th e  g e n e r a l  t r e n d s  t h a t  may be a n t i ­

c ip a t e d  f '- r  s i m i l a r  ro o k  m ass c o n d i t io n s .

? o r  b o th  th e  l e o a e c h a n ic s  and  O la s s i f i c a t i c z :  S y s tem s, th e

b o r e h o le  c o r e s  g e n e r a l l y  i n d i c a t e d  p o o r e r  r o c k  maos c o n d i t io n s  th a n  w ere 

a c t u a l l y  e n c o u n te re d  u n d e rg ro u n d . M e a n in g fu l r o c k  c l a s s i f i c a t i o n s  c an  

n e v e r th e l e s s  b e  made fro m  b o r e  c o re  d a t a ,  and  i n  t h i s  r e s p e c t  b o th  sy s te m s  

a r e  b e s t  s u i t e d  f o r  g e n e r a l  a p p r a i s a l s  o f  th e  r o c k  nv-us. V a lu e s  f o r  

s tv n d - u p  tim e s  and l i a i s i n g  s p a n s , a s  w e l l  a s  s u p p o r t  recom uer.d -.sio r.s, 

s h o u ld  a l s o  b e  used  in  g e n e r a l  te rm s  o n ly .

6 .1  The O oomech-.-.ics f l - g s s l f i c a t i c n  b.vstem

The r e s u l t s  o f  th e  p r e s e n t  s tu d y  in d i c a t e  t h a t ,  f o r  th e  ra n g e  o f  r o c k  m ass 

c o n d i t i o n s  e x a e .in a d , d a t a  fro m  b o r e h o le  c o re s  c an  p ro v id e  r e a s o n a b ly  r e ­

l i a b l e  e s t im a te s  o f  th e  G eo n e ch a n ic c  lo c k  '.’l a n s e s  to  be e n c o u n te re d  in  

p la n n e d  u n d e rg ro u n d  e o rc a v a tio n s . The b o r e h o le  “H R -v s lu e s  f . . r  th e  r o c k  

m a ss , h o w ev e r, o f t e n  d i f f e r  n o t i c e a b ly  from  th e  r e l a t e d  i n  s i t u  R I-3 -v a lu e s .

E s t im a te s  o f  th e  a c t i v e  u n s u p p o r te d  sp a n s  fro m  th e  b o r e h o le  and i n  s i t u  

r e s u l t s  r e s p e c t i v e l y ,  a r e  s i m i l a r ,  b u t  th e  a s s o c i a t e d  s ta n d - u p  tim e s  a n d  

s u p p o r t  rec o m m e n d a tio n s  do n o t  com pare a s  f a v o u r a b l y .  The r e s u l t s  i n d i c a t e  

t h a t  t h e r e  i s  a p p ro x im a te ly  a  60 p e r  c e n t  t o  70 p e r  c e n t  ch an c e  f o r  a  r o c k  

c l a s s ,  e s t im a te d  fro m  b o re  c o re  d a t a ,  t o  be e q u a l  t o ,  o r  w i th in  one c l a s s  

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

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

shown b y  a l l  th e  c l a s s i f i c a t i o n  p a ra m e te r s  e x am in e d . The m ost im p o r ta n t  

c o n t r i b u t o r s  i n  t h i s  r e g a r d  w e re , i n  th e  p r e s e n t  s tu d y , th e  Rock Q u a l i ty  

D e s ig n a t io n  and  J o i n t  S p a c in g . The c o r r e c t  e v a lu a t io n  o f  b o th  th e s e  

p a r r m a te r a  i s  H i n t e d  t o  th e  c o re  r e c o v e r y  r-nd q u a l i t y ,  a n d  c u n  b e  s i , ; -  

n i f i c - ’n t l y  a f f e c t e d  i f  s u f f i c i e n t  c a^ e  i s  n o t  ta k e n  d u r in g  th e  d r i l l i n g  

o p e r a t i o n .

B oth  i t  * J o i n t  C o n d i tio n  and J o i n t  O r i e n t a t i o n  a r e  d i f f i c u l t  p .'-ra- 

n e t e r s  to  v s s a s o  a c c u r a t e l y  from  b o r e h o le  c o r e s .  T h e i r  in f lu e n c e  on th e



b o r e h o le  r e s u l t s  i s  n o t  a s  m arked  a s  th e  p r e v io u s  two p a ra m e te r s  how ever, 

ow ing  t o  th e  a p p a r e n t  te n d e n c y  f o r  one  t o  s e l e c t  in te r m e d i a te  c o n d i t io n s  

when th e  c o re  i s  d i f f i c u l t  t o  e v a lu a t e . T h is  c o u ld  a l s o  le a d  to  s i g n i f i ­

c a n t  e r z v r s  i n  t::a  r o c k  m ass c l a s s i f i c a t i o n .

I k e  " e o n e c h a - .ic s  C l a s s i f i c a t i o n  System  w as found  to  b e  s im p le  to  

a p p ly  t o  b o th  t h e  b o r e h o le  and  i n  s i t u  c l a s s i f i c a t i o n  o f  rock  m a s se s .

T he g e n e r a l i z e d  d e s c r i p t i o n s  u s e d  f o r  th e  in d iv i d u a l  p a ra m e te r s  a s s i s t e d  

i n  t h i s  r e g a r d ,  a l th o u g h  th e  J o i n t  C o n d i t io n  p a ra m e te r  was fo u n d  t o  be 

s l i g h t l y  am b iguous f o r  p o o r e r  r o c k  c o n d i t i o n s .

6 .2  The i r .G . I .  C l a s s i f i c a t i o n  System

The r e s u l t s  o b ta in e d  f o r  th e  K .G .I .  C l a s s i f i c a t i o n  System  in d i c a t e  t h a t  

b o r e h o le  d a t a  may b e  u se d  to  r e l i a b l y  c l a s s i f y  r o c k  m asses w i th  0 - v a lu e e  

e x c e e d in g  a p p ro x im a te ly  0 ,1 .  Hook c o n d i t i o n s  r e l a t e d  t o  Q .-values s i g ­

n i f i c a n t l y  lo w e r  t h a n  t h i s  f i g u r e  w ere ss ld o m  e n c o u n te re d  d u r in g  the  
p r e s e n t  s tu d y .  A p p ro x im a te ly  90 p e r  c e n t  o f  th e  b o r e h o le  a n d  i n  s i t u  

r e s u l t s  d i f f e r e d  by  no  n o r 3 th a n  one r o c k  c l a s s ,  a l th o u g h  th e  a c t u a l  Q- 

v a lu e s  w ere  o f t e n  q u i t e  d i f f e r e n t .  The ro o k  c l a s s i f i c a t i o n s  b a s e d  on 

b o re  c o re  d a t a  g e n e r a l l y  i n d i c a t e d  p o o r e r  c o n d i t i o n s  th a n  w ere  e n c o u n te re d  

u n d e rg ro u n d . L im itin g  s p a n s  and  s ta n d - u p  t im e s  c a l c u l a t e d  fro m  a s s o c ­

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

The b o r e h o le  e v a lu a t io n  o f  th e  i n d i v i d u a l  c l a s s i f i c a t i o n  p a ra m e te r s  

c o r r e l a t e d  r e a s o n a b ly  w e l l  w i th  th e  i n  s i t u  r e s u l t s .  The J o i n t  S e t 

Humber and  J o i n t  R oughness i n d i c a t e d  b e t t e r  r o c k  c o n d i t io n s  th a n  w are 

e n c o u n te re d  i n  s i t u ,  w h ile  th e  J o i n t  A l t e r a t i o n  and  S t r e s s  R e d u c tio n  

F a c to r  d i s p l a y e d  a n  o p p o s i t e  t r e n d .  The Rook Q u a l i ty  D e s ig n a t io n  p r o b a b ly  

a f f e c t e d  th e  p r e s e n t  r e s u l t s  m o st s i g n i f i c a n t l y  w i th  a  t r e n d  to w a rd s  con ­

s e r v a t iv e  b o r e h o le  Q -v a lu e s .

I n  p r a c t i c e  t h e  i n d i v i d u a l  p a ra m e te r s  d e f in e d  f o r  t h i s  sy s te m  w ere 

fo u n d  t o  b e  s im p le  t o  u s e .  The J o i n t  R oughness  i s  p r o b a b ly  t h e  m ost 

d i f f i c u l t  p a ra m e te r  t o  e v a lu a te  a c c u r a t e l y  from  a  b o re  c o re  and  th e  J o i n t  

A l t e r a t i o n  c o u ld  a l s o  b e  p r o b le m a t i c a l  f o r  c o n d i t io n s  o f  in t e n s e  a l t e r a t i o n .

6 .3  C om parison  o f  th e  G eom echanics and 17.G .I .  C l a s s i f i c a t i o n  System s 

B o re h o le  d a t a  c an  b e  u se d  w i th  r e a s o n a b le  r e l i a b i l i t y  i n  b o th  th e  Geo- 

a e c h a n ic c  and  M .G .I . e n g in e e r in g  r o c k  m ass c l a s s i f i c a t i o n  s y s te m s . Ths

/ c o r r e l a t i o n  . . . . . . . . . .



189

c o r r e l a t i o n  b e tw ee n  th e  b o r e h o le  and  i n  s i t u  c l a s s i f i c a t i o n  v a lu e s  i s  

b e t t e r  f o r  th e  - h C . I .  S y s t e r  t h a n  f o r  th e  Oeomechanics- Sys tem , a s  i s  th e  

c o r r e l a t i o n  b e tw ee n  th e  U n su p p o r ted  o r  L im i t in g  foam s, and S ta n d -u p  tim e s  

e s t im a te d  fro m  th e s e  r e s u l t s .

Once a  b a s ic  u n d e rs t a n d in g  o f  e a c h  sy s te m  w as o b ta in e d ,  to g e th e r  w ith  

a n  a p p r e c i a t i o n  o f  th e  p ro c e d u re  n e c e s s a r y  t o  r e a l i s t i c a l l y  e v a lu a te  th e  

i n d i v i d u a l  p a ra m e te r s  i n  e a c h  c a s e ,  n e i t h e r  sy s te m  was found  t o  be p a r t i ­

c u l a r l y  d i f f i c u l t  t o  u s e .  I n  some in s t a n c e s ,  ho w ev e r, th e  v e r y  g e n a r a l  

p a ra m e te r  d e f i n i t i o n s  f o r  th e  G eom echanics System  w ere found  to  b e  l e s s  

u s e f u l  th a n  th e  more p r e c i s e  d e s c r i p t i o n s  g iv e n  f o r  th e  N .G .I .  Sys tem .

N e i th e r  c l a s s i f i c a t i o n  sy s te m  d is p l a y e d  a  good c o r r e l a t i o n  b e tw een  

t h e  b o r e h o le  and i n  s i t u  s u p p o r t  p r e d i c t i o n s ,  a l th o u g h  a  b e t t e r  r e s u l t  w as 

a g a in  o b ta in e d  f o r  th e  N .G .I .  Sys tem . T h is  a p p e a rs  t o  be d u e , to  some 

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

s u p p o r t  rec o m m e n d a tio n s , t o g e t h e r  w i th  th e  f a c t  t h a t  a llo w a n c e  can  be  

made f o r  e x c a v a t io n  d im e n s io n s .

The b o r e h o le  c la s s i f i c a t io n s  f ro m  b o th  s y s te m s  a r e  n o t  s u f f i c i e n t l y  

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

r e p r e s e n t  th e  b e a t  a v a i l a b l e  d a t a  p r i o r  t o  e x c a v a t io n .  T hey  c a n  n e v e r ­

t h e l e s s  s e r v e  a s  a  b a s i s  f o r  d e f in i n g  g e n e r a l  r o c k  c l a s s e s  e x p e c te d  t o  be  

p r e s e n t  w i t h i n  a  p la n n e d  u n d e rg ro u n d  - x c a v a t i o r , and  t h e i r  l i k e l y  su p p o r t  

r e q u i r e m e n ts . T h is  c o u ld  b e  in v a lu a b l e  f o r  c o s t  e s t im a te s .

The b o r e h o le  r e s u l t s  a r e  u s u a l l y  a p p l i c a b l e  t o  th e  r o c k  m ass i n  t h e  

im m ed ia te  v i c i n i t y  o f  t h e  b o r e h o le  o n ly .  G re a t  c a r e  w ould t h e r e f o r e  b e  

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

6 .4  F u tu re  Work

The p r e s e n t  w ork , and  th e  p r e v io u s  s t u d i e s  r e f e r r e d  to  i n  C h a p te r  1 ,  h a v e  

e s t a b l i s h e d  th e  u s e f u l n e s s  o f  e n g in e e r i n g  r o c k  m acs c l a s s i f i c a t i o n  sy s te m s  

t o  r o c k  e n g in e e r in g  p ro b le m s . C o n tin u ed  a p p l i c a t i o n  o f  t h e s e  sy s te m s  and  

c o m p ariso n  o f  t h e  r e s u l t s  o b ta in e d ,  w ould  h e lp  t o  c o n firm  t h e i r  v a lu e .  

A d d i t io n a l  w ork i n  e v a lu a t in g  th e  r e l i a b i l i t y  o f  b o r e h o le  d a t a  i n  o th e r  

g e o lo g ic a l  e n v iro n m e n ts  w ould a l s o  be  u s e f u l .  A s tu d y  o f  th e  a p p l i c a t i o n  

o f  t h e  N .G .I .  C l a s s i f i c a t i o n  System  to  s o f t  g ro u n d  tu n n e l l i n g  c o u ld  a l s o  b e  

p e r t i n e n t .

S e n s i t i v i t y  a n a ly s e s  o f  t h e  i n d iv i d u a l  c l ' i o s i f i c a t i o n  p a ra m e te r s ,  to  

e s t a b l i s h  t h e i r  i n f lu e n c e  on  th e  f i n a l  c l a s s i f i c a t i o n  v a l u e s ,  w ould be
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u s e f u l  t o  d e te rm in e  th e  l i m i t s  o f  a c c u ra c y  n e c e s s a r y  w hen a s s e s s in g  th e  

p a ra m e te r s .  The e x t e n s i o n  o f  t h e  U .S . I .  System  f o r  u s e  i n  e v a lu a t in g  

o t h e r  r o c k  e n g in e e r i n g  p ro b le m s , su c h  a s  d r i l l a b i l i t y  o r  e x c a v a t io n  m ethod 

w ould  a l s o  b e  o f  g r e a t  v a lu e ,  w h ile  s t u d i e s  o f  th e  r e l a t i o n s h i p  b e tw een  

d i f f e r e n t  r o c k  c l a s s e s  and  t h e i r  g e o p h y s ic a l  p r o p e r t i e s  w ould a id  i n  th e  

e x t r a p o l a t i o n  c f  r e s u l t s  b e tw ee n  b o r e h o le  p o in t s .
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S u p p o rt M e a su re s  f o r  Rock M asses o f  " E x c e p tio n a l” , 
"E x tre m e ly  G ood", "V ery  Good” , and  "Good" Q u a l i ty  

(v), r a n g e :  lO oC -10)

orr 8
SPAN/ kg/cm3 
ESR (m) (approx.

support X "

3-

1000—400 
1000—400 
1000—400 
1000—400

-  -
- sb (urg)

t
i

l
l

400—100
400—100
400-100
400—100

— — I
I

I
!

% 30-65

sb (utg)
-  '

BM, s  =
0.15 8.5 1? sb (urg)

B.frtg; 2-5-3* —

30
S o  z -

14-30 B (utg 2—3 m 
B (utg) I J—Ztr

i r 100-40 SS z -
0.15 23-18 B (tg) 2—3 m 

B(tg) 1.5-2 m

£30 —
-

0.15 40-72
B (tg) 1,3—2 m -

I
N

I B (utg) U —2n 
a  (urg) 1.5—2 rr 
B (utg) 1.3—Im

s
B (^ )1 J—2 m

B (tg) 1.5—2 m 
+S (mr) 5 - t0 c  
B (utg) 1.5—2

1,11

15—« B (tg) 1.5-2 m

- B(tg) 2.3-2 m I, II, JV 
+S (mr) 5—10cm

£ -

0 ^ B (tg) 1.5—2 m

B (rg) 3-5—2 m 
+ S (mr) 10—13

• Authors' estimates of support. Insufficient ease records available for reliable estimation 
of support requirements,

The type of support to be used in categories 1 to 8 will depend on the blasting technique 
Smooth wall blasting and thorough barring-down may remove the need for support. Rough- 
wall blasting may result in rite need for single applications of shotcrcte, especially where the 
excavation height is '>15 m. Future case records should differentiate categories 1 to 8.

Key to Support Tables: 
sb = spot bolting 
B = systematic bolting 
(utg) = untensioncd, grouted

A f t e r : B a r to n ,- L ie n  and  L unde, 1974



S u p p o rt M e asu res  f o r  Rock H a ss e s  o f  " F a i r "  and " P o o r” Q u a l i ty  
(Q rangei 10-1)

Support Q  Co-.umonal factors P

—  " 9 M .  W .  S T  8 %

Type o* support Note

10—4 >30 — — 1.0 
§ 1 0 ,3 3 0 -  — ^

sb (utg) 1 
B (utg) 1—1.5 m 3 
B (utg) 1—1.5 m I 
4-5 2—3cm

10—4 >5 — 510m 1.0 

S5 — 510 m

B (tg) 1—1.5 m I, Hi 

B (utg) 1—U rn  I

B (utg) 1—I-I m I

10-4 — — 320 m 1.0 B (tg) 1—2 m I, II, IV 
+S (mr) 10—15cm 
B Itg) 1—1.5 in I, If 
+S (mr) 5—10cm

20- 10—4  — — 535 m 1.0 B W  1 -2  m 1, V, VI

“0,e XII — — <35 m B̂ hg) 1—2 m ^  I, n, IV

4—1 512.5 S0.7J — 1.5 

<125 S0.75 —

B Ng) 1 m 1

S 2 j —5 cm I
B (urg) 3 ro I

21 4—1 >10, <30 >1.0 — 1.5 B (utg) 1 m + clm 1 
S 2.5—7.5 cm I 
B (utg) 1 m I

E .H U .!?.........
4 -1  — — 515m 1J B (tg) 1-1.5 m 1,11,1V, 

+ S(mr) 10-15 cm VII

+ S (mr) 5—10 m
4—1 — — 530 m 1.5 . 18-46 B (tg) 1—1.5 m I, V, VI

XII — — <30 m

* Authors* estimates of support. Insulficient ca 
of support requirements. 6 records vailable for reliable estitna-

(tg) == tensioncd, (expanding shell type for competent rock m 
in very poor quality rock masses; see Note X!)

S »  shotcrcte 
(mr) = mesh reinforced 
elm = chain link mesh 
CCA = cast concrete arch 
(st) =■ steel reinforced

Bolt spacmgs arc given tn metres (m). Shotcrcte 
in centimetres (cm).

Crete arch thickness is given

A f t e r :  B a r to n *  L ie n  and L unde, 1974
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Supplementary Notes for Support Tables
I. For cases of heavy rock bursting or “popping”, tensioned holes with 

enlarged bearing plates- often used, w ith spacing of about im  (occa­
sionally dow n to  0.8 m). Final support when “popping” activity ceases.

II. Several bole lengths often used in same excavation, i. e. 3 , 5 and 7 m.
III. Several bo lt lengths often used in same excavation, i. c. 2 , 3 and 4 m.
IV. Tensioned cable anchors often used to  supplement bolt support pres-

• sores. Typical spacing 2— 4 m.
V. Several bo lt lengths often used in some excavations, i. e. 6, 8 and 10 m.

VI. Tensioned cable anchors often used to  supplement bolt support pres­
sures. Typical spacing 4— 6 m.

V31. Several o f the older generation power stations in this category employ 
systematic or spot bolting w ith areas of chain link mesh, and a free 

concrete arch roof (25— 40 cm) as permanent support,
V1U. Ca^-s involving swelling, for instance montmorillonite clay (with access 

o f w ater). Room for expansion behind the support is used in cases 
of heavy swelling. Drainage measures are used where possible.

IX. Cases n o t involving swelling clay or squeezing rock.
X. Cat" living squeezing rock. Heavy rigid support its generally used 

as p ent support.
XI. According to  the authors' experience, in cases of swelling or squeezing, 

the temporary support required before concrete (or shoterete) arches 
are formed may consist of bolting (tensioned shell-expansion type) if 
the value of RQD/]„ is sufficiently high (i.e. > 2 .5 ) ,  possibly com­
bined w ith shotcrete. If the rock mass is very heavily jointed or crushed 
(i. e. R Q D //n <  1-5, fo r example a  “sugar cube" shear zone in quartz- 
ite), then the temporary support may consist of up to  several applica­
tions o f shotcrete. Systematic bolting (tensioned) may be added after 
casting the  concrete (or shotcrete) arch to  reduce the uneven loading 
on the concrete, b u t it may no t be effective when RQDlJa <  1-5, or 
when a  lo r of day  is present, unless the boles are grouted before ten­
sioning. A sufficient length of anchored bolt might also be obtained 
using quick s; ring resin anchors in these extremely poor quality rodc-

• masses. Serious occurzcnces of swelling and/or squeezing rode may 
require tha t the concreti arches are taken right up to the face, pos­
sibly using a shield as temporary shuttering. Temporary support of 
the working face may also be required in these cases.

XII. For reasons of safety the multiple drift method will often be needed 
during cxcavnrion and supporting of roof arch. Categories 16, 20, 24, 
28, 32, 35 (SPAN/ESB. >  35 m  only).

XIII. M ultiple drift method usually needed during excavation and support 
o f arch, walls and floor in cases of heavy,squeezing. Category 38 
(SPAN/ESR  >  10 m only).



f









214

S
I

s - , V .  - s ‘a  5 'a s 's



215



•asOHWff iHVXOK



217

* *H  * > 8 V s



m a  w m oa

wooiivc





• u a o H v i a  x u v i o h



•atm via m viok





225



•QMOI'iVI'T XHVIOS





■aKOHVICt IHVIOH











1
•asonvic XHVIOM

* 8

6  ,

III i .
j # «  % 1

p

I
MOCIKVH H?I« OHI

|  | f  ,  i  |  j

. * i  * *  i i  1 *
i  i i i  i f  I  i

^  j
■ss *8 *8 8 *3 -9 '8 .! •?

nc
lin

at
lc

S 5 T -

8 %

r t i
}!lli IH-Ijllr



HOCim HITA



•OSOX/ia XHVIOH



2)3

5 i i . . . . . . . .  '  — —i

!

'I j j i  ■ 

, 1 1 ,  !
if .. . . . . . . . . . . .i

. { ' I i ' M f  '
W;  ; ;  ; n  ; f
I *S -s Y s t  '% Vs -2 •$ -2 "s •= •= .•$

1

R
s



1

11%;,



2?5







258

"(nrWYia isysos

H o am  ritm

a S g g e g e H g g B B M !



m a  xuviou



240

•c fio x m  ihvioh



F I '
» f  i  n ;  ■ i i i M K i

U •-> ** 's'stt* = §s s 's’s Vt a

r-K liilj- 13̂

gar
S S l f t

lI M L M  ! ri i n



242

•S -8 -s -s •= -a -a •sVs's a Vs ‘s Vs s -= V Vs



245

•acosm a xavioii



244



245

1 I

I I

i r
*3 -2 "3 Vs ’$ S









249



•crsc:<vi'r xhviok

HOaSVH



f

csomcr m v io h





253

•CH O W V ia XHYK3H



% H -a ,v- l - ,Vsg -su -8 -s>



•cmavia xHvioa

MOaKVH H1T« OH





256



•atiowvia Mviot





259

35
i
i h

ds 1
i=

, , . , i . , ■ , ,

i

I





a i?: m  

Ta-HIMOLO^Y OSS') r j  TE3 TZ
jo ir r r  suhtsy ^ 3



262

TGRM3 ?33D HT THS T3XT TC nS;lCRI35 T 3  VfflATHSaitlG, 
TSXTU5S AKP JOICT SPACB:'}

(A dop ted  fro m  th e  S o u th  A irio c 't; S e c t io n  o f  
The A s s o c ia t io n  o f  E n g in e e r in g  G e o lo g is t s )

WEATHER I X :

O nw ea thered

ITo v i s i b l e  s ig n s  o f  a l t e r a t i o n  i n  th e  ro c k  m a te r i a l  b u t  f r a c t u r e  

p la n e s  n a y  h e  s t a in e d  o r  d is c o lo u r e d .

S l i g h t l y  w e a th e re d

F r a c tu r e s  a r e  s t a in e d  o r  d is c o lo u r e d  and  may c o n ta in  a  t h i n  f i l l i n g  

o f  a l t e r e d  m a t e r i a l .  D i s c o lo u r a t io n  may e x te n d  i n to  th e  r o c k  from  th e  

f r a c t u r e  p l a n e s  t o  a  d i s t a n c e  o f  u p  to  20 p e r  c e n t  o f  th e  f r a c t u r e  s p a c ­

in g  ( i . e .  l e s s  th a n  40 p e r  c e n t  o f  t h e  r o o k  i s  d is c o lo u r e d ) .

Medium w e a th e re d

S l i g h t  d i s c o lo u r a t i o n  e x te n d s  fro m  f r a c t u r e  p la n e s  f o r  a  d is t a n c e  

g r e a t e r  th a n  20 p e r  c e n t  o f  t h e  f r a c t u r e  s p a c in g  ( i . e .  g e n e r a l l y  g r e a t e r  

p a r t  o f  th e  r o c k ) .  F r a c tu r e s  may c o n ta in  f i l l i n g  o f  a l t e r e d  m a te r ia l .

The s u r f a c e  o f  t h e  c o re  i s  n o t  f r i a b l e  ( e x c e p t  i n  th e  c a s e  o f  p o o r ly  

cem en ted  s e d im e n ta r y  r o c k s )  and  th e  o r i g i n a l  te x tu r e  o f  th e  r o c k  h a s  b e e n  

p r e s e r v e d .  P a r t i a l  o p e n in g  o f  g r a in  b o u n d a r ie s  may be o b se rv e d .

H ig h ly  w e a th e re d

D is c o lo u r a t io n  e x te n d s  th r o u g h o u t  th e  r o c k .  The s u r f a c e  o f  t h e  c o re  

i s  f r i a b l e  and  u s u a l l y  p i t t e d  due  to  w ash in g  o u t  o f  h ig h ly  a l t e r e d  m in e r a ls  

b y  d r i l l i n g  w a te r  The o r i g i n a l  te x tu r e  o f  th e  r o c k  lis.a m a in ly  b e e n  p r e ­

s e rv e d  b u t  s e p a r a t i o n  o f  g r a in s  h a s  o c c u r re d .

C o m p le te ly  w ea th e re d

The r o c k  i s  t o t a l l y  d is c o lo u r e d  nnd th e  e x t e r n a l  a p p e a ra n c e  o f  th e  

c o re  i s  t h a t  o f  -i s o i l .  I n t e r n a l l y  th a  r o c ’; t e x t u r e  i s  p a r t l y  p r e s e rv e d  

b u t  g r a in s  have  c o m p le te ly  s e p a r a t e d .

/TEXTURE
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T5XTH3E:

D e s c r ip t io n

V ery  f i n e - g r a in e d

M e d iu m -g ra in e d

C o a r s e - g ra in e d  

V ery  c o a r s e - g r a in e d

G ra in  Sizs

<0,0f

0 ,0 6  -  0 ,2  

0 , 2  -  0 ,6

0 ,6  -  2 ,0  

>  2,0

R e c o g n i tio n

J u s t  v i s i b l e  a s  i n d iv i d u a l  
g r a in s  u n d e r  a  hand  l e n s .

G ra in s  c l e a r l y  v i s i b l e  u n d e r  
han d  l e n s ,  j u s t  v i s i b l e  to  
th e  n a k ed  e y e .

G ra in s  c l e a r l y  v i s i b l e  to  
th e  n a k ed  e y e .

G ra in s  m e a e u re a b le .

JOINT SPACING}

D e s c r ip t io n  

V ery  w id e ly  j o in t e d  

W id e ly  j o in t e d  

Medium jo in t e d  

C lo s e ly  jo in t e d  

V ery  c l o s e l y  jo in t e d

S p a c in g  (mm)

300 -  1000 

100  -  300 

30  -  100 

10  -  30
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ASBKi.'YLVriOaS TJj SD ?0P. TH3 FSaTJiiSS f-ECOHPED FHOH 
R E  D-CTATL LUIS JOINT 5IHYSYS

Column 1 : D is ta n c e  a lo n g  th e  m e a su r in g  ta p e  g iv e n  in  m e tr e s .

Column 2 : H ock Type

Q -  S p a r t z i t i c  S a n d sto n e

-  B r e c c ia te d  Q u o r t z i t i c  S a n d sto n e  

G -  G ra n ite

p  -  D ia b a se

Column 3 • H ock H a rd n e s s  *
H i -  V ery  s o f t  r o c k  -  m a t e r i a l  c ru m b le s  u n d e r  f i r m  b low s w i th  

a  s h a rp  end  o f  a  g e o lo g ic a l  p ic k  a n d  c an  

be  p e e le d  o f f  w i th  a  k n i f e ,  I t  i s  to o  

h a rd  t o  c u t  n  t r i a x i a l  sam ple  by  h a n d .

R2 -  S o f t  ro o k  -  c an  j u s t  be s c ra p e d  and p e e le d  w ith  a

k n i f e ;  i n d e n ta t i o n s  5 mm show i n  th e  

specim en  w i th  f i r n  b low s o f  t h e  p ic k

R3 -  H ard  r o c k  -  c a n n o t  be s c ra p e d  o r  p e e le d  w ith  a  k n i f e ;

h a n d -h e ld  sp e c im en  c an  be  b ro k e n  w i th  a 

hammer end o f  a  g e o lo g ic a l  p ic k  w i th  a  

s in g l e  f i r m  b low .

R4 -  V ery  h a rd  ro o k  -  h a n d -h e ld  sp e c im en  b r e a k s  w i th  hammer 

end  o f  p i c k  u n d e r  more th a n  one b low .

• sp e c im en  r e q u i r e s  many b low s w ith  geo ­

l o g i c a l  p ic k  t o  b r e e k  th ro u g h  i n t a c t  

m a t e r i a l .

Column 4 : R ock  S t r u c tu r e

B J -  B e d d in g  J o in t  

3 J  -  S h e a r  J o i n t  

C J -  C ro s s  J o i n t

Columns 1
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Column 7 = Oou're T h lo 'u w a a  SS

1 0 ,0  cm

2 0 ,0  -  0 , 5  cm

3 0 ,5  -  2 ,5  cm

4 2 ,5  -  5 ,0  cm

5 >  5 ,0  ( s p e c i f y )

- S to in

- C la y

- C h l o r i t e

- C alc ifce

Sd - Sand

3* - Q u a r ts

Q.s V - Q u ar tz  V e in

W - W ea th e red  Rook

- C rushed  Rock

- D ecomposed Rock

- S h e a re d  Rock

- M ica

- G r i t

Goug'5 H erd n es s

S I  -  V ery  s o f t  -  e a s i l y  m oulded  i n  f i n g e r s ;  show s d i s t i n c t

h e e lm a rk s .

32 -  S o f t  -  m oulds i n  f i n g e r s  w i th  s t r o n g  p r e s s u r e ;

f a i n t  h e e lm a rk s ,

53 -  F irm  -  v e r y  d i f f i c u l t  to  mould i n  f i n g e r s ;  d i f f i ­

c u l t  t o  c u t  w i th  a  hand  sp a d e .

54 -  S t i f f  -  c a n n o t be m oulded  i n  f i n g e r s ;  c a n n o t be

c u t  w i th  han d  sp ade  and r e q u i r e s  h and - 

p ic k in g  f o r  e x c a v a t io n .

55 -  V ery  s t i f f  -  v e r y  to u g h  and  d i f f i c u l t  to  move w ith

h a n d -p ic k ;  r e q u i r e s  p n eu m atic  sp a d e  f o r  

e x c a v a t io n .



Column 1C: S u r fa c e  ?.ougnngss *

1 -  S l . ic k e n s id e d  s u r f a c e s

2 -  Smooth

5 -  D e f in e d  r i d g e s

4 -  f a te I I  s t e p s

5 -  V ery  ro u g h

Column 1 1 : Sum*ic e  W aviness 

□  -  U n d u la t in g

F -  P l a n a r

Column 1 2 : J o i n t  C o n t in u i ty  *

0  -  B o th  e n d s  c an  b e  s e e n .

1  -  One end  e x te n d s  o u t  o f  f a c e .

2 -  B oth  e n d s e x te n d  o u t  o f  f a c e .

Column 1 5 : J o i n t  W ater **

If -  1'c w a te r .

D -  J o i n t  s u r f a c e  f e e l s  m o is t .

S -  S u r fa c e  s a tu r a t e d  b u t  no o b se rv e d  f lo w .

"F -  F low .

Column 1 4 = Rem arks

I n c lu d e s  a n y  d a t a  t h a t  c a n n o t  b e  accom m odated in  th e  o th e r  

c o lum ns.

A f t e r :  P i t e a u ,  D . , 1970

A f t e r :  J e n n in g s ,  J . 3 .  and  MacO. R o b e r tso n , A .,  1.973
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JOINT SUKV2Y DATA







JOINT SURVEY DATA SHEET

Location- 3oaProject- 8V.:iE0rPlSi TLl.IRL

Ctrectlon -  SIS'1

"ireotion -  S5IQ
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JOINT SURVEY DATA SHEET

Project- KJi'KOrPiia TCITK.OL - Location, toe 6



JOINT SURVEY DATA SHEET

Location:Pro jec t. s n r a R is s  i r a m

sgnptce

St^ctien



JOINT SURVEY

Location: 5«s 8

iregtion -  132°

airaotlon -  050c

Diractton -  LflO8'

Rendon



2?6
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JOINT SURVEY DATA SHEET

Location:Pro ject: KSKKOFRSS WTfSEi

direction -  Cfl4‘

set

DlraetlBn .  HI0

"itreetion" -  OBĴ



j o >n ; s u r v e y  data s h e e t

Location:Project! 3ZSE5»?M2S mcs

Direction -  HZ'1

Direction -  1Q6̂ ~

Bireotlon -  25O1



JOINT SURVEY DATA SHEET

Project 1 n m r a c c c j  m rn n  Location: a i; 1
SUHMCC

1
I

BEU»RKS

Direction -  209®

. direction -  0276

SictBtlon -  cei®

i.=o

145 W7

.. t i z
..
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JOINT SURVEY DATA SHEET

Location:P ro je c t ' K.T0rr3KLCJF

Direction - 111"



APRilDTX I I I  C 

3?5K 0PL 0T 3 OF 'ME JOINT SDliTBY DATA



• o f  C b se rv a fc io rc iJO

PERCENT OF

0h3*TV ".tions;<!9



o f  O 'o se rv 'itio n s :5 1

9 0 /2 1 8

> 7 ,5 %
5 ,0  - 7 , 5  %  
2 , 5 - 5 , 0 %  
<2,57.

*0/344 , Mo, o f  o 'b serv ’i

80/231



B o s  5

-70 /113

•N"o, of Observations s32

90/116
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