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ilnc<xp>m l«l A « i«  lation not .or Garni

Kew Road 
Richmond, Johannesburg

1980-03-25

UeC 80/488

Mr. L. Oleon,
Reinforced Earth (Pty) L td ., 
P.O. Box 375,
BERGVLEI.
2012

Dear S ir ,

P lease find enclosed our report on the t e s t s  carried  out on the 
South African and French b lastfurnace e la g e .

Youre fa i t h fu l ly ,
PORTLAND CEMENT INSTITUTE

7 - A ) -C O  /■ 

M.8. WELSH

unvoeniNot KcuiTEf p bviano to  com s o n  jp  c h o n j i  o n  l u v i . j  t  hoookiss, o j  nowi executive committee
Pl AASVEAVANGt nS H BYLANO D A  OEU fc I B PAAHMAN A M SWAR17 A1 TERNATES
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Wiwist every ewe .s m en in ensure Ihe coneclne*' ol any advice or mlormehon given my 
edvite oi intoimaiion herein conumed is gi- jn on the condition thel the institute and Is 

eniptovees incur no liabt«n> with regard lo lh» correctness thermo*



Portland Semen! Instituut
Kewweg. Richmond 
Johannesburg 
?001
Telefoon 726-8023/6
feiegran.me URGECRETE. AucklandparK

Laboratory report

P C j
Portland Cement Institute

Kew Road
Richmond. Johannesburg 

2001
Telephone 726-8023/6

Telegrams URGFCRETE. Auckland park

N ature of tes t Strength toeto  with South African Ret WmE 80/488 1980-03-25
and French b lastfurnace ologo .

Client Mr. L. Olson,
Reinforced Earth (P ty ) L td ., 
P.O. Box 376,
8ERCVLEI.

SCOPE OF WORK

A swnpla of French B lastfurnace s la g  was received  oo th at ta s te  oould 
be made of i t s  hydraulic p rop erties in  cosiparleon with s im ila r  types 
~f South African B lastfurnace e l a g a .

METHOD OF TEST

( i )  The s iev e  a n a ly sis  wee performed In accordance with the method 
sp e c if ie d  in  SABS METHOD 829.

(11) The nlega as received were used as an aggregate in  a 3:1  
aggrogate/coment mortar, the mixes bairg made to  the same 
con sisten cy  in  each c a se . Due to the large d if feren ce  in  
meter demand of the French and SA sla g s  the former had a 
c/m of 1 ,5  (m/c 0 ,6") and the la t te r  1,07 ( 0 ,9 3 ) .

( i l l )  In th is  t e s t ,  the French s la g  mas m illed  to a fin en ess  e ied la r  
to th at of Slagment. Mortar cubes mere made using a binder 
c o n sistin g  of a 50/50 blend of normal portlend cement and the 
appropriate f l n o  s la g  using a to ta l binder to mater r a tio  o f  
1 ,6 7 .

( i v )  An ISO type mortar mas made co n sist in g  of one f in e  slag  to
three sand by mass. The c/m ra tio  mas 2 ,0 . The a ctiva tor  
was 2 0 0  g  of sodium hydroxide per l i t r e  of mater.

V  R esults

VOORWAAHOtS V1R r o f f s w o  I *  V f RSLAG l I W l RING M o.w .1  f i le  w j  g M n  w n id  o '., 
t i  v v u u r  H I  f i le  t M t s e  e n  » t - s l l i  p u n  |«  u n  <M  I n i n l u u l  <* i «  e m e n e m e i s  h o e g e m e i n n  
m e  a i n s H e e t i e  gW io ti . a i d  v »  e m g e  f n u l f  in  d ie  u i t v t w n g  e n  e  m g  « * i
• n e t s i  it n.iqe t o u e e w e  t D M i n g s  d e e i e . i  g e m u k  '  » «  e m g e  g e v o lg e  . i w v *

CONDI MON Of TEST AND REPORT PRide every we 11 :*en to enure .he eccurecy ot w 
teete end report- nermer me ninkile nor id employee men be bebM in eny »ey wnelnv* tor 
my .tot mede m The eecuOon or rermbng ot leete m my enoneoue rooctosroni ikewn
Ihrebom or lor toy consequence eweo'



Mr. L. Disor, -  2 - WnE 80/488

RESULTS

( i )  The g r a d i n g  a n a l y s i s  i s  shown on thm a t t a c h e d  s h e e t .

( i i )  S l a g  a g g r e g a t e  t e s t .

7 Dave MPa 28 Days  MPa 9(1 Days  MPa

SA S l a g 4 , 0 7 , 0 1 0 , 0

F r e n c h  S l a g 6 ,5 1 5 , 0 2 4 , 0

( i l l ) S l a g - Ce r a en t  B l end
7 Days MPa 28 Dave MPa 90 Dave MPa

SA S l a g 8 , 0 2 8 , 5 3 6 , 0

F r e n c h  S l a g 1 3 , 0 3 4 , 0 3 9 , 5

( i v ) S l a g s  a c t i v a t e d  by s od i um h y d r o x i d e  

6 h o u r s  MPa 24 h o u r s  MPa

SA S l a g 1 , 2 9 , 2

F r e n c h  S l a g 8 , 9 1 4 , 2

CONCLUSION

The F r e n c h  s l a g  i s  u n d o u b t e d l y  s u p e r i o r  i n  s t r e n g t h  to  the South A frican  
S l a g ,  p a r t i c u l a r l y  a t  ea r ly  a g es . In t e s t  ( i i )  the extrem ely la rg e  
d iffe r e n c e  in  s t r e n g t h  r e s u l t s  i s  due n o t  only tc  the b e tte r  h y d r a u lic ity  
o f the French m ateria l but a lso  to the fa c t  th a t the French s la g  requ ired  
con sid erab ly  l e s s  water to ach ieve the required  co n s is ten cy  o f mix.

The reason for the su p e r io r ity  o f the French s la g  L not known but we 
b e lie v e  i t  mey be  due to  i t a  lower magnesia c o n ten t. Other fa c to r s  th e t  
may be r e sp o n sib le  for the s tren g th  d if fe r e n c e  s.re the m ineralogy and/or 
t h e  me t h o d s  of p r o c e s s i n g  t h e  s la g s .

7-

M.B.1&ELSH



PO RTLA N D  CEM ENT INSTITUTE

E NT  R einforced  Earth (Pty ) Ltd

. . . U S E  A G G R EG A T E .

i • pt'O:

Ref UeE 80/488  

O.m 1980-03-26

• • . Dv'  i  tv

. • Ui: > ' . h 1 i ' dry I m  '

; ;>'d ii' i ' v kg m  

■t • A N A .  V S I b

S A B S  Sc r e e ns

75 00  mm 

a j  ..•0 mm 

3 ' 5 0  ' nm 

36 50 

’ 9 00  rr-m 

13.20 mm 

9 50 mm 

6 70 mm

4 75 m m

Per c e n t  Pass i ng  ( by  mass l

J

f i N E A G G R E G A T E

S a m p l e  D e s c r i p t i o n SA S lag Freoah S lag
I I

R e la t i v e  D e n s i t y
•

2 ,52 2 ,64

B u lk  d e n s i t y  l o o s e  t an  d ry )  kg m ' 920 1 110

C o n s o l i d a t e d  lair dr y )  kg m 1 1 450 1 280

S C R E E N  A N A L Y S I S

S A B S  S c r e e n s Per cen t Passing (by mass)

4 750 urn 100 100

2 360 98 95 j

t 180 urn 74 73

6 0 0  urn 33 30

300 »m 11 19

150 urn 8 3

75 pm 3 ,0 0 ,5

.

y -—

F in en es s  Modulus 2 ,76 2 ,9 0 1
CONDITION OF TEST AND REPORT
While every care is t aken  to  ensure tne  accuracy ot an tests and reports  on  arjqreqates, neither  the  Inst i tu te  nor Its employees shall be liable In an y  way t

<• ‘ 11 n V •» n  o 7 IV  . t i l e*  I r> the r v f  t n tr r e p o r t  i n q  i»f t *\t <. "vn , iqqr P Q 4 t  Pt Or v w  im r -nPOtiS rn n r  It i- vn* rir i.arn ♦ • s « » < * # » r » r r s  m.r # m,
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T h e  p u r p o s e  o f  t h e  v i s i t  w a s  t o  s e e  t h e  t e s t i n g  f a c i l i t i e s  a t  Dounl ' j . t  

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

u s e  o f  S o u t h  A f r i c a n  g r a n u l a t e d  b l a s t  f u r n a c e  s l a g s  a n d  f l y  a s h ' s .

The  f i r s t  p i e c e  o f  i n f o r m a t i o n  t o  come  t o  l i g h t  v i a  a F r e n c h  

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

a r e  u s u a l l y  b e t w e e n  1 5 0 0  and 1 6 0 0  d e g r e e s  C . ,  b u t  w i t h  l o w  g r a d e  

f u e l s  t e m p e r a t u r e s  a r e  o n l y  f r o m  9 0 0  t o  1 3 0 0  d e g r e e s  C.  U n l e s s  

f i r i n g  t e m p e r a t u r e s  a r e  h i g h  a nd  t h e  a s h  i s  q u e n c h e d  r a t h e r  t h a n  

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

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

b o t h  K e l v i n  and O r l a n d o  s h o u l d  b e  i n v e s t i g a t e d  p r i o r  t o  u n d e r t a k i n g  

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

Mr.  D e l i g n e  r e p o r t e d  o n  p r o g r e s s  o n  t e s t s  o n  I s c o r  b l a s t  f u r n a c e  s l a g  

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

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

o f  t h e  c o n t r o l  t e s t s  o n  F r e n c h  m a t e r i a l s  a r e  a v a i l a b l e .  T h e  p r o g r a m m e  

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

o f  K e l v i n  f l y  a s h  a n d  I s c o r  b l a s t  f u r n a c e  s l a g  w i t h  t w o  l o c a l  F r e n c h  

m a t e r i a l s ,  u s i n g  a s  a c t i v a t o r s  b o t h  S o u t h  A f r i c a n  a n d  F r e n c h  l i m e  

a n d  S o u t h  A f r i c a n  a n d  F r e n c h  g y p s u m .  W i t h  r e g a r d  t o  g y p s u m ,  t h e  F r e n c  

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

p h o s p h o - g y p s u m .  F r e n c h  e x p e r i e n c e  i n d i c a t e s  t h a t  p h o s p h o - g y p s u m  i s  

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

f o r  E J L ,  F r a n c e ,  t o  s e n d  u s  2 0  k g s  e a c h  o f  F r e n c h  s l a g  a n d  f l y  a s h  

T h e y  w i l l  a t t e m p t  t o  m a t c h  t h e  c h e m i c a l  c h a r a c t e r i s t i c s  o f  b o t h  t h e  

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

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

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

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

T h e  s i f g  t h e y  w i l l  s e n d  u s  w i l l  p r o b a b l y  b e  f r o m  F o s s e  s u r  Mer .

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

u s  a  f e e l i n g  f o r  t h e  c h a r a c t e r i s t i c s  o f  F r e n c h  m a t e r i a l s .
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At  t h i s  l a b o r a t o r y  we d i s c u s s e d  t h e  r e a c t i v i t y  o f  s l a g  and f l y  

a s h ,  t h i s  t i m e  w i t h  Mr A s t e z a n . W i t h  r e g a r d  t o  s l a g , h e  made a 

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

s l a g  i s  q u e n c h e d  a t  t o o  l o w  a t e m p e r a t u r e , i . e .  b e l o w  1 4 0 0  C,  t h e  

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

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

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

I t  i s  v e r y  common i n  F r a n c e  t o  p a r t l y  g r i n d  a s l a g  u n t i l  i t  c o n t a i n s  

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

p a s s i n g  an e i g h t y  m i c r o n  s i e v e ) .  He ' . g u e s t e d  t h a t  a s  we h a v e

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

s ’.ag by  a d d i n g  a s m a l l  p r o p o r t i o n  o f  s l a g m e n t .  He q u e s t i o n e d  me 

c l o s e l y  a b o u t  t h e  pH und l i m e  c o n t e n t ,  o f  o u r  m i x e s ,  and  i n  d i s c u s s i o n

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

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

d e f i c i e n t  i n  CaO ( w h i c h  i t  a p p e a r s  t o  b e  i n  c o m p a r i s o n  w i t h  m o s t  

r e a c t i v e  F r e n c h  s l a g s )  an d  i t  may t h e r e f o r e  b e  n e c e s s a r y  t o  a d d  mo r e  

l i m e  t h a n  we h a v e  s o f a r  t h o u g h t  n e c e s s a r y ,  i . e .  t h e  pH o f  t h e  

m a t e r i a l  may d r o p  a s  h y d r a t i o n  o f  t h e  s l a g  p r o c e e d s . H o w e v e r , a s  

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

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

t o g e t h e r  w i t h  t h a t  t h e  s l a g  e x c e e d s  t h e  c o s t  o f  an  e q u i v a l e n t  c o n t e n t  

o f  o r d i n a r y  P o r t l a n d  c e m e n t .

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

o f  r e a c t i v e  f l y  a s h e s  i n  F r a n c e  v a r i e s  w i d e l y , and h e  s u p p l i e d  me 

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

f l y  a s h e s  f ro m F r a n c e . He s u g g e s t e d  t h a t  we c o m p a r e  t h e  a n a l y s e s  

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

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

s u i t a b l e  o r  n o t . A p a r t  f r om t h i s , h e  w a s  u n a b l e  t o  add  a n y  f u r t h e r  

s u g g e s t i o n s  t o  t h o s e  e a r l i e r  made by  D r .  V e n u a t .
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CERILH i s  t h e  F r e n c h  c o u n t e r p a r t  o f  t h e  B r i t i s h  C & CA o r  t h e  

S o u t h  A f r i c a n  P C I .

The  o b j e c t i v e  o f  m e e t i m .  D r .  V e n u a t  w a s  t o  d i s c u s s  o u r  l a c k  o f  

s u c c e s s  i n  S o u t h  A f r i c a  r, . / i n g  g r a n u l a t e d  s l a g  a n d  f l y  a s h  a s  

c e m e n t i t i o u s  m a t e r i a l s . .  Dr .  V e n u a t  e x p r e s s e d  s u r p r i s e  a t  o u r  l a c k  o f  

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

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

o f  p o s s i b i l i t y .  He s u g g e s t e d  t h a t  we c ompar e  t h e  c e m e n t i t i o u s  

p r o p e r t i e s  o f  f l y  a s h  f rom v a r i o u s  p r e c i p i t  i t o r s , a s  i t  may n o t  

p r o v e  t o  be  t h e  c a s e  t h a t  t h e  f i n e s t  a s h  i s  t h e  m o s t  r e a c t i v e .

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

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

r e a c t i v e  r e g a r d l e s s  o f  p a r t i c l e  s i z e .  He a l s o  s u g g e s t e d  t h a t  i f  

t h e  p a r t i c l e  s i z e  wa s  z o o  c o a r s e ,  we c o u l d  t r y  m i l l i n g  t h e  a s h .

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

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

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

s u g g e s t e d  t h a t  we t r y  m i l l i n g  a g l a s s y  q u e n c h e d  b o t t o m  a s h .  He 

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

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

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

s u g g e s t i o n  t h a t  we c o m p a r e  t h e  p r o p e r t i e s  o f  F r e n c h  a n d  S o u t h  A f r i c a n  

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

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

d i f f e r e n c e s  i n  t e s t i n g  t e c h n i q u e s .  y



.

CERILH i s  t h e  F r e n c h  c o u n t e r p a r t  o f  t h e  B r i t i s h  C & CA t h e  

S o u t h  A f r i c a n  P C I .

T h e  o b j e c t i v e  o f  m e e t i n g  Dr .  V e n u a t  was  t o  d i s c u s s  o u r  l a c k  o f  

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

c e m e n t i t i o u s  m a t e r i a l s .  D r .  V e n u a t  e x p r e s s e d  s u r p r i s e  a t  o u r  l a c k  o f  

s u c c e s s  i n  b o t h  a r e a s , b u t  a s  t h e  F r e n c h  do h a v e  n o n - r e a c t i v e  s l a g  

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

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

p r o p e r t i e s  o f  f l y  a s h  f r om v a r i o u s  p r e c i p i t a t o r s ,  a s  i t  may n o t  

p r o v e  t o  be  t h e  c a s e  t h a t  t h e  f i n e s t  a s h  i s  t h e  m o s t  r e a c t i v e .

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

q u i c k l y ,  and t h e r e f o r e  w a s  i n  a mo re  g l a s s y  s t a r e  w o u l d  b e  t h e  m o s t  

r e a c t i v e  r e g a r d l e s s  o f  p a r t i c i e  s i z e .  He i l s o  s u g g e s t e d  t h a t  i f  

t h e  p a r t i c l e  s i z e  was  t o o  c o a r s e , we c o u l d  t r y  m i l l i n g  t h e  a s h .

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

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

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

s u g g e s t e d  t h a t  we t r y  m i l l i n g  a  g l a s s y  q u e n c h e d  b o t t o m  a s h .  He 

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

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

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

s u g g e s t i o n  t h a t  we c o m p a r e  t h e  p r o p e r t i e s  o f  F r e n c h  a n d  S o u t h  A f r i c a n  

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

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

d i f f e r e n c e s  i n  t e s t i n g  t e c h n i q u e s . y
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T h e s e  r  ̂s c u s s  i o n s  w e r e  h e l d  b e t w e e n  Mr.  Tony  D i m i t r i , Mr.  V i v i e r  o f  

S a l v i e m  a nd  m y s e l f  on  t h e  2 2 n d  J u n e , 1 9 8 1 .  T h e y  c e n t r e d  a b o u t  

t h e  wo r k  t h a t  h a s  b e e n , a n d  i s  t o  b e ,  d o n e  i n  S o u t h  A f r i c a  on  

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

m a t e r i a l s .

On m e e t i n g  Mr.  D i m i t r i , I r e f e r r e d  t o  t h e  n o t e s  o f  o u r  d i s c u s s i o n s  

d u r i n g  S e p t e m b e r , 1 9 8 0 ,  a n d  p o i n t e d  o u t  t o  h i m t h a t , w h e r e a s  h e

ha d  u n d e r t a x e n  t o  s e n d  2 0 k g  s a m p l e s  o f  F r e n c h  s l a g  a n d  f l y a s h  t o  

S o u t h  A f r i c a ,  t h e s e  had n o t  y e t  a r r i v e d .  Mr.  D i m i t r i  h ad  b e e n  

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

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

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

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

A f r i c a n  m a t e r i a l s  may b e  t h e  f a u l t  o f  t h e  l i m e .  I t  t h e r e f o r e  

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

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

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

c o m p a r a b l e .  I t  w as  a g r e e d  t h a t  a s a m p l e  v f  a s u i t a b l e  F r e n c h  

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

W i t h  r e g a r d  t o  t h e  work p l a n n e d  o n  S a m a n c o r  s l a g s ,  Mr.  V i v i e r  

s t a t e d  t h a t  a n i c k e l  s l a g  p r o d u c e d  i n  t h e  F r e n c h  S o u t h  P a c i f i c  

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

a t e m p e r a t u r e  o f  1 S 0 0 ° C .  Two t y p e s  o f  s l a g  a r e  a v a i l a b l e  -  

w h a t  i s  known a s  a l ow f u r n a c e  s l a g  a n d  an e l e c t r i c  f u r n a c e  s l a g .  

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

s i ° 2 FeO MgO NiO CaO

Low F u r n a c e 45-50% 8-12% 25- 30% 5% 0 . 3 - 0 . 4 % 8 - 1 2

E l e c t r i c  F u r n a c e 51 % 7% 38% 3.8% 0.2% N e g l
g i b l

I t  wa s  s u g g e s t e d  t h a t  I s h o u l d  p u t  t h e  v a l u e s  o f  t h e  a b o v e  a n a l y s e s  

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

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

c o m m o n l y  u s e d  i n  F r a n c e , an d  Mr.  V i v i e r  u n d e r t o o k  t o  l o o k  up t h e
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T h e s e  d i s c u s s i o n s  w e r e  h e l d  b e t w e e n  Mr.  T o n y  D i m i t r i , Mr.  V i v i e r  o f  

S a l v i e m  and  m y s e l f  on t h e  2 2 n d  J u n e , 1 9 8 1 .  T h e y  c e n t r e d  a b o u t

t h e  wor k  t h a t  h a s  b e e n , a nd  i s  t o  b e ,  d o n e  i n  S o u t h  A f r i c a  on  

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

m a t e r i a l s .

On m « e t i n g  Mr.  D i m i t r i , I r e f e r r e d  t o  t h e  n o t e s  o f  o u r  d i s c u s s i o n s  

d u r i n g  S e p t e m b e r , 1 9 8 0 ,  a n d  p o i n t e d  o u t  t o  h i m t h a t , w h e r e a s  he  

had u n d e r t a k e n  t o  s e n d  2 0 k g  s a m p l e s  o f  F r e n c h  s l a g  a nd  f l y a s h  t o  

S o u t h  A f r i c a ,  t h e s e  had  n o t  y e t  a r r i v e d .  Mr.  D i m i t r i  h a d  b e e n  

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

t o  S o u t h  A f r i c a , and  p r o m i s e d  t o  f o l l o w  up t h e  q u e s t i o n  a n d  t o  

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

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

A f r i c a n  m a t e r i a l s  may be  t h e  f a u l t  o f  t h e  l i m e .  I t  t h e r e f o r e  

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

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

B o t h  t h e  c h e m i s t r y  an d  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  s h o u l d  be  

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

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

Wi t h  r e g a r d  t o  t h e  work p l a n n e d  o n  S a m a n c o r  s l a g s ,  Mr.  V i v i e r  

s t a t e d  t h a t  a n i c k e l  s l a g  p r o d u c e d  i n  t h e  F r e n c h  S o u t h  P a c i f i c  

i s l a n d  o f  Nou Mca h a s  c e m e n t a t i o n s  p r o p e r t i e s  w he n  q u e n c h e d  f r o m  

a t e m p e r a t u r e  o f  1 5 0 0 ° C .  Two t y p e s  o f  s l a g  a r e  a v a i l a b l e  -  

w ha t  i s  known a s  a l o w f u r n a c e  s l a g  and  a n  e l e c t r i c  f u r n a c e  s l a g .  

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

S i O ? FeO MqO A l 2 ° 3 + ( : ° 2 ° 3 NiO CaO

Lew F u r n a c e 45-50% 8-12% 25-30% 5% 0 . 3 - 0 . 4 % 8 - 1 2

E l e c t r i c  F u r n a c e 51 % 7% 38% 3.8% 0.2% N e g l
g i b l

I t  w a s  s u g g e s t e d  t h a t .  I s h o u l d  p u t  t h e  v a l u e s  o f  t h e  a b o v e  a n a l y s e s  

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

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

c o m m o n l y  u s e d  i n  F r a n c e , a n d  Mr.  V i v i e r  u n d e r t o o k  t o  l o o k  up t h e



f o r m u l a  a nd  t o  s e n d  i t  t o  me.

Mr.  V i v i e r  made t w o  f u r t h e r  s u g g e s t i o n s  t h a t  i n  a n y  c o m p a r a t i v e  

t e s t , we s h o u l d  c o m p a c t  t o  t h e  same d e n s i t y  t o  e n s u r e  t h a t  a n y  s t r e n c  

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

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

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

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

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

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

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

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

may r e d u c e  t h e  pH o f  a s t a b i l i s e d  m i x t u r e  b e c a u s e  o f  t h e  t r a c e s  

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

t e s t s , we s h o u l d  c h e c k  on t h e  c h a n g e s  i n  pH b y  c a r r y i n g  o u t  E d e s  

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

R e g a r d i n g  o u r  work  on D u n s w a r t  s t e e l  s l a g , Mr.  V i v i e r  c a u t i o n e d  

t h a t  s l a g s  p r o d u c e d  m a i n l y  f r o m  s c r a p  a s  a t  D ' - n s w a r t ,  t e n d  t o  b e  

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

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

t h a t  o u r  p r o p o s e d  p ro g r a mme  w i t h  S a m a n o r  w a s  much mo r e  p r o m i s i n g .  

Wi t h  r e g a r d  t o  t h i s  p r o g r a m m e ,  he  a l s o  s u g g e s t e d  t h a t  we c a r r y  

o u t  180 d a y  t e s t s  i n  a d d i t i o n  t o  t h e  56 d a y  t e s t s  a l r e a d y  on  t h e  

p r o g r a m m e .  W i t h  r e g a r d  t o  t h i s  p r o g r a m m e ,  h e  s t r o n g l y  a d v i s e d  

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

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

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

p r o b l e m  w i t h  P r o f e s s o r  J o h n  M c l v e r  o f  o u r  G e o l o g y  D e p a r t m e n t .

We t h e n  d i s c u s s e d  t h e  a p p a r e n t  w a t e r - r e d u c i n g  e f f e c t  o f  PFAs i n  

c o n c r e t e . The f e e l i n g  o f  Mr.  V i v i e r  w a s  t h a t  t h e  a d d i t i o n  o f  PFA 

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

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

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

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

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

b e  e v e n  m o r e  m a r k e d . He d i d  n o t  f e e  I t h a t  a n y  " b a l l - b e a r i n g  a c t i o n  

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

b e  s i g n i f i c a n t .
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As a r e s u l t  o f  t h e s e  d i s c u s s i o n s  a n d  l a t e r  t a l k s  w i t h  Mr.  D i m i t r i ,

1 ca me  t o  t h e  c o n c l u s i o n  t h a t  i t  i s  e s s e n t i a l  t h a t  we c a r r y  o u t  

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

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

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

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

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

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

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

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

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

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

t h e  v a r i a t i o n  o f  pH o f  t h e  m i x  w i t h  t i m e  and  a l s o  s c a n n i n g  e l e c t r o n  

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

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

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

o r  n o t  we a r e  f l o g g i n g  a d e a d  h o r s e  i n  p e r s i s t i n g  w i t h  t h e  i d e a  

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

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

I a l s o  f e e l  a t  t h i s  s t a g e  t h a t  i t  i s  e s s e n t i a l  t o  b r i n g  i n  an  

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

t h e  s t a t e  o f  g l a s s i n e s s  o f  t h e  s l a g .  I r e c o m me nd  t h a t  we i n v o l v e  

P r o f e s s o r  J o h n  M c l v e r ,  a s  h e  i s  n o t  o n l y  a t o p  c l a s s  p e t r o l o g i s t  

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

He h a s , f o r  e x a m p l e , c o l l a b o r a t e d  e x t e n s i v e l y  w i t h  D r .  D e r e k  D a v i s  

on t h e  c o n c r e t e  m a k i n g  p r o p e r t i e s  o f  S o u t h  A f r i c a n  n a t u r a l  a g g r e g a t e  

and  he  h a s  a l s o  b e e n  c o l l a b o r a t i n g  w i t h  me on t h e  p r o b l e m  o f  a l k a l i -  

a g g r e g a t e  r e a c t i o n  i n  c o n c r e t e .

I  a l s o  a s k e d  Mr. D i m i t r i  a b o u t  p r o g r e s s  w i t h  t h e  u s e  o f  L H 3 8 . He 

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

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

l o c a l i t y .  T h e r e  i s  a t  p r e s e n t  an  e x t e n s i v e  s t r e t c h  o f  m o t o r w a y  

b e i n g  b u i l t  u s i n g  LH38.  He a l s o  t o l d  me t h a t  w h e r e a s  p r e v i o u s l y  

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

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

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

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

s l a g  i s  u s e d  a s  a s t a b i l i s e !  a p p e a r s  t o  b e  e v e r y  b i t  a s  s e v e r e  a s  

t h a t  e x p e r i e n c e d  u s i n g  P o r t l a n d  c e m e n t . He t o l d  me t h a t  a t y p i c a l

.................... /  4
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c r a c k  p a t t e r n  w o u l d  h a v e  a c r a c k  s p a c i n g  o f  s i x  t o  n i n e  m e t  

w i t h  c r a c k  w i d t h s  o f  up t o  10mm. I t  i s  n e c e s s a r y  t o  u s e  a 

o f  140mm o f  a s p h a l t  i n  o r d e r  t o  p r e v e n t  t h i s  c r a c k i n g  f r o m  

r e f l e c t i n g  t h r o u g h  t o  t h e  s u r f a c e .
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APPENDIX 17

Mr. R.J. Dismore,
Projects Manager,
Samancor Management Services (Pty) Ltd., 
P.O. Box 8186^
JOHANNESBURG.
2 0 0 0

Dear Mr. Dismore,
;OGRAMME OF TESTS TO ESTABLISH PROPERTIES OF SLAGS AS AGGREGATES

F o r  a number  o f  reasons, t h e  performance o f  t h e s e  t e s t s  h a s  b e e n  f a r  
m o r e  p r o t r a c t e d  t h a n  I w o u l d  h a v e  w i s h e d .  H o w e v e r ,  I c a n  now r e p o r t  
on  t h e  r e s u l t s  o f  o n e  s e r i e s  o f  t e s t s  t o  e s t a b l i s h  t h e  a g g r e g a t e  
c r u s h i n g  v a l u e  of t h e  v a r i o u s  s l a g s .  The  SABs requirements f o r  
a g g r e g a t e  c r u s h i n g  value are maximum v a l u e s  o f  t h e  f o l l o w i n g :

1) r or  s u r f a c e  d r e s s i n g s  -  21%
2) I n  bituminous m i x e s  -  25%
3)  I n  c o n c r e t e  -  29%.

Th e  v a l u e s  r e c o r d e d  f o r  t h e  f i v e  s l a g s  u n d e r  t e s t ,  a s  w e l l  a s  
W i t w a t e r s r a n d  q u a r t z i t e  a s  a s t a n d a r d  o f  c o m p a r i s o n , a r e  a s  f o l l o w s :

MATERIAL ACV DRY ACV WET

/ i t w a t e r s r a n d  quartzite 13,6% 13,9%
e r r o c h r o m e  s l a g 18,2% 21, 2%

F e r r o m a n g a n e s e  s l a g 29,7% 31 ,0%
S i l i c o n  m a n g a n e s e  s l a g 27,7% 30,3%
P h o s p h a t e  s l a g 18,6% 25,8%

As y o u  w i l l  s e e  f r om t h e  t a b l e , i t  i s  o n l y  t h e  f e r r o c h r o m e  a n d  p h o s p h a t e  
s l a g s  t h a t  a p p e a r  w o r t h y  o f  f u r t h e r  e x a m i n a t i o n .  The  f e r r o m a n g a n e s e  
a n d  s i l i c o n  m a n g a n e s e  s l a g s  a p p e a r  t o  be  t o o  s o f t  t o  m e e t  n o r m a l  
a g g r e g a t e  r e q u i r e m e n t s . I t  a p p e a r s  t h a t  a t  t h i s  s t a g e ,  we s h o u l d  
p a u s e  a nd  a s s e s s  t h e  s i t u a t i o n  b e f o r e  c a r r y i n g  o u t  a n y  f u r t h e r  t e s t s  
i n  t h e  s e r i e s , a l t h o u g h  I s h o u l d  m e n t i o n  t h a t  t h e  s e r i e s  o f  10% FACT 
t e s t s  a r e  a l r e a d y  u n d e r w a y .

Y o u r s  s i n c e r e l y .

<
G . E .  BLIGHT.

-------

c . c .  Mr. L.  D i s o n , E . J . L .  (S.A . )  ( P t y )  L t d . , P . O .  Box 9 1 2 31  AUCKLAND PARK

UN'VFRSlTY o r  THt WITWA fFR^RAND J U K A . N t  d o UHG
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A s u r v e y  o f  t h e  t e c h n i c a l  l i t e r e t u i e  i n d i e . t e a  t h a t  t h e  c e m e n t i t . o u s  

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

a n d  g l a s s  c o n t e n t .  To r e n r e s e n t  t h e  c h e m i c a l  c o m n o n i t i o n , a m o d u l u s  f' 

i s  u s e d ,  . . h e r e

M = C a t  > A'qO +  x A 1 _ C I  ( 1  )
 L-j.
(1 -  x ) A 1  , 0  _ + S iG

i n  w h i c h  e a c  t e r -  Ca , e t c  r e n r r s e n t s  t h e  n a  s  p e r c e n t a g e  o f  t h e  

c c r r e c o o n d i e g  c o n c o n ° n t  i n  t h e  s l a g ,  a n d  x i u s u a l l y  t a k e n  a s  1 / 1 . A 

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

c o n t a i n  t h e  t e r m s  C a " ,  MgO, Al^O and  S i Q _ .  I t  i s  a l s o  a o p a r e n t  from

t h e  l i t e r a t u r e  t h a t  FeO a n d  MnO h a v e  a d v e r s e  e f f e c t s  on s t r e n g t h

d e v e l o p m e n t  and t o  - akc  a c c o u n t  o f  t h i s ,  one  w o r k e r  h a s  s u g g e s t e d  t h e

modul us

M = CaC + 1/2Mg0 + A1 0 (2)
s ______________________ <. '

S i O .  ♦ FeO * ( Mn0) ‘

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

by means  o f  an i n d e x

I * 1 0 0 | *' | ( 3 )(b -  c )

where a = strength o f  an o i d i n a r y  Portland cement ( 0 P C ) / m i l l e d  s l a g  

m i x t u r e ;

c = s t r e n n t h  o f  a s i m i l a r  0BC / m i l l c d  q u a r t z  m i x t u r e ;  and 

b * s t r e n g t h  o f  OPC by i t s e l f .

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

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

I = 0 , 3 8  G (M -  0 , 7 2 )  + 75 ( 4 )

I f  o n e  i s / . . .

— 1 —



I f  o n e  i s  i n v e s t i g a t i n g  t h e  s u i t a b i l i t y  o f  r 1 . g t  f o r  m a k i n g  C t - x n t ,  o n e

c a n  e q u a t e  I = 100,^ a n d  t h e n  s o l v e  f o r  G t o  s e e  i f  a r e a l i s t  r e  p e r c e n t a g e

o f  g l a s s  i s  i n d i c a t e d  t o  a c h i e v e  jn i d e a l  r e s u l t .  Tht  t r an*-  n o c  v d  e q u o t :  o n

f o r  I = 1 DO i s :

G = _______66_____  ( 5 )
( r  -  0 , 7 2 )

A l t e r n a t i v e l y ,  t h i  m o o u l u s  M i t s e l f  c a n  b e  u s e s  t o  a s s e s s  t h r  h y d r  u l i c  

p r o p e r t i e s  o f  t h e  s l a g  a c c o r d i n g  t o  T a o l e  1 ( b e l o w )

R a n g e  o f  M o d u l u s  M 

< 1 , 1

1 , 1  -  1 , 5  

1 , 5  -  1 , 9  

1 . 9

H y d r a u l i c  r o p e r t i e s

P o o r

Medium

Good

E x c e l l e n t

B e f o r e  e m b a r k i n g  on  t h e  r e s e a r c h  p r o j e c t ,  a  p r e l i m i n a r y  a s s e s s m e n t  o f  

t h e  h y a r a u l i c  p o t e n t i a l  o f  S a m a n c c r  s l a g s  wa s  u n d e r t a k e n . T a b l e  2 

s u m m a r i z e s  M a n d  G ( I  = 100%) f o r  4 s l a q s  o f  known c e m e n t i t i o u s  v a l u e  

a s  w e l l  a s  4 l a m a n c o r  '•* i gs  a n d  1 H i g h v e l d  : ; l . , g .

pr; i r  r'. t • or s i  o . r:  ̂ t i . ri fj-,

B e c a u s e  o f  t h e  i m p o r t a n c e  o f  o b t a i n i n g  ■ l a g s  w i t h  <-s h i g h  a g l a s s  c o n t e n t  

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

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

was t h e n  c h e m i c a l l y  a n a l y s e d  a n d  e x a m i n e d  f o r  g l a s s  c o n t e n t  by  two m e t h o d s

( i )  A s m a l l  q u a n t i t y  o r  p o w d e r e d  q u e n c h e d  s l a g  was  i m m e r s i o n - m o u n t e d

b e t we e n  m i c r o s c o n e  s l i d e s / . .



S \  • „

b e t w e e n  m i c r o s c o p e  s l i c e s  i n  b r o n o f o r "  ( w ,c f h.j a s u i t a b l e  r e f r a c t i v e  

i n d e x ) .  I n  t r a n s m : t i e d  l i g h t , c r y s t a l l i n e  p a r t i c l e s  a r c  t r a n s p a r e n t  

w h i l e  g l a s s y  p a r t i c l e s  a r e  o p a q u e . I t  i s  t h e n  a s : m o l ' m a t t e r  t o  

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

a n d  o p a q u e  g r a i n s .

( i i )  An X - r a y  d i f f r a c t i o n  a n a l y s i s  was c . r n c s  o u t  on t h e  o o v . a c r e d

q u e n c h e d  s l . g .  A com. I s t e  a b s e n c e  o f  " p e a k s ” o n  t h e  d i f f r a c t o g r a m  

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

peak"- i n c i c a t e s  t h e  p r e s e n c e  o f  c r y s t a l l i n e  c o n p p n ■ r .1 1 .

h e s e  two e x a m i n a t i o n s  we r e  c a r r i e d  o u t  by P r o f e s s o r  J . n .  • • r i v e r  whose  

two r e o o r t s  a r e  t t a c h e d . P o r t i o n s  o f  t h e  X - r a y  d i f f r a c t o g r a m p  a p p e a r  

a s  f i g u r e s  1 a ,  b , c  and  d .

’’a b l e  3 s u m m a r i z e s  t h e  c h e m i c a l  and g l a s s y  m a t e r i a l  a n a l y s e s  f o r  t h e  

f o u r  s l a g s  a s  w e l l  a s  g i v i n g  v a l u e s  f o r  t h e  m o d u l i  N a n a  M , v a l u e s  f o r  

I ( c a l c u l a t e d  f r o m  e q u a t i o n  ( 4 ) )  anu a n  a s s e s s m e n t  o f  t h e  h y d r a u l i c  

p r o p e r t i e s  o f  th._ s i  g a c c o r d i n g  t o  T a b l e  1.

• /hen t n e  f e r r o - m a n g a n e s e  s l a g  was q u e n c h e d ,  two d i s t i n c t  c o m p o n e n t s  a r o s e :  

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

s m a l l e r  p a r t i c l e s  we r e  d e n s e r  a n d  b r o w n  c o l o u r e d . M i c r o s c o p i c  

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

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

t h e  two c o m p o n e n t s  by  s i e v i n g  t h r o u g h  a 2mm s i e v e .  H o w e v e r ,  a s  t h e  

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

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

Two s a m o l e s  o f  f e r r o m a n g a n e s e  s l a g  w e r e  p r e p a r e d . As t h e  o n e  h a d  a

c o n s i d e r a b l y / . . .

- 3 -
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M M

d a r k e r  c o l o u r  t h a n  t h e  o t h e r ,  i t  wau due  : 1 c .  t  t e e  t  t o t *  i n  o r o ' i  t o  

g i v e  an  i n d i c a t i o n  o f  t h e  e x t e n t  o f  v . r i  i t i '  i n  s l u g  c r c o c r t i e r  t h a t  

c a n  b e  e x p e c t e d  f r o m  b a t c h  t o  b a t c h  f r o m  t h e  s a m e  f u r n a c e .

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

a o o e o r e d  t o  b e  h o m o g e n e o u s  m a t e r i a l s ,  L u ’ a s  f i g u r e s  1b a n a  1c s h o w ,  

b o t h  t h e  f n r r o c h r o r r  a n d  p h o s o h o r u -  s l u g s  c o n t a i n  n : . r e c i a t i l e  c r y s t a l l i n e  • 

p r o o o r t i o n s . I r o n i c a l l y ,  t h -  l e a ;  : p r o m i s i n g  o u e n c h e d  r 1 g f r o m  a 

c h e m i c a l  s t  n d o a i n t ,  ; i. i c o r - m . m g a n c s e , i s  s h o w n  by f i g u r e  1 o t o  b e  (

c o m n l e t e l y  c l a s s y  I

y

Ba s e d  on t h e  m o c u l u s  " ,  v a l u e s  o f  I t a c u l a t e d  i n  T a b l e  3 a p p e a r  q u i t e  

p r o m i s i n g .  E v e ’'  a s l a g / O r ’C b l e n d  t h a t  w i l l  p r o d u c e  76% o f  t h e  s t r e n g t h  

o f  an e q u i v a l e n t  p u r e  OPC i s  a u s e f u l  m a t e r i a l , e s p e c i a l l y  i n  l o w - g r a d e  

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

d e p r e s s i n g  e f f e c t s  o f  ^InO a n d  Fed was o n l y  d i s c o v e r e d  a f t e r  t h e  t e s t i n g  

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

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

b e c a u s e  o f  t h e  d i s c o u r a g i n g  p r e d i c t i o n s  o f  e q u a t i o n s  ( 2 )  and  ( <5) ( s e e  T a b l e  3 ) .

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

c a r r i e d  o u t ,  t h e  s l o g s  we r e  r i l l e d  t o  a powder  i n  a  s m a l l  b a l l  m i l l . 

K i l l i n g  p r o v e d  u n e x p e c t e d l y  i i f f i c u l t  a n c  i t  d i d  n o t  p r o v e  p o s s i b l e  t o (/)

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

o r d i n a r y  P o r t l a n d  c e m e n t  (OPC) .  Tabl i  4 s u m m a r i z e s  a n d  c o m p a r e s  t h e  

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

3 .  S T R E N G T H  O f  C U B F S  IK'CCHPI A T I Nu 31 Af,

The 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  U P C / m i l l e d  s l a g  m i x e s  w e r e  i n v e s t i g a t e d

by  p r e p a r i n g  a s e r i e s / . . .

- 4 -
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d a r k e r  c o l o u r  t h a n  th< o t h e r ,  i t  wau d u e : : cu t u  t e r t  b o t h  i n  o r u '  r  t o  

g i v e  a n  i n d i c a t i o n  o f  t h e  e x t  - n t  o f  i t i o r  i n  s l a g  L T O o e r t i e s  t h a t

c a n  b e  e x p e c t e d  f r o m c a t c h  t o  b a t c h  f r o m  t h e  s a m e  f u r n a c e .

The q u e n c h e d  f e r r o c h r o m i  , p h u o p h o r u s  anj s i l i c o n  m a n g a n e s e  s l a p -  a l l  

a o o e a r e d  t o  b e  h o m o g e n e o u s  m a t e r i a l s , b u + a< f i g u r e s  1b a n a  1c s h o w , //
b o t h  t h e  f e r r o c h r o r p  , -nd p h o s o h o r u 1 s i  . . is c o n t a i n  • ' - . c r e c i a b l t  c r y s t a l l i n e  /  

p r o p o r t i o n s .  I r o n i c a l l y ,  t h '  l e a s t  ; r o m i s i n g  o u e n c h e d  s i  g from a 

c h e m i c a l  s t ^ n o c o m t ,  s i  l i c o r - m a n g a n e s e ,  i s  s h o w n  by f i g u r e  1 b t o  b e  j  

c o m p l e t e l y  g l o s s y  I

Based on the mocuius M, values of I taculated i n  Table 3 appear quite 

p r o m i s i n g .  Even a slag/OPC blend that will p r o d u c e  7 6'i of t h e  s t r e n g t h  

of an  equivalent pure QPC is a useful material, e s p e c i a l l y  i n  l o w - g r a d e  

applications such a s  s o i l  stabilization. The reference t o  t h e  s t r e n g t h -  

depressing effects of MnO end f*0 was onlv discovered a f t e r  t h e  t e s t i n g  

p r o g r a m m e  wa s  w e l l  under w a y, but even if it h a d  b e e n  d i s c o v e r e d  e a r l i e r  

it i s  doubtful that the testing programme would not h a v e  b e e n  u n d e r t a k e n  

because of the discouraging predictions of equations »'2) a n d  ( 4 )  ( s e e  T a b l e  3 ) ,

After the glassiness determinations -nd chemical a n a l y s e s  h a d  b e e n  

carried out, the slogs were milled to a powder in a s m a l l  b a l l  m i l l . 

filling proved unexpectedly difficult ano i t  d i d  n o t  p r o v e  p o s s i b l e  t o

m i l l  t h e  q u e n c h e d  s l u g s  t o  a  fineness equal t o  t h a t  o f  S l a g m e n t  o r  —- _ 

o r d i n a r y  P o r t l a n d  c e m e n t  ( UP C) .  T a b l i  4 s u m m a r i z e s  a n d  c o m p a r e s  t h e  

f i n e n e s s  c h a r a c t e r i s t i c s  o f  t h e  m i l l e d  s l a g  w i t h  t h o s e  o f  S l a g m e n t  and OPC.

3. 5 TNf 'JfiTH pr LiiiifT ifJL At,

The 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  O P C / m i l l e d  s l a g  m i x e s  w e r e  i n v e s t i g a t e d

by p r e p a r i n g  a s e r i e s / . . .



by p r e p a r i n g  a s c r i e s  o f  1 u r r  c u i . ' S  t  f  c r u s h c i  s o n : a n d  "r: e m e n t " . The 

m i x e s  c o n s i s t e d  o f :

( i )  a  c o n t r o l  s e r i e s  c o n s i s t i n g  o f  5 p a r t s  s a n d  t o  i o n r t  DPC by m a s s  o f  

d r y  m a t e r i a l ;

( ; i )  a s e c o n d  c o n t r o l  s c r i e s  c o n s i s t i n g  o f  5 p a r t  s a n d  t o  0 , 5  p a r t  LrC 

a n o  C , 5  o a r t  U l a g m c n t ;

( i i i )  A s e r i e s  f o r  e a c h  s l , : g  c c n p i p t i n g  o f  5 p a r t s  s a n d  t o  

( e )  0 , 5 3  p a r t  OPC a n d  L' , 17 p a r t  s l a g

( b )  0 , 6 7  p a r t  ! : C a n d  0 , 3 3  r  i r t  s l a g

( c )  0 , 5  p . T t  OPC nd 0 , 5  p a r t  s l a g .

The c u o e s  were  c u r e d  i n  w a t e r  a t  2C C u n t i l  d u e  f o r  t e s t i n g  a n d  we r e  

t e s t e d  a t  a g e s  o f  7 ,  2 8 ,  56 and 130 d a y s ,  3 c u b e s  o f  e a c h  m i x  b e i n g  

t e s t e d  a t  e a c h  a g e .

The  r e s u l t s  o f  t h e  c o n t r o l  t e s t s  a r e  shown i n  F i g u r e  2a  w h i l e  t h o s e  f o r  

t h e  t e s t s  on s l a g  a r e  shown i n  F i g u r e s  2b,  2 c ,  2d an o  2 e .  E a c h  o f  

F i g u r e s  2b t o  2e a l s o  snow t h e  s t r e n g t h - t i m e  c u r v e  f o r  t h e  s. ind-OOC c u b e s .

F i g u r e s  3 a ,  b ,  c ,  d and  e s u m m a r i z e  t h e  r e s u l t s  o f  t h e  t e s t  a t  1 3 0  d a y s .  

In g e n e r a l ,  t h e  v e r y  d i s . i p ;  o m t  i ng c o n c l u s i o n  i s  r e a c h e d  t h a t  i f  X% o f  

t h e  CPC i s  r e d u c e d  by any  o f  t h e  s l a g s  t e s t e d  i n  t h i s  s e r i e s ,  t h e  

s t r e n g t h  w i l l  be  r e d u c e d  by X/%

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

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

10% g l a s s y .  H o w e v e r ,  i t  i s  u n d e r s t o o d  t h a t  a p a r t  f rom t h e  l ow t o n n a g e  

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

4 .  C O N C L U S I O N / .



[U'jrmcT,

The r e l u c t a n t  c o n c l u s i o n  iu  t h , U  n ne o f  t h e  f o u r  s i n g s  i n v e s t i g a t e d  show, 

p r o i r i s p  as  c e n e n t i  t i o u s  m a t e r i a l s .  A1 t h o u g h  p r e d i c t i o n s  b a s e d  or ,  t h e  

mo d u l u s  K were  i n t e r e s t i n g ,  t h e  modu l us  Ms was l e s s  e n c o u r a g i n g .  It. 

t h e r e f o r e  a p p e a r s  t h  t  t h e  f- n [  l e v e l : ,  i n  t h e  f e r r o m a n g a n e s e  a n  :

Sil:c o n m c ng i n e s e  s l a g ,  are a l i k e l y  reason ' "or  t h e i r  p o o r  p e r f o r m a n c e .
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FINENESS or ■“ILLED SLAG

M a t e r i a l P a s s i n g s i e v e  No

52 100 2 - 0

OPC 9 9 , t 9 6 , 9 6 6 , 6

S l a g m e n t 9 9 , 6 9 9 , 2 9 4 , 7

S i l i c o n m a n g a n e s e 100 9 7 , 4 6 5 , 8

F e r r o r r . a n g a n e s e 9 9 , 9 6 4 , 7 5 4 , 7

F e r r o c h r o m e 9 5 , 3 6 i , e 3 6 , 4

Dh o s D h a t e 9 2 , 5 5 6 , 8 3 5 , 8
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R e p o r t  o n  S l a g  S a m p l e s

P r e a m b l e

T h r e e  s a m p le s  o f  s l a g  were  s u b m i t t e d  by P r o f e s s o r  G. B l i g h t  w i t h  
t h e  r e q u e s t  t h a t  t h e  c r y s t a l l i n i t y  o f  t h e  m a t e r i a l s  be i n v e s t i g a t e d  
and  c o m p a re d .  To t h i s  e n d , t h e  s a m p le  m a t e r i a l s  were  s t u d i e d  i n  
i m m e r s io n  m ounts  u s i n g  c o n v e n t i o n a l  p e t r o g r a p h i c  t e c h n i q u e s .  X -ra y  
d i f f r a c t o g r a m s  were  p r e p a r e d  f ro m  t h e  sa m p le  c o n s t i t u e n t s  an d  a r e  
a t t a c h e d  t o  t h i s  r e p o r t .  The r e s u l t s  o f  t h e s e  i n v e s t i g a t i o n s  a r e  
p r e s e n t e d  b e l o w .

R e s u l t s

S a n r l e  62 Sima slag-

T h i s  sample co m p r ised  w h i t e , g r a n u l a r ,  v e s i c u l a t e d  s l a g  which  
under the  m ic r o sc o p e  was found t o  c o n s i s t  v i r t u a l l y  e n t i r e l y  o f  
g l a s s  t o g e t h e r  w i t h  t r a c e  amounts  ( l e s s  than 1%) o f  c r y s t a l l i n e  
m a t e r i a l .  R e f e r e n c e  to  th e  r e l e v a n t  X -ray  d i f f r a c t o g r a m  
prep ared  from t h i s  sample  shows i t  t o  be e s s e n t i a l l y  i s o t r o p i c  
t o  X-ray d i f f r a c t i o n  w ith  th e  c r y s t a l l i n e  p h a se s  b e i n g  t o o  
s p a r s e l y  p r e s e n t  f o r  t h e i r  p r e s e n c e  t o  be r e c o r d e d .

Sample  6h Fema s l o g

T h i s  sample  c o m p r i s e s  a g r a n u l a r  v e s i c u l a r  s l a g  m a t e r i a l  i n  which  
a green  and a brown phase are  m i c r o s c o p i c a l l y  r e c o g n i s a b l e . 
M icro sco p e  s tu d y  o f  the  g r e e n  phase  showed i t  t o  be composed  
e s s e n t i a l l y  o f  a f e l t y  t e x t u r e d  a s se m b la g e  o f  c r y s t a l l i n e  
m a t e r i a l s  t o g e t h e r  w i th  r a r e  g l a s s .  The r e l e v a n t  X-ray  
d i f f r a c t o g r a m  d i s p l a y s  a w e l l  d e f i n e d  d i f f r a c t i o n  p a t t e r n  
i n d i c a t i n g  th e  h ig h  d eg r ee  o f  c r y s t a l l i n i t y  o f  th e  g r e e n  s l a g  
p h a s e .  A n a l y s i s  o f  th e  p a t t e r n  shows the  c r y s t a l l i n e  m a t e r i a l  t o



be d o m i n a t e d  by a  p h a s e  h a v i n g  a c o m p o s i t i o n  b e t w e e n  t h a t  o f  
m o n t i c e l l i t e  (CaMgSiO^) and  k i r s c h s t e i n i t e  ( C a F e S i O ^ ) .  In  
a d d i t i o n  t h e  p r e s e n c e  o f  m i n o r  a d d i t i o n a l  d i f f r a c t i o n  p e a k s  
i n d i c a t e s  t h e  p r e s e n c e  o f  a n o t h e r  p h a s e  o r  p h a s e s  w h ic h  i t  h a s  
n o t  b e e n  p o s s i b l e  t o  i d e n t i f y .

In  c o n t r a s t  t o  t h e  g r e e n  p h a s e , t h e  brown p h a s e  o f  t h e  s l a g  was 
fo und  t o  c o n s i s t  c f  g l a s s  a c c o m p a n i e d  by t r a c e  a m o u n t s  o f  
c r y s t a l l i n e  m a t e r i a l .  T h i s  o b s e r v a t i o n  i s  r e f l e c t e d  i n  t h e  
r e l e v a n t  X - r a y  d i f f r a c t o g r a m  where  t h e  p r e s e n c e  o f  c r y s t a l l i n e  
m a t e r i a l s  i s  v e r y  w e a k ly  i n d i c a t e d .

S am rle  Q

As i n  the  c a s e  o f  t h e  p r e v i o u s  s a m p l e , a g r e e n  and a brown phase  
are  m a c r o s e o p i c a l l y  r e c o g n i s a b l e  i n  t h i s  s a m p le .  The g r e e n  phase  
i s  a g a in  dominated by a f e l t e d  aggr'  g a t e  o f  c r y s t a l l i n e  m a t e r i a l s  
w ith  o n ly  r a r e  g l a s s .  The r e l e v a n t  X -ray  d i f f r a c t o g r a m  c o n f i r m s  
th e  h igh  d e g re e  o f  c r y s t a l l i n i t y  o f  th e  g r ee n  p h a se  and shows t h e  
c r y s t a l l i n e  phase  t o  be th e  same a s  t h a t  p r e s e n t  i n  th e  g r e e n  
f r a c t i o n  o f  64 Fema s l a g .  The brown f r a c t i o n  o f  Sample 9 i s  
dominated by g l a s s  which i s  accom panied  by minor (c  2 -  5%) o f  
c r y s t a l l i n e  m a t e r i a l .  T h i s  d i s t r i b u t i o n  i s  r e f l e c t e d  i n  th e  
r e l e v a n t  X-ray d i f f r a c t o g r a m ,  where th e  p r e s e n c e  o f  c r y s t a l l i n e  
m a t e r i a l s  i s  but weakly  i n d i c a t e d .

Comment

On a co m p a r a t iv e  b a s i s  i t  may be n o te d  t h a t  th e  62 Sima s l f . g  i s  
v i r t u a l l y  n o n c r y s t a l l i n e . The r e m a in in g  two s a m p le s  co m p r ise  
b o th  c r y s t a l l i n e  and n o n c r y s t a l l i n e  f r a c t i o n s .  The c r y s t a l l i n e  
( g r e e n )  f r a c t i o n  o f  64 Fema s l a g  makes up 40 -  50% o f  t h i s  sample  
w h i l e  in  Sample 9 th e  c r y s t a l l i n e  f r a c t i o n  makes up 10 -  15%. 
Sample 9 and 62 Sima s l a g  t h u s  c o n s t i t u t e  th e  l e a s t  c r y s t a l l i n e  
o f  th e  t h r e e  s l a g  s a m p l e s .

_ J . R .  Mclver  
Department o f  G eo lo g y  
U n i v e r s i t y  o f  t h e  W itw a tersra n d 1 August  1981



S e c o n d  R e p o r t  o n  S l a g  S a m p l e s

P rea m b le

Five  sam p les  o f  s l a g  were s u b m i t t e d  by P r o f e s s o r  G. B l i g h t  w i t h  
th e  r e q u e s t  t h a t  the  c r y s t a l l i n i t y  o f  the  m a t e r i a l s  be i n v e s t i g a t e d  
and compared. To t h i s  e n d , th e  sample m a t e r i a l s  were s t u d i e d  i n  
immersion mounts u s i n g  c o n v e n t i o n a l  p e t r o g r a p h i c  t e c h n i q u e s  and 
X-ray d i f f r a c t o g r a m s  were p rep a red  from a l l  s a m p l e s .  The r e s u l t s  
o f  t h e s e  i n v e s t i g a t i o n s  a re  p r e s e n t e d  b e lo w .

R e s u l t s

Sample S ie v e d  -2mm SiMn s l a ^

T h is  sample  c o m p r i s e s  g r a n u l a r ,  w h i t e , v e s i c u l a r  s l a g  w hich  under  
th e  m ic ro sco p e  was found t o  c o n s i s t  v i r t u a l l y  e n t i r e l y  o f  g l a s s ,  
w ith  c r y s t a l l i n e  m a t e r i a l s  b e i n g  p r e s e n t  i n  t r a c e  amounts ( c .  1%) 
o n l y .  R e fe r e n c e  to  th e  r e l e v a n t  X-ray d i f f r a c t o g r a m  p r e p a r e d  from  
t h i s  sample showed i t  t o  be e s s e n t i a l l y  i s o t r o p i c  t o  X -ra y  
d i f f r a c t i o n .  O v e r a l l  th e  sample  i s  i d e n t i c a l  t o  Sample 62 Sima 
s l a g  r e p o r t e d  on in  a r e p o r t  dated  1 August  1981.

Sample S ie v e d  -2mm FeMn s l a g  (dark)

T h is  sample c o n s i s t s  o f  brown and g re e n  p a r t i c l e s  o f  v e s i c u l a r  
s l a g .  Grain c o u n t s  o f  100 g r a i n s  o f  a random sample  o f  t h i s  
m a t e r i a l  i n d i c a t e s  t h a t  t h e  g r e e n  phase  makes up .  5% o f  th e  
t o t a l  sa m p le .  Under th e  m ic r o sc o p e  th e  brown phase  was found to  
c o n s i s t  d o m in a n t ly  o f  g l a s s  accompanied  by t r a c e  amounts o f  
c r y s t a l l i n e  m a t e r i a ' .  The g r e e n  phase i n  c o n t r a s t  was found to  
be dominated by a f e l t y  t e x t u r e d  a s se m b la g e  o f  c r y s t a l l i n e  m a t e r ia l
w ith  o n ly  minor amounts o f  g l a s s .  O v e r a l l ,  t h e r e f o r e , t h i s  sample



i s  dom inated  by g l a s s .  The X-ray d i f f r a c t o g r a m  p r e p a r e d  from 
t h i s  sample c o n f i r m s  th e  f o r e g o i n g  w i t h  t h e  p r e s e n c e  o f  
c r y s t a l l i n e  m a t e r i a l  b e i n g  o n l y  weakly  i n d i c a t e d .  The 
d i f f r a c t o g r a m  i s  t o  be compared w ith  th e  d i f f r a c t o g r a m  o f  
Sample 9> brown f r a c t i o n  o f  th e  r e p o r t  d a ted  1 A u g u s t ,  1 9 8 1 .
The s l i g h t  i n c r e a s e  o f  d i f f r a c t i o n  i n t e n s i t y  e x h i b i t e d  by t h e  
s i e v e d  sample  i s  i n  a c c o r d a n c e  w i th  t h e  p r e s e n c e  o f  g r e e n  
c r y s t a l l i n e  s l a g  i n  t h i s  s a m p le ;  no su c h  m a t e r i a l  was p r e s e n t  
i n  th e  X -rayed  brown m a t e r i a l  from Sample 9 ,  brown f r a c t i o n .

Sample S i e v e d  -2mm PeMn s l a g  ( l i g h t )

T h i s  sample a g a i n  c o n s i s t s  o f  g r e e n  and brown v e s i c u l a r  s l a g  
p a r t i c l e s .  G ra in  c o u n t s  o f  100 g r a i n s  o f  a random sam ple  
i n d i c a t e s  t h a t  t h e  g re e n  phase  makes up c .  10% o f  th e  t o t a l  
s a m p le .  Under t h e  m ic r o s c o p e  t h e  brown phase was found t o  
c o n s i s t  d o m in a n t ly  o f  g l a s s  which  i s  accom p an ied  by o n l y  minor  
amounts o f  c r y s t a l l i n e  m a t e r i a l .  The g r e e n  p h a se  was found t o  
be dominated by a f e l t y  a s s e m b la g e  o f  c r y s t a l l i n e  m a t e r i a l s  w i t h  
o n ly  r a r e  g l a s s .  O v e r a l l , t h e r e f o r e ,  t h i s  sam ple  i s  a g a i n  
dominated  by g l a s s .  The X -ray  d i f f r a c t o g r a m  p r e p a r e d  from t h i s  
sample c o n f i r m s  th e  f o r e g o i n g  w i th  th e  p r e s e n c e  o f  c r y s t a l l i n e  
m a t e r i a l  b e i n g  o n l y  weakly i n d i c a t e d .  T h i s  d i f f r a c t o g r a m  i s  t o  
be compared w i t h  t h a t  o f  t h e  d i f f r a c t o g r a m  o f  Sample 64 Fema 
s l a g ,  brown f r a c t i o n  o f  t h e  r e p o r t  d a te d  1 August  1 9 8 1 .  The 
i n c r e a s e  i n  d i f f r a c t i o n  i n t e n s i t y  e x h i b i t e d  by th e  s i e v e d  sam ple  
i s  i n  a c c o r d a n c e  w ith  th e  p r e s e n c e  o f  g r e e n  c r y s t a l l i n e  s l a g  i n  
t h i s  sam ple;  no such m a t e r i a l  was p r e s e n t  i n  th e  X -r a y ed  brown 
m a t e r i a l  from Sample 64 Fema s l a g ,  brown f r a c t i o n .

Sample P s l a g

T h i s  sample c o m p r i s e s  f r a g m e n ts  o f  dark g re y  s l a g .  Under t h e  
m ic r o sco p e  t h i s  m a t e r i a l  was found t o  be dom inated  by an 
a sse m b la g e  o f  c r y s t a l l i n e  m a t e r i a l s  w i t h  a t  l e a s t  two p h a s e s  
b e i n g  o p t i c a l l y  r e c o g n i s a b l e ;  g l a s s  i s  s p a r i n g l y  p r e s e n t  and  
d o e s  not e x c e e d  10% by volume o f  the  m a t e r i a l  s t u d i e d .  The



X - r a y  d i f f r a c t o g r a m  p r e p a r e d  f rom  t h i s  s a m p l e  c o n f i r m s  t h e  a b o v e  
w i t h  a w e l l  d e f i n e d  d i f f r a c t i o n  p a t t e r n  ( p a t t e r n s ? )  b e i n g  

a p p a r e n t .

Sample FeCr

T h i s  sam ple  c o m p r i s e s  a b l a c k  v e s i c u l a r  s l a g .  U n d e r  t h e  
m i c r o s c o p e  i t  i s  s e e n  t o  c o n s i s t  o f  a m i x t u r e  o f  f i n e l y  
c r y s t a l l i n e  m a t e r i a l  t o g e t h e r  w i t h  a  s e m i - o p a q u e  p h a s e  w h ich  
h a s  t h e  o p t i c  p r o p e r t i e s  o f  g l a s s .  From o p t i c  s t u d y  t h e  
p r o p o r t i o n s  o f  c r y s t a l l i n e  m a t e r i a l  and  g l a s s  a r e  e s t i m a t e d  a t  
c . 60 : 4 0 .  The p r e s e n c e  o f  an  a b u n d a n t  c r y s t a l l i n e  p h a s e  
( p h a s e s )  i n  t h e  s l a g  i s  c o n f i r m e d  by t h e  r e l e v a n t  X - r a y  
d i f f r a c t o g r a m  w hich  d i s p l a y s  a  s h a r p l y  d e f i n e d  d i f f r a c t i o n  
p a t t e r n .

Comment

On a c o m p a r a t i v e  b a s i s ,  i t  may be n o t e d  t h a t  t h e  s i e v e d  -2mm 
SiKn s l a g  i s  v i r t u a l l y  non c r y s t a l l i n e  w h i l e  t h e  s i e v e d  -2mm 
d a r k  and l i g h t  FeMn s l a g s  a r e  c h a r a c t e r i s e d  by t h e  p r e s e n c e  o f  
s l i g h t l y  more c r y s t a l l i n e  m a t e r i a l s .  B o t h  P an d  FeCr  s l a g s  a r e  
d o m i n a t e d  by c r y s t a l l i n e  p h a s e s .

J . R .  M c lv e r
D e p a r tm e n t  o f  G eo lo g y  
U n i v e r s i t y  o f  t h e  W i t w a t e r s r a n d  
J o h a n n e s b u r g  
8 A u g u s t  1981
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In m u tin g  the  hanging  w all is su p p o rted  by p illars c o m ­
prising  a p a n ic u la te  backfill m ateria l w h ich  has been 
co n so lid a ted  so that n has at the  m ost one  q u a rte r  voids 
by vo lum e L ay ers  o f  re in fo rc in g  m ateria l a rc  p ro v id ed  
in th e  backfill to  lake ho rizo n ta l loads associated  w ilh 
v e rtica l loads being taken by  the  pillars in su p p o rtin g  
th e  hanging  w all D ie p illars ex tend  hack from  a w ork 
space behind I he w o rk  face transversely to  th e  w ork  
face  They arc spaced  in a d irec tio n  a long  the  w o rk face  
and i heir loading ends ad v an c e  as the  w ork  face ad 
vancirs
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M E T H O D  O l M IN IN G

Phis inven tion  re la tes to  a m ethod  o f m ining li re 
lales in partivu lar to  a m ethod o f  supporting  th e  h a n g r  g 
w all in a m ine, o r  in o th e r  und erg o u n d  w ork ings, p a rtic ­
u la rly  a coal m ine, o r in an> m ine in w hich  th e  volum e 
o f  o re  o r valuab le  fraction  ex tra c te d  is large in relation  
to  th e  o re  left beh ind  for support

In the past, co al has been m ined by a m eth o d  know n 
to  th e  A pplicant as the ‘bord  and pillar m ethod  It is 
a lso  som etim es re ferred  to as the  p illar and stall' 
m e th o d . T his m ethod  results in large vo lum es o f coal 
be ing  left as p illars for support o f  the hanging  wall 
u n d e rg ro u n d

T h e  stress im posed upon pillars left for su p p o rt un 
d e rg ro u n d . d e -e n d s  upon the  d ep th  at w h ich  m ining 
takes p lace b e low  the surface T he na ture  o f  the over 
b u rd en  will also  he considered  in d e te rm in ing  the load 
on the  pillars and hence the stress

A cco rd in g  to  experts in this field, the  c a r 'h  s crust, 
p rio r to m ining, is in equ ilib rium  under th e  action  o f  
com pressive  stressses. also re ferred  to  as prim itive 
stresses T he v e rtica l com ponen t o f the p rim itive  stress 
in geo log ically  undistu rbed  g ro u n d , is g iven  by the 
equation

«-2«.ie H*-l i  H kP«

I R ock  M echanics in C oal M ining, Salam on A O ra  '0 
v eeez, page 16. published by the  C h a m fe r  o f  Mines. 
S o u th  A frica, 1976)

In this equation  the  density  o f  the rock is assum ed to 
be 2744 kg per cub ic  m eter A t d ep th  H (in m eters), the 
v e rtica l co m p o n en t (q n  k l’a) o f  the p rim itive  stress is 35 
equal to the pressure  exerted  by the mass o f  a rock 
prism  o f c ross-section  one square  m eter and height H 
m eters

T h e  ho rizon tal com ponei i M the prim itive  stress is 
reg ard  d by them  as being equal in all d irec tio n s and as 4,1 
h em e a co n stan t p ro p o rtio n  K o f  the vertica l stress In 
So u th  A frican  collieries, the value o f K is g iven  by them  
(S A O ) as rang ing  from  0 1 to  0  4

O n  this basis the  follow ing I able gives the vertical 
co m p o n en ts  o f  the  prim itive stress u n d erg ro u n d , before 45 
m ining

10

15

20

25

Depth below Surface
Vertical I vimpiment of 

Primitive Shew 
(kP«st

30 730
100 2 VI.
130 ) 730
200 5 (I*)
300 7 300

50

35

Rem oval o f  rock by m ining underg ro u n d  raises the 
av erag e  stress in pillars left for support It is believed 
th c t the increase  in the av erag e  stress will be ap p ro x i­
m ate ly  in th e  ratio:

lotal srea mined area of pillar*

A m ethod  o f  calcu la ting  the  load on pillars is g iven  
by S&O, page 22. T hey  also recom m end (page 41) a 65 
fac to r o f  safety  o f  I 6 in the design o f su p p o rts  In o th e r 
w i,-ds, the calcu la ted  load on a pillar w ill he increased 
by an am oun t co rresp o n d in g  to  the facto r o f  safety, and

the pillar will then he desig n ed  to  laL  Ii increased
load

li is ai) o b jec t o f  this in ven tion  to  p ro v id e  a m ethod  o f 
support for the  hanging w all u n d erg ro u n d  in mines, 
w hich  will perm it the ex trac tio n  o f  g rea te r volum es o f  
coal and the  leaving o f  less coal u n d e rg ro u n d  for su p ­
port. than w ith  o th e r  m ining m ethods know n to  the  
A pplicant

A ccord ing ly , in m ining, th ere  is p ro v id ed  a m ethod  
o f supporting  the  hanging  w all w hich  includes p ro v id ­
ing support p illars ex ten d in g  betw een th e  hanging  wall 
and the fool w il l,  the  p illars having low er p o rtions 
in co rp o ra tin g  particu la te  backfill m aterial w h ich  has 
been co n so lid a ted  so that it has, at the  m ost, o n e-q u arte r 
voids by volum e

If desired , th e  low er p o rtio n  o f  a pillar m ay have  only 
one fifth vo ids by volum e

The backfill m aterial m ay be fine such  that about ha lf 
by mass w ou ld  pass a sieve o f  0  85 m m. and such that 
only about 1% by mass w ould  be re tim ed  on a sieve size 
o f  6 75 n m

The p articu la te  m aterial used as a backfill in the  pillar 
may be in the  form  o f  soil. sand, tailings from  prev ious 
m ining o p erations , o r  quar ried m aterial, ash. burn t d o lo ­
mite. o r lim estone, o r  th e  like T hus, in coal m ines 
w hich have  low  grade  co al w hich m ay not be su itable 
lor o th e r uses, the  coal m ay be burn t fo r exam ple in a 
fluid bed o r o th e r  system  w ith  do lom ite  and lim estone 
The "oh and b u rn t d o lom ite  and lim estone m ay then  be 
c rushed , and m ay then be used w ith  o r  w ithou t o th e r 
m aterials as a backfill S u ch  burnt ash and do lom ite  and 
lim estone m ay be very  advan tageous in p ro v id in g  a 
ccm entitious b inding m ateria l in the backfill

D ifferent p a rticu la te  m aterials hzve  different natural 
angles o f  repose or angles o f  inter.ial friction  W hen  a 
pa rticu la te  m aterial is confined to form  a pillar, and a 
vertical load  is then app lied  to  the pillar, then in lerpar- 
ticu late  friction  causes a horizon tal co m p o n en t o f  the  
vertical load  to  be im parted  to  the particles in th e  pillar 
This horizon  al co m ponen t causes a stress w hich  tends 
to  cause lateral d isp lacem ent o f the  m aterial I f  the  
vertical load is increased  until failure occurs, then fa il­
ure takes p lace in d iagonal tension along planes, also 
referred  to  as shear planes

F o r  a particu la te  m ateria l having an ang le  o f  in ternal 
friction  A. it is believed that the re la tionsh ip  be tw een  
the h o rizo n tal co m ponen t and the vertica l load is given 
by the fo llow ing  expression

Lh-CU

w here
I , is the  vertical load im posed on  the  pillar;
\ -H the horizon tal co m p o n en t o f  th i load; and
C =

J  H a d -
I + un 4 '

w here angle A depends on the p a rticu la te  m aterial 
being used

W hen th e  angle A 30* then C  J 
I he m agnitude o f  I // th ere fo re  d epends upon the  angle 
A The angle  w h ich  the  shear planes m ake w ith  the  
horizon tal is
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i lie lo w er p o rtio n  o f  a p illar may he p ro v id ed  hy the 

e rec tio n  o f  re ta in ing  w alls and by th e  hydrau ln : p lace ­
m ent o f  the  p a rticu la te  backfill m ateria l in a hydrau lic  
c a rr ie r  behind th e  re ta in ing  w alls, the co n so lid a tio n  o f 
the  particu la te  backfill m ateria l i.ikm g p lace by se ttle ­
m ent o f  the p a rticu la te  m ateria l under g rav ity  in the 
h y d rau lic  ca rrie r T h erea fte r, the  h y d rau lic  c a rrie r  mas 
be a llow ed  to  d ra in  aw ay

A ltern a tiv e ly , th e  p a rticu la te  backfill m ateria l may he 
pneum atically  p laced  beh ind  the  re ta in ing  w alls, the 
con so lid a tio n  o f  the  p a rticu la te  backfill m ateria l taking 
p lace  by the d isch arg e  o f  th e  m aterial at speed under 
pneum atic  p ressure

T h e  con so lid a tio n  o f  the  backfill m aterial in the  low er 
po rtio n  o f  a pillar may take p lace  by the ap p licatio n  o f  
m ec h an c a l fo rce  to  the backfill m aterial A lte rn a tiv e ly , 
o r in addition , co n so lid a tio n  o f  th e  backfill m ay include 
exertin g  pressu re  on the lo w er p o rtion  in a c learan ce  
space betw een  such low er p o rtio n  and the h ang ing  wall, 
and by abu tm en t against the h ang ing  wall befo re  filling 
up the  c learan ce  space w ith  load  taking fill T h e  p re s­
su re  exerted  on  a lo w er p o rtii • before  filling o f  the 
c learan ce  space m ay he at least 9 / 10th* o f  the  load 
w h ich  the pillar is expec ted  to  take P referab ly , the 
p ressure  exerted  is in excess o f  th e  load w h ich  the  p illar 
is expected  to  take

G en era lly , if ' '  -sired, th e  step  o f  con so lid a tio n  o f  a 
layer by p ressure  may he p reced ed  by c o m p ac tio n  o f 
th is layer by im pact, v ib ration , o r  the like S u ch  co m ­
paction  m ay take p tic e  by stam pers, v ib ra to rs , o r  the 
like V ibration  ano co m p actio n  m ethods m ay be used 
th ro u g h o u t th e  c o n stru c tio n  p rocess to  assist in ach iev ­
ing effective  co n so lida tion , includ ing  the use o f  ex ternal 
rem ovab le  su p p o rtin g  fo rm w o rk . shapes, o r s tru c tu re s  
The pressure m ay be exerted  bv  a shoe o r p laten  w hich  
m ay also be sub jected  to  v ib ration  w hile pressure  is 
being  applied Pressure m ay he applied  by  abu tm ent o f 
a press against th e  hanging  w all The p laten  m ay have a 
slight cam ber transverse ly  to th e  d irec tion  o f  the pillar

T h e  m aking o f  the  pillar m ay include th e  final step  o f 
p rov id ing  a load  ak ing  fill w hich  may he in the  form  o f 
a layer o f  g ro u t in be tw een  the  hanging w all and an 
up p er layer o f  backfill The g rou t m ay be lam ped  or 
rim m ed  in un d er p ressure  to  ensure  that th e re  is active  
su p p o rt be tw een  the  up p er layer o f the p illar and the 
hanging  wall

A lte rn a tiv e ly , the p rov ision  o f the load-tak ing  fill on 
to p  o f  the  lo w er p o rtion  m ay include :h r  d riv in g  in o f 
w edges in to  the  c lea ran c  space be tw ecr ' e low er 
po rtion  and the  hanging  w all, thereby  ex ertin g  a d o w n ­
w a rd  p ressure  on the lo w er p o rtio n  A s i  fu rth er a lte r ­
native, the  load-tak ing  fill m ay he p io v id c d  on top  o f 
the  low er p o rtio n  by pum ping  particu la te  m aterial c a r ­
ried in suspension by a h y d rau lic  carrie r, in to  he cleat 
ance  space, th e  pum ping  taking plncc un d er hydrau lic  
pressure  to  ensu re  th a t a d o w n w ard  p ressure  is exerted  
on  the lo w er p o rtio n  by abu ttin g  against the  hanging 
wall

T h e  lo w er p o rtio n  o f  a pillar m ay be built up in layers 
o f  backfill w ith  layers o f  re in forcing  m ateria l at differ 
cnt e levations be tw een  layers o f backfill in the  low er 
po rtion  T h e  vertica l spacing  betw een  layers o f  re in ­
forcing m ateria l m ay, at the  m ost, be equal to  one th ird

4
I he m inim um  cross-sec tiona l d im ension  o f  the  pillar 
I he  pillar m ay include o p p o sin g  re ta in ing  w a lls on its 

opposite  sides, and the re in fo rc in g  m ateria l m ay engage 
w ith  the re ta in ing  w alls to  co n stra in  them  against o u t­
w ard  bulging

I he re in fo rc in g  m ateria l may co m p rise  u n in te rru p ted  
sheet m aterial, expanded  sheet m ateria l, o r  m esh, such 
as w ire  m esh or netting , steel g rid  o r p late , m etal strips 
o r sheets It m ay a lso co m p rise  m ateria ls such  as sy n ­
the tic  polym ers, e g p o ly u re th an e , p o ly sty ren e , p o ly ­
e thy lene. and v ) on, c lo th  like sy n th e tic  fibres, w ooden  
lath  stru c tu res , m etal strip s o r  sheets, and so o n  T he 
re in fo rc ing  m ateria l may co m p rise  th e  co m b in a tio n  o f 
tw o  o r  m ore o f  th e  ab o v e-m en tioned  item s. T h u s, for 
exam p 'c , a sheet o f  p o ly m er co u ld  be re in fo rced  by steel 
and w ire  m esh o r  by sy n th e tic  o r  n a tu ra l fibre  m esh or 
i lo th  The re in fo rc ing  m ateria l m ay, if desired , ilso  be 
in the form  o f  a slab, m etal plate , fibrcglnss m ould ing , o r 
a geo tex lile  It is designed  to  accep t, w ith  a sufficient 
facto r o f  safety, the  h o rizo n tal co m p o n en t o f  load L // 
s 'so c ia ie d  w ith  the  v e rtica l load on the  p illar T h e  re in ­
fo rcing  layer m ay have in d en ta tions o r  p ro jec tio n s  p ro ­
v id ing  an uneven  surface so as to  im p ro v e  th e  frictional 
g rip  be tw een  the  layer and the  p a rticu la te  m ateria l in 
co n tac t w ith  it If  desired , fibrcglass o r  o th e r  m aterial 
m ay be re in fo rced  by h igh tensile w ire A lte rn a tiv e ly , if 
desired , the  re in fo rc ing  layer may be in th e  form  o f  a 
re la tive ly  thin c o n c re te  slab w hich  has been pre 
stressed  by a rray s o f  h igh tensile  w ires at righ t angles to 
each  o th er

T he p a rticu la te  backfill m ateria l m ay be m ade up m 'o  
the  form  o f  gabions w h ich  com prise  the  backfill m ate­
rial co n ta in ed  in envelo p es o f  re in fo rc ing  m ateria l, and 
in w h ich  th e  lo w er p o rtio n  o f  a pillar is bu ilt by  laying 
the  gabions in layers A t least som e o f  the  gab ions may 
be p rc -com pressed  befo re  being installed

T h e  inven tion  ex tends to  a pillar w hen  m ade a c c o rd ­
ing to  the m eth o d  as d escribed

T he inven tion  ex tends also to  a m ethod  o f  m ining, 
w h ich  includes p ro v id in g  a plu rality  o f  p illars behind a 
w o rk  p lace ad jacen t a w o rk  face, the  p illars being p ro ­
vided in a cco rd an ce  w ith  th e  m ethod  as described , and 
being spaced  in a d irec tio n  along the  w o rk  face and 
ex tend ing  hack in the  d irec tio n  transverse ly  to  the  w ork 
face Thv leng ths o f  p illars in a direc tio n  tran sv erse  to  
the  w ork face m ay be at least tw ice  th e  w id th  j f  the 
nillar in a d irec tio n  a long  th e  w ork  face

T h e  ad jacen t pillars m ay he s tren g th en ed  against 
o u tw a rd  bu lg ing  under load by hav ,ng  beam s ex tending 
a long  their leng ths in a d irec tio n  transverse  to  the  w o rk ­
ing face, th e  beam s being supported  by s tru ts  spaced in 
series generally  in a d irec tio n  aw ay  from  th e  w ork  face, 
and the stru ts  them selves ex tending  gen era lly  in a d ire c ­
tion along the  w ork  face T h e  spacing be tw een  stru ts 
m ay. it the  m ost, be equal to  the m inim um  cro ss-sec ­
tional d im ension o f  the pillats.

T h e  inven tion  extends also to  a m ethod  o f  build ing 
pillars u n d e rg ro u n d  for su p p o rtin g  the h ang ing  w all in 
u n d erg ro u n d  m ining operations, w h ich  m ethod  in­
cludes calcu la tin g  the  vertica l load w h ich  a pillar is to  
lake, ca lcu la tin g  the ho rizon tal co m p o n en t o f  load asso­
ciated  w ith  such  vertical load, laying p a rticu la te  m ateri­
als in laye ts be tw een  hanging  wall and foo l w all, c o n ­
solidating  such  layers, and p rov id ing  re in fo rc in g  m ate­
rial w ith in  o r be tw een  th e  layers o f  p a rticu la te  m aterial 
10 accep t, w ith  the d esired  deg ree  oi safety , th e  h o n -
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5
/o n ia l c o m p o n en ts  o f  louil ass<,ciated w ith  the vertical 
load w h ich  the pillar is ex p ec ted  to  take

I he inven tion  w ill now he described  by w as of exam 
pie w ith  re ference  to  the  acco m p an y in g  d iag ram m atic  
d raw in g s

In th e  d raw ings.
F IG . I show s a sectional side e levation  o f  a w ork ing  

p lace in ' coal mine, taken at I I in FIG  3 o f  the 
d raw ings.

F IG  2 show s a sectional e levation  taken at II II in 
F IG  I o f  the  d raw ings.

F IG  3 show s a sectional plan taken al III III in 
F IG . I o f  the d raw ings.

F IG  4 show s a c ross sectional e levation  a I IV IV  in 
F IG  5. ;h rough  a p lurality  o f  pillars spaced  along the 
w ork  face in a n o th e r arrangem en t.

F IG . 5 show s a sectional plan stew al X V in F IG  
4. o f  the  pillars o f  F IG  4

F IG  6 show s a c ross sectional e iev atio n  th rough  a 
pillar d u rin g  the final stages o f budding

F IG  7 show s a side e levation  o f  the from  end o f  a 
pillar du rin g  budding.

F IG  8 show s a plan s iew o f  a w edge suitable for use 
in bud d in g  pillars

F IG  V show s a side e levation  o f the w edge, c o r re ­
sponding  to  F IG  8.

F IG  10 show s a cross section  taken al X X in F IG
I;

F IG  11 show s, an oblique side view o f  a tem plate 
e lem ent for defining the side o f a pillar.

F IG  12 show s diagrarnm a icalls an end view  o f  the 
tem plate  elem ent o f  F IG . II .

F IG  13 show s a de ta iled  view if  the  m esh used as 
re in fo rc ing  m aterial be tw een  opposing  tem plate  e le ­
m ents in use.

F IG  14 show s one end o f a gabion suitable for use in 
I he m aking o f  a pillar acco rd in g  to  a n o th e r aspect o f  the 
inven tion .

F IG  15 show s a c ro ss sectional end elevation  o f a 
pillar w hen  m ade w ith  gabions o f F IG  <4.

F IG  16 show s a cross-sectional end elevation  o f  a 
pillar w hen  m ade w ith  gabions having a length eq u iv a­
lent to  the  w id th  o f the  pillar,

F IG  17 show s a sectional side e levation  o f  the u n d e r­
g ro u n d  w ork ing  o f  a mine, in w hich  a pillar acco rd ing  
to  a n o th e r aspect o f  the invention , is being budl,

F IG  18 show s a part plan view  co rresp o n d in g  to 
F IG  17.

F IG  19 show s a sectional elevation  al XIX  XIX in 
F IG  17;

F IG  20 show s a sectional end e levation  taken al 
XX XX in F IG  17.

F IG  21 show s a sectional siue e levation  of a pillar 
a cc o rd in g  to the  inven tion , du ring  the  p rocess o f m ak­
ing it u n d erg ro u n d  by m eans o f a m obile press.

F IG  22 show s a sectional side e levation  at XXII 
X X II in F IG  23
F IG  24 show s a sectional front e levation  o f  a pillar in 

acc o rd an c e  w ith the invention , taken al X X IV X X IV 
in F IG  22

F IG  25 show s a v iew  sim ilar to  F IG  24. but w ith a 
v aria tion  in constru c tio n , taken at X X V  XXV in F IG  
23;

F IG  26 show s a stress strain  (load deform ation) d ia ­
gram  o f  a p illar acco rd in g  to  th e  invention.

F IG  27 show s a sectional front e levation  o f a fu rther 
d ev elo p m en t o f  the invention.

6
F IG  28 show s a ih r r-d im en sio n a l v iew  o f  rcm fort 

m g m ateria l su itable for use in c a rry in g  out the invcn 
lion

F IG  29 sh o w s a deta il plan  view o f  ty p ica l re in fo rc ­
ing m aterial in the form  o f  w ire  mesh,

I IG  30 show s ,i sec tion  at XXX XX X  in F IG  29 
and,

F IG  31 show s a w ire  m esh arran g em en t hav ing  
w ires .if e llip tical section  secu red  in criss-cross fashion, 
and su itab le  for use as re in fo rc in g  in the  p illars acco rd  
m g to  the  invention.

R eferring  to  the d raw in g s, re ference num eral 10 r e ­
fers gen era lly  to  a w o rk  p lace  u n d e rg ro u n d  in a coal 
m ine It has a w ork  face 12 w hich  ad v an ces in the d ire c ­
tion o f  a rro w  14 I he coal face extends be tw een  the  foot 
w all 16 and the  hanging w all 18 Im m ediately  behind 
the  w ork face, the hang ing  w all 18 is su p p o rted  by a 
head p late  20 w hich  is itself supported  by a p lu rality  o f  
p rops 22 These props and head p late  extend rear- 
w ard ly . m o ie  o r lev- m line w ith the fo rw ard  end o f  
pillars 24 w hich  are a rran g ed  to  adv an ce  al m ore o r less 
the sam e ra te  as the w o rk in g  face

The pillars 24 are m ade by the use o f  retain ing  w alls 
26 on e ith e r side, the space  be tw een  such  walls and the  
hanging w all and foot w all is then filled w ith  a p a r tic u ­
late backfill m aterial T h is may be in th e  form  o f  ash. 
ex ternal m ake-up in the form  o f  sand o r  soil, gas heton. 
w aste, in any p rop o rtio n s W hen sufficient w aste  m ale 
rial is not available, then  the  foot wall 16 m ay he u n d e r­
cu t as al 16 t in the spaces betw een  p illars 24

■ust beh ind  the w ork face 12. a w ork  space 12 1 is left 
free for m ining activity  Im m cd .ite ly  beh ind  the first 
line 22 I o f  p rops 22. th ere  is p rov ided  a co n v ey o r belt 
30 w hose c en tre  line is ind icated  in F IG  3 by re ference  
num eral 30 I

In o p era tio n , pairs o f  clam ing w alls 26 w ill be a r ­
ranged in spaced re la ti.insh ip  ex tend ing  rearw ard ly  
from  near the  w ork ing  ,ace  Several p iers o f  re taining 
w alls 26 are  so p rov ided  and are located  in spaced re la ­
tionsh ip  a long  the w id th  o f  the  coal face re la tive  to  
o th er re ta in ing  walls fo r o th e r pillars

The re ta in ing  walls 26 as described, may be in the 
form  o f c lad d in g  w hich  is capab le  o f adv an ce  to  follow  
at m ore o r  less the sam e ra te  as the ra te  o f  advance o f  
the w ork face F low ever, such  c ladd ing  26 may instead 
be p e rm anen t and m ay he o f  cem entitious m aterial and 
mesh T h e  opposing  re ta in ing  walls 26 o f  a pillar m ay he 
tied to g e th e r by m eans o f  re in forcing  m aterial 32 
W here  th e  c ladd ing  26 is m ovable, the  a ttachm en t b e ­
tw een  th e  m aterial 32 and th e  c ladd ing  26 will be o f  a 
tem p o rary  o r d isvonnectah le  na ture  H ow ever, w hen  
the  c lad d in g  26 is in th e  fo-m  o r a perm anent o r  sem i­
perm anent s truc tu re , such  as a cem en titious coal w ith  
re in forcing , then the con n ec tio n s be tw een  the re in fo rc ­
ing m aterial 32 at d ifferent elevations, and the  c ladd ing  
26. may he perm anent

R eferring  now  to  F IG  I o f the d raw ings, it w ill be 
noted  that im m ediately  behind the w ork  face the  h a n g ­
ing waH 18 is -upported  by the head p late 20 to g e th e r 
w ith its su p p o rtin g  p rops 22 IT  is zone 40 will be a 
non-subsidence zone

Im m ediately  behind th e  props, there  follow s w ha t is 
regarded  as a safe zone 42 w hich  con tains also th e  fo r ­
w ard  end o f  the pillar 24 T he broken m aterial be tw een  
the re ta in ing  walls 26, re v s  at an angle o f  repose, ind i­
cated  by reference num eral 66 The im m ediately a d ja ­
cent zone rearw ard ly  is a zone 44 in w hich  settling has 
not yet taken place It is in the next zone 46 that the
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7
hanging  xk all IN t in t  hcaix up against the  upper en d  n f 
the  pillar 24. as show n  at 47

Im m ediately  behind the  zone 44. th ere  is the se ttled  
zone 4#> w h ere  tin  hanging  w all IN has a lready se ttled  
o n to  the  u p p e r end o f  the pillar 24 It xx ill he no ted  that '  
th e  hanging  w all IN I in zone 4#> is at a .o m ew h a l lo w er 
level th an  the hanging  w all IN im m ediately  beh ind  the  
w o rk  face 12

T b . fill, w hen  in tro d u ced  inter the  space be tw een  the  
re ta in ing  w alls may be lam ped  to  ensu re  goo d  c o n ta c t III 
w ith  the hanging wall A ltern a tiv e ly , o r in add ition , the  
'n a c e  above  th e  low er p o rtio n  o f the  pillar and be tw een  
the till and the hanging w all may he g ro u ted  I he p u r ­
pose is to ob tain  early  accep tan ce  o f  the  load p re fe rab ly  
b e fo re  root frac tu re  takes p lace  from  subsidence 15

I he re ta in ing  walls can  be very  th in  and cou ld  in fact 
he m th e  form  o f  a skin m erely , and w h en  in the  form  o f 
c lad d in g  may he m ovable  for later re-use A lte rn a tiv e ly , 
d ep  "itding upon econom ics, the  re ta in ing  w alls may he 
left in situ The prim e p urpose  o f  the re ta in ing  w alls is to  20 
ensu re  that the particles o f  fill d o  not fall ou t at the snles 
o f  the  runn ing  pillars

F o r  ease o f  rd v an x c  o f  If e w ork  face, th e  co n v ey o r  
30 max b - m ounted  upon tran sv erse  skids to  perm it easy 
d isp lacem ent to w ard s the  w o rk  face in a d irec tio n  n a n -  25 
verse to  its I m gitudm al a»ia 30 I

T h e  m em bers 32 act as re in fo rc in g  m em bers and m ay 
he in the fi rm  o f  m etal p late  o r m etal sheet o r w ire  
m esh They need not tx co n n ec ted  to  the  re ta in ing  
w alls 26 as long as the  rclaiii'irg  w alls 26 ensure  that th e  30 
particle-, o f the  h a ck rll d o  not fall out

R eferring  to  F IG S  4 and 5 of the  d raw in g s, th e  a r ­
rangem ent o f  the pillars at th r w o rk  face is sim ilar to  
that d escribed  w ith re fe ren ce  to  F IG S  1 to  3 o f  the 
d raw in g s L ike re ference num erals refer to  like p a rts  35 
The p illars 24 show n in F IG S  4 and 5 a re  h o w ev er, 
ta ller In o rd e r to  p ro v id e  stren g th  in the  m iddle against 
outw  a id  bu lg ing  under load , beam s SO are  p ro v id ed  o r  
o p p o site  sides o f  the co lum ns 24 These beam s are  sup 
p o rted  by stru ts 52 spaced  in series, genera lly  in a d irec - 40 
turn aw ay  from  the w ork  face The stru ts them selves 
ex tend  genera lly  in a d irec tio n  along the  w o rk  face, and 
are  p ro v id ed  across spaces w hich are  not req u ired  for 
access to  th e  w ork  face

R eferring  to  F IG  6 o f  the  d raw ings, re in fo rc in g  45 
m aterial in tn e  form  of w ire  m esh 32 and 32 I arc sh o w n  
inside backfill a rranged  in layers 54 T he th ickness o f  a 
layer 54 is defined by U shaped  w ire m esh side m em bers 
56 T h e  layers o f backfill are conso lida ted  by v ib ration  
o r co m p actio n  by m aking use o f  a v ib ra to r 58 o r com  50 
p ac io r 60

In o rd e r to  m onito r the  behav iour o f  the pillar 24 
un d er load, a pressure  sensitive dev ice  62 is em bedded  
w ith in  the backfill lead in g s  o r reco rd ings can then  be 
taken period ica lly  o f  th e  pressure  in the backfill 55

A fter the  low er p o rtion  24 I o f the  pillar 24 has been 
built up  then  the c learan ce  space bclv  cen th r  lo p  o f the 
lo w er po rtio n  24 I and the  hanging  w all IN may he 
taken up by w edges 36

R eferring  to  F IG S  8. 9, and 10 o f  the d raw ings, th ere  All 
is show n  a w edge 36 w h ich  is m ade o f  c o n cre te  and 
w hich  has re in forcing  36 I The w edge  is tapered  from  
a parallel portion  36 2 at Us tea r end to  a thin, poin ted  
end 36 3 at its front end The w edges may be from  half 
a m eter to  one  and ha lf a m eters in length  A w ed g e  m ay 65 
be tap e red  o v e r m ost o f  its length , i e from  a poin ted  
end rea rw ard s But at least o n c -q u aitc r o f  it* leng th , at 
the rear end, will he parallel to  ensure  that it is not

8
e jec ted  un d er load I he  w ed g es m ay he o f  c o n cre te , 
and m ay he d iiv en  by w o o d en  m allets If  desired , the  
w edges may he re in fo rced  w ith  steel iiid  or w ire  m esh 
o r netting  em bed d ed  w ith in  il. T h e  w ed g es m ay also  he 
o f  h a id w o o d  or plastic

R eferring  to F IG  7 o f  th e  d raw in g s, the  re ta in ing  
w alls 26 a re  show n m ade o f  w ire  m esh hav ing  a co al o f  
cem cn lilio u s m ateria l The na tura l ang le  o f  repose  of 
the  p a rticu la te  m aterial be ing  c h a rg e d  in to  the  space 
be tw een  the  opp o sed  re ta in in g  w alls 26 is ind icated  by 
re fe ren ce  num eral 66 The fro n t end o f  the  p a rticu la te  
m aterial m ay, h o w ev er, be co nfined  by p ro v id in g  a 
p lurality  o f  bars 6N

T h e  re in fo rc in g  m eans 32 sep ara tin g  th e  backfill into 
c o u rses ensures that instead  o f  a single tall pillar there  is 
p ro v id ed  a p lu rality  o f  squat p illars o n  to p  o f  one  a n ­
o th er By m erelv  co n ta in in g  th e  sides o f  the  co u rses to  
p rev en t falling aw ay al the  sides, a robust pillar hav ing  
a high load bearing  cap ac ity  is p ro v id ed

T he re ta in ing  w alls 26 and re in fo rc in g  m eans 32 m ay 
be p ro v id ed  in roll form , and m ay be u n to lled  in the 
d irec tio n  o f  adv an ce  o f  the w o rk in g  face, as ind icated  
by a rro w  14, as th e  w o rk in g  face ad v an ces  and as the 
pillar advances.

R eferring  now  to  F IG S  I I  and 12 o f  the d raw ings, 
th ere  is show n  a tem plate  e lem ent gen era lly  ind icated  
by re ference  num eral ’ O and com p risin g  a re ta in ing  
w all m em ber 26 1 and leaf e lem en ts 72 flexibly o r 
h ingedly  con n ec ted  to  the  re ta in ing  w all m em ber 26 1 
In o rd e r  to  fax ilitale tran sp o rt, the  leaf e lem en ts 72 may 
be p ro v id ed  w ith  h inges 72 I ex ten d in g  a long  their 
leng ths This will perm it fo ld ing  o f  th e  tem plate  cle 
m enl in to  a n a rro w er item  w h ich  can  be m ore easily 
tran sp o rted  than w hen  it is w ide  The re ta in ing  wall 
m em ber 26 1 m ay be m ade up o f  w ire  o f  2 to  3 mm 
diam eter at spacings o f  15 to  20 cm  square  It m ay, 
h o w ev er, have o pen ings w h ich  m ay be larg e r 
sm aller r w h ich  m ay be rec tan g u la r in shape, d e p e n d ­
ing upon w hat is req u ired  to  co n ta in  the  backfill

H ie  leaf elem ents 72 m ay be m ade up  o f  a m esh such 
as is show n  in F IG  13. It w ill be no ted  that th ere  a rc  
m any m ore w ires 74 in the  one  d irec tio n  than w ires 76 
in the  o th e r  d irec tion  In use, the  m esh w ill be laid in 
such  a m anner that th e  w ires 74 ex tend  transversely  
across the  w id th  o f  a p illar, and the  w ires 76 ex tend  
long itudinally  T he stressab le  a rea  o f  the  re in forc ing  
m eans 32 in a d irec tio n  acro ss  the w id th  o f  the pillar 24 
w ill lie about 10 to  40 tim es as m uch  as the  stressable 
a rea  o f  the  re in forc ing  m eans, in a long itud inal d irec tio n  
re la tive  to  lhe length  o f  th e  p d 'a r  If desired , the  w ires 
74 and 76 may be o f  d ifferen t d iam eters to  m eet this 
co n d itio n  T he stressable arer o r  th e  stren g th  m ay, o f  
course, be equal for the  tw o  d irec tio n s

In use, the  tem plate  e lem ents 70 w ill be e rec ted  to 
define the  sides o f  a pillar, the leaf e lem ents 72 being 
raised as show n in F IG  12 As the  courses fill up, so the 
leaf e lem ents 72 will be lo w ered  o n to  th e  to p  o f  a cou rse  
o f  back-fill m aterial w h ich  has been laid T hereupon, 
re in forc ing  m eans in the  form  o f  m esh 32. sim ilar to  the 
m esh show n  in F IG  13. will he secu red  to  the  m em ber 
26 I A lterna tive ly , the  m esh 32 may m erely be laid on 
top o f  the  leaf e lem ent 72 and the re in fo rc ing  m eans 32 

R eferring  now  lo  F IG S . 14, 15 and 16 o f  the d ra w ­
ings, (‘-ere is show n one  end o f  a gabion generally  in d i­
cated  by reference num eral 90, co m prising  an envelope  
92 and particu la te  n a te r ia l  94 w ith in  th e  envelope. T he 
p rim ra m lity  o f  the  envelope 92 will be m atch ed  to the 
fineness o f  the particu la te  m aterial 94 used w ith in  it



T hus, the envelope  m ust he able u . >.oniaiii ili< .riivu 
late m ateria l w ith in  it

In use, gabions 9U .ire used and slacked  on to p  o f  one 
a n o th e r to  form  the  lo w er p o rtion  o f  a pillar 96 Such  a 
p illar m ay also he ren d ered  to p ro v id e  active  support to 
the  hanging  wall 26, h \  m aking use o f  w edges, hydrau  
lie fill m aterial, o r g rou t in the c lea ran ce  space against 
the  hanging w all

R eferring  now to  H C i 16 of the d raw ings, th ere  are 
show n  gabions 9H. sim ilar to  those sh o w n  in f lCr 14 
but hav ing  a length  co rresp o n d in g  to  the w idth  o f  a 
pillar 100 w h ich  is to  he huili f lie pillar 100 may a iso be 
rendered  to  p rov ide  active  support to  the hanging wall 
18. by m eans o f  the  use o f  w edges as previously d e ­
scribed . o r o f  p ro v id in g  hydrauhcally  p laced filler m a ­
terial o r g rou t in the  c learance  space be tw een  the to p  of 
the  low er po rtion  o f  th e  pillar and the hanging w all IN 
T h e  deg ree  o f  support p rov ided  can  be de term ined  by 
the use o f  p ressu re  sensing de» ices 62. as prev iously  
described

W hen m aking the gabions, i; is im portan t to  ensu  c 
that the particu la te  m aterial w ithin the  gabions is p ro p ­
erly  c o n so l'd a ted . such  as by v ibration , co m p actio n , or 
com pression

It is an im portan t feature o f  this invention  that the 
p a rticu la te  m aterial in the back-fill, in the  various 
courses, be v ib rated  and com p acted  as fully as possible, 
w hen  laid The gabions should, in tu rn , also be c o m ­
p acted  as fully as possible, w h e ther befo re  o r after lay 
m g

R eferring  now  to  F IG  17 o f the  d raw ings, a fu rther 
v aria tion  o f the  pillars 24 prev iously  described  is 
sh o w n  Like re ference  num erals refer to  like parts

T h e  pillar 24 is m ade o f backfill m aterial a rran g ed  in 
layers 54 and com prising  vertica lly  spaced layers o f 
re in fo rc ing  m aterial 32 em bedded  w ith in  back-fill p a r­
ticu la te  m aterial As the successive layers 54 are laid, so 
they are co m p acted  and later con so lid a ted  by m eans o f 
m obile presses, genera lly  indicated  by reference n u m er­
als 130 and 132, until the w hole o f  the  low er portion  
24 2 o f  the pillar has been p re-loaded  If desired  each  
layer 54 m ay be conso lida ted  by pressure  afler it has 
been laid A lte rna tive ly , tw o  or m ore  layers 54 m ay he 
co n so lid a ted  to g e th e r T he press 132, is specially  
ad ap ted  to p rov ide  conso lidation  for the uppcrir.o -' 
layer w ith  m inim um  clearance be tw een  the upper su r­
face o f  such layer, li e the to p  o f  the low er p o rtion  
24 2). and the hanging  wall 13 T h e  rounded  shape of 
the  layers 54 at the opposing sides o f the pillar m ay be 
ob tained  by form  w o rk  w hich is rem ovab le  after c o n so l­
idation  o f  the layers T he c learan ce  space 133 be tw een  
th e  upper surface o f  the low er p o rtio n  24 2 o f the  pillar 
and the hanging w aii. 18, is filled w ith  g rou t 134 after 
con so lid a tio n  by the m obile press 132 has laken place 
T h e  g rou t 134 is lam ped in solidly under pressure  to 
ensu re  that lb • pillar is suitably p restressed  or p re lo ad ed  
to  support the  hanging  wall 18

T h e  degree  o f  conso lidation  by the presses 130 and 
132. is p referab ly  such, that the load applied to  c o n so li­
d a te  the layers, w ill approx im ate  and even exceed  the 
load  w hich  it is estim ated  that the pillar will ultim ately  
have  to  take, in supporting  the hanging  w al' IN I his is 
to  ensure  that the  am ount o f deflection  (if  any) o f  the 
p illar under the  load w hich it is to  take u ltim ately will 
he as small as possible. It is also for this reason, that the 
g ro u t layer 134, is firmly lam ped in. by m echanical or 
h y d rau lic  ram s if necessary to  ensu re  that the load will 
be taken w ith  m inim um  and preferab ly  no deflection

I In pri-sso  130 an d  132 ai rally . d th , same
c o n s tru c t io n  e x c e p tin g  th a t the  p re ss  132 is m a d e  to  
o p e r a te  w iilim  a sm a lle r  c lea ran ce  sp a c e  133

II ■ p ress  130 c o m p r ise s  a p la te n  140 m o v a b le  i \ 
m e a n s  o f  fo rk li l t - ty p e  ir- > s o r m o b ile  c ra n e s  fro m  one 
la y e r  o r  r o n e  re q u ir in g  c o n s o lid a tio n  to  a n o th e r  O n  lo p  
of th e  p la ten s , l h er. a r t  p ro v id e d  h y d ra u lic  jack- I4N 
h a v in g  h e a d  m e m b e rs  150 ad ap ted  in o p e ra t io n  to  abut 
ag a in s t th e  h a n g in g  w all IN and to  p ress  th e  p la te n  140 
l iim lv  o n to  i he  la y e rs  54 I hereby  c o n s o lid a tin g  th em

R eferring  to  th e  m obile ss 132. the co n stru c tio n  is 
sim ilai. ex cep ting  that the jack s 148 I on the p laten I t.) 
are shorte r than  the  jacks 118 because th ey  have . . 
o p era te  ,n a sm aller space, nam ely  the c learan ce  sp „• 
133 I hus the o '  ss 132 may be a rran g ed  to  o p e ra te  ui i 
space oi say, 30 to 50 cm  M ore jacks 148 and 14N . 
may he used than  arc  show n in th e  d raw in g s

f .a c h  m obile press 130 and 132 is conven ien tly  p ro­
vided w ith  its o w n  hydrau lic  pum p and reserv o ir a r­
rangem ent 152 to g e th e r w ith ap p ro p ria te  va lve  gear, to  
supply hydrau lic  fluid under p ressure , to  th -  hydraulic  
ja c k s  148 and 148 I T his will enab le  the hy d rau lic  jacks 
to  he p laced under load, so as to  co nso lida te  the  layers 
54, as and w hen required

R eferring  to  F IG S  19 and 20 o f  the  d raw ings, the 
re in forc ing  m aterial 32 is in lhe  form  o f  a v re mesh 
w hich  has been suitably p ro tec ted  against c o rro s io n  and 
w h ich  has its side panel 110 and end  panel 112 (see F IG  
28) stand ing  up righ t w hile the  particu la te  backfill m ate­
rial is being ch arg ed  to  form  th e  layer 54 O nce  the 
particu la te  m ateria l has reach ed  a \  re-determ ined  
d ep th , co rre sp o n d in g  to  the h e igh t o f  the  side panel 110, 
then  the end panel 112 is fo lded o v er on to  th e  backfill 
If desired , p rio r to  charg ing  w ith  backfill, panels 160 
im perv ious to  the  p an icu la te  backfill m ateria l may be 
p ro v id ed  on the  inside o f the  side panels 110 to  ensure 
that the  backfill particles does no t pass th ro u g h  them  
To this extent, th e  panels 160, also  form  part o r  the 
re in fo rc in g  m aterial 32 T h e  panels 160 m ay be m ade up 
o f  sm aller m esh 160 I (say a m esh also re fe rred  to  as 
b ird  o r can ary  m esh) and a lining 160 2 o f  c lo th , c a rd ­
b oard . sheet m ateria l o r plastic film  (see F IG S  29 and 
30)

The length  o f  the  end panels 112 o f  the  re in forcing  
m ateria l 32. w ill conven ien tly  be at least h a lf a m eter 
but m ay be a m ete r o r m ore if  desired , so as to  ensure a 
goo d  purchase  and frictional re stra in t be tw een  co n secu ­
tive layers o f  m ateria l 32 W here  desired , the end  panels 
112 may be bound  o r o therw ise  secu red  to  th e  underside 
o f  the  next succeed ing  layer 32 before  ch arg in g  o f  pa r­
ticu la te  m aterial starts

I lie panels 160 may he o f  plastic sheet m aterial, 
tim ber panels, m etal sheeting, o r the like If desired, 
there  may he p ro v id ed  in add ition , longitudinal be .m  
elem ents in the form  o f rods 162 secured  to  the  panels 
110. and ad ap ted  to  span the  jo in ts be tw een  adjacent 
re in forc ing  m aterial 32 If desired , successive re in forc­
ing layers 32 may he a rranged  to  o v e rlap  in a long itud i­
nal d irec tion , a long  the leng th  o f  the pillar 24

In o rd er to  exclude m oisture and w ater bo rn e  c o rro ­
sive m aterials, w hich m ay c o rro d e  the re in forc ing  m ate­
rial 32. a plastic sheet o f  film 164 (see F IG  20, may he 
d rap ed  over the upperm ost layer be, th e  grouting  
layer 134 is in tro d u ced  Instead o r in add ition , a plastic 
film or sheet 166 may be p ro v id e !  betw een  the  hanging 
wall IN and th e  g rou l layer 134 T1 e rolls 166 I o f plas­
tic film will then  be tem porarily  supported  by tem po­
rary  support posiv 168. w hich  can  be rem oved  and Inc
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film  166 can  then  be  a llo w ed  to  fall and d ra p e  d o w n  
o v e r  th e  sides ol the pillar 24. w hen  %roul 134 has been 
p laced  If desired  p lastic  sheet m ateria l o r o th e r  su itable 
m ateria l m ay be used as a dam p cou rse  b e tw een  the 
lo w er m ost la>er o f  the  pillar and the  foot w all 16 )

R eferrin g  to F IG S . 29 and 30 o f  th e  d raw in g s, th ere  
is sh o w n  re in fo rc ing  m ateria l in th e  form  o f  w ire  mesh 
T h e  w ire  may he o f round , rec tan g u la r o r  e llip tical 
cross-sec tion  D ep en d in g  upon the  load w h ich  is to 
taken , the  ross sectional area o f  the w ire used fo r the  10 
w ire  m esh, m ay he eq u iva len t to the  a rea  o f  w ire  has mg 
a d iam e te r o f  b e tw een , s a s . 2 m m  and . say, 6 m m  The 
p itch  P | be tw een  w ires in a long itud inal d irec tio n , ma 
be b e tw een  10 and 30 tim es the d iam ete r o r tran sv erse  
d im ension  o f the  w ire  T h e  p ilch  I1: m ay he be tw een  IS 
o n ce  and six tim es the  p ilch  l’ i hut is p referab ly  o f  the 
o rd e r  o f  four tim es P , R ein fo rc ing  m aterial 32 can be 
m ade o f  this mesh

If desired , the  re in fo rc ing  m eans 32 may he m ade up 
o f flat m etal strips, ex tend ing  transverse ly  across the 20 
w id th  o f  the  pillar 24. and by w ires ex tend ing  a long  the 
leng th  o f  the  w all T h e  cross-sec tiona l a rea  of m etal 
ad ap ted  to  take tensile loads in a d irec tio n  tran sv erse  to  
the w all, that is in the  d irec tio n  o f  arrow  170, m ay con 
ven ien tly  be tw ice  to  ten  tim es the  c ross sec tional area 2* 
o f m etal, ad ap ted  to  take tensile load in the d irec tio n  of 
a rro w  172 A lte rn a tiv e ly , the w ires taking load in the 
d irec tio n  o f arrow  170 may be o f  h igh tensile steel so as 
to  be able to  take a g rea te r ' iad

R eferring  now  to  F IG  21 of the  d raw in g s, th e  pillar M) 
24 built is o f  sim ilar c o n stru c tio n  to  that already d e ­
scribed . and like re fe ren ce  num erals refer to  like parts 
T n e  d ifference  is in th e  type o f  m obile press used The 
m obile press used in th e  building o f  th e  running  pillar as 
sh o w n  in these d raw in g s, is in the form  o f  a fork lift type 35 
o f  veh ic le  generally  ind icated  by reference  num eral 1*0 
It has w heels o r  track s 1*4. a pair o f  spaced posts 1*6 a 
p laten  140 T he p laten  140 carries a num ber o f  jack s 14*
(o r 14* 1 w here  the  jack s arc to  o p e ra te  m spaces w ith 
little  c learan ce) <o

T h e  use o f  fo rk lift-type  o f vehicles l*n  m akes it possi­
ble fo r th e  veh ic le  to  m ove a round , and for the  w id th  o f 
the  p illar, to  he varied  by m aking the  p latens 140 la r •- 
ally  m ovab le  re la tive  to  the pillar 24 F o r  s tren g th  and 
ligh tness the  p latens 140. the jacks 14* and 14* 1. anc, 45 
indeed  m any a rtic les used in ca rry in g  ou t th e  m ethod  
m ay be m ade o f  m anganese alum inium  alloy, for exam ­
ple, D ura lum in

If desired , instead  o f  lay m t backfill and re in forc ing  
m ateria l separa tely , p refab rica ted  units (gabions) van he V) 
laid  in courses bnck-fash ion  to  form  the pillar T he 
co u rses laid co rre sp o n d  to  the layers S4 T h e re a fte r  the 
co u rses o f  units m as he conso lida ted  under p ressu re  as 
desc rib ed  w ith  re fe ren ce  to  F IG S  17 to  21 o f  the draw  
m gs T h e  units (gcinons) m ay he p recom pressed  before 53 
laying

R eferring  no w  to  F IG S  22 to  25. there  is show n  a 
pillar 24 for use in  M i n i n g  a thick scam, say, in excess o f  
th ree  m eters A p lu rality  o f pillars extend hack from  the 
w o rk  face 12. con tin u o u sly  from  th ru  front ends near 60 
th e  w ork  face fo r a leng th  equal to  at least tw ice  their 
w id th s  W

W here  the  height betw een  the fool w all 16 and the 
h ang ing  wall IN is not excessive, say, up to  a m axim um  
o f  th ree  m eters, then  the pillar prev iously  described  65 
m ay h r  used, com p risin g  a p lu rality  o f  layers 54 o f 
p a rticu la te  m an lal re in fo rced  w ith  re in fo rc in g  m ale 
n a l 32 Such re in fo rc ing  m aterial m ay be in the  form  o f
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w ire  m esh, steel strips, steel plate , fibreglass m ouldings, 
pre  stressed  c o n c re te  slabs, o r  th e  like T h e  am nun l o f 
re in fo rc in g  w h ich  is inserted w ill d ep en d  upo n  the u lti­
m ate load w h ich  the  pillar is ex p ec ted  o r designed  to  
take I his w ill d ep en d  upon the  d ep th  D  at w h ich  m in­
ing is taking p lace  below  the surface  235, and upon  the 
d en sity  o f  the rock As p rev io u sly  m en tioned , at 100 
m ete rs  d ep th  th e  loading co u ld  be o f  the  o rd e r  o f 
200 300 tons per square  m eter A t 200 m ete rs  d ep th  the 
lo ad in g  cou ld  be 400 b(X) to r s  per square  m ete r, and at 
VX) m eters it co u ld  be. say, 700 800 tons per square 
m eter (I T on  p e r square m eter ID  kPa).

If the  load on th e  pillai is increased , then  it w ill u lti­
m ate ly  fail in d iagonal tension  a long  planes 242 and 244 
(see F IG S  24 and 25) T h e  p illar be stren g th en ed  
against such fa ilu re  by m eans o f  beam s 236 and 238. 
ex ten d in g  longitud inally  a long  the  sides o f  the  p illar 24. 
and at about th e  m iddle, m ore o r  less in line w ith  the 
in te rsectio n  o f  th e  planes 242 and 244 T h ese  beam s 236 
arc  th en  tied acro ss to each  o th e r  by m eans o f  transverse  
tensile  e lem ents 240 pasi.mg th ro u g h  the  p illar and 
w h ich  m ay be in th e  form  o f  b o b s  o r steel w ire  ropes 
D ie  bolts o r steel w ire  ropes m ay be sh ea th ed  in a steel 

o r p lastic  tube o r  plastic film shea th  for p ro tec tio n  
against co rro s io n  and for easy w ith d raw al T h e  beams 
236 and 23* m ay be in the  form  o f  co ld -ro lled  metal 
p late  to  p ro v id e  a tiff section  for a beam  T h e  lo n g itu d i­
nal spacing be tw een  the tensile  e lem ents 240 m ay vxry 
from  one  m eter to  tw o  or th ree  m eters, d ep en d in g  upon 
the stren g th  req u ired  and upon the  load w h ich  is to be 
taken  D ie spac ing  will also dep en d  upon th e  streng th  
o f  the  beam s 235 and 238 T h e  spacing  b e tw een  ele­
m en ts 240 w ill generally  not be g rea te r than  th e  w idth  
o r th ickness o f  th e  pillar

R eferring  to  F IG  24 o f  th e  d raw in g s, th e  a rran g e ­
m ent there  is sim ilar to that sh o w n  for F IG  25, except 
that a strong  re in fo rc ing  layer 342 is p ro v id ed , w hich  is 
o f adequate  s tren g th  to  tu rn  the  h igh pillar 24 having a 
heigh t H i in to  tw o  sh o rte r and suffer superim posed  
squat p illa is h iv in g  heights Hz, and have th e  effec t that 
the  poin ts o f  in te rsection  o f  the  p lanes 242 1 and  244 I in 
F IG  24 arc m ore  w idely  spaced  than  th e  po in ts o f  
in te rsectio n  o f  th e  planes 242 and 244 in F IG  25 

In p ractice , th e  heigh" H i will d epend  upon the  th ick ­
ness o f  the scam  o f  coal w h ich  is being m ined T h is may 
v ary  from  2 3 m ete is to  5 -10  m eters H o w ev e r, when 
th e  i .u g h t H i i s  very  la ig e  then , dep en d in g  upon the 
loads w hich are  to  be taken, the  he igh ts H ; o f  the  squat 
p illars will he reduced  to a value p referab ly  not exceed 
m g the m inim um  cross sectional d im ension o f  the  pillar, 
i t- the  w id th  o r thickness o f  the pillar

W hen the  seam  o f  coal w h ich  is being m ined is shal­
low . there  m ay he some relaxation  w ith  reg ard  to  the 
heigh t o f the  pillar relative to  its w id th  H o w ev e r, when 
v-.ims d eep  d o w n  are hem g m ined, and w h e re  loads o f  
the  o rd e r o f I(XX) tons per square  m eter a re  co n tem ­
plated . then  th e  overall heigh t H ; o f  a squat pillar, as 
sh o w n  in the  low er half o f  the  p illar show n  in F IG  24, 
w ill be m uch less than the tall p illar o f  F IG  25, show n 
fo r an app lication  w here the  co n tem p la ted  loading is 
m uch  less

The various layers of p a rticu la te  m ateria l 54, together 
w ith  their re in forc ing  m esh layers 32. and the  rein­
fo rced  cap  or foot plate 342, a re  co n so lid a ted  by vibra 
lion, co m p actio n , o r the like, and u ltim ate ly  by  being 
com pressed  by m eans o f  jacks 14* and 148 !. pressing 
d irec tly  against the  hanging w all 18, as sh o w n  by jacks



f l ' <

13
4,425.057

14

X

I4X I, o r indirectly  via a spacer 254. as show n b \  jacks 
14* (see H O  22)

W hen  the seam  being m ined is very  th ick , then  the 
w o rk in g  face 12 may he w o rk ed  in steps 12 1, 12 2, and 
123  5

I he spacing be tw een  layers o f  re in forcing  m esh 32 is 
given by H H ere again, (he stren g th  o f  the m esh will 
he d e te rm in ed  by th e  horizon tal co m ponen t o f  th e  se rti 
< al lo ad in g  w hich  the  m esh is ex p ec ted  to take w h en  the 
pill .r is sub jected  to  its ve rtic  il load I he stren g th  of 10 
the m esh w ill be chosen  w ith  a suitable lacto i o f  safely 
being taken in to  acco u n t, say. 1.6

R eferrin g  now  to  F IG  26 o f  the d raw ings, re ference 
n um eral 260 ind icates a S tress s tra in  o r  I oad D efo rm a 
non c u rv e  w hich  the layers o f  p a rticu la te  m ateria l 54. is 
ssilh re in forc ing  m aterial 32. are  expected  to take as 
they a re  loaded The pillar is designed to lake an ulti 
m ale stress indicated  by point A w hich  is apprec iab ly  
h igher than  the stress indicated  by point H and w hich  
rep resen ts the stress o r load w h ich  it is expected  (from  20 
the  d ep th  o f  w ork ing  below surface) that the pillar will 
ultim ately  have to  take In p ractice , the  various layers 
54 and re inforcing m aterial 32 w ill be stressed by pre- 
loading by abutm ent against the hanging wall 18, to an 
ex ten t indicated by point V T hereafter the upper layer 25 
134 in the form  o f  g rou t is tam ped  or ram m ed in under 
p ressu re  in an e n d ea so u r  to  take the  stress o f  the g rou t 
also, up  to  a value indicated  by point C All the  layers 
will then  have been prc-com presscd . and upon (he load 
being taken subsequently , the initial strain D  will al- JO 
ready  have been taken up and the  m inor am ount o f 
strain  E  is all that will take p lace in the pillar The 
spacing betw een  po in ts C  and B has been ex ag gerated  in 
the d iagram , fo r clarity

It is. o f  course, possible for the p re-loading, to  take "  
p lace  to  the sam e value as the  stress B. o r even  slightly  
beyond  it. say, to  a point C l  This w ill then  ensu re  that 
the p a rticu la te  m aterial in the  pillar ha - been fully  c o n ­
so lidated  by being p re-loaded  so as to  ensure  that the 
load i.o m  the hanging wall will be taken w ith m inim um  <0 
o r no  deflection  o r dr fo rm ation  o f  the pillar The d e ­
g ree  o f  deflection  o r d e fo rm ation  o f the pillar under 
p re-load ing  or p recom pression  is expected  to  be about i 
o r  1 /16  of the o rig inal heigh t o f  t . . i  pillar.

R eferring  to F IG  27 o f the d raw ings, a fu rther possi 4? 
bility suggests itself o f p rev en tin g  bursting o f  ad jacen t 
p illars T he arrangem ent sh o w n  in F IG  27 is believed 
to  he part, alarly  useful in very  thick seams w hich  arc 
being m ined, say, from  about 6 m eters upw ards If the 
desc en t o f  the hanging  wall 18 is accu rate ly  p redeterm i VI 
nablc, i c it is know n alm ost exactly  how  far it will 
d escend  to  the final settled position, then, by m aking use 
o f  (he toggle m echanism  270. the descen t o f the ro o f IN 
can  he transm itted  to  the post 272 w hich  will then  urge 
the  latera lly  ex tending  posts 274 to abut against beam s 'S 
276 to  p revent o u tw a rd  bu lg ing  o f the pillars 24

R eferring  to  F IG . 31 o f  the  d raw ings, there  is show n 
a w ire  mesh m aterial o f  e llip tical section, but w hich, 
be tw een  ad jacen t w ires, are tw isted  to  present th e  maxi 
m um  w idth  as a g rea ter d ep th  It is believed that such H) 
w ires o f  ellip tical • etion , w l.^n tw isted  in this fashion, 
w ill p rov ide increased  grip  and g rea te r frictional resis­
tan ce  to  m ovem ent w ithin the p an icu la te  backfill mate- 
liai.

The invention  acco rd in g ly  extends also to  a met) id 65 
o f m ining coal in coal mines, w h ich  includes the  step  o f 
hav in g  the w ork  face m ore advanced  in som e places 
than  in o thers, th ere  being p ro v id ed  p illa is ex tending

b ack w ard ly  from  a w ork  space im m ediately  beh ind  the 
w o ik  face, the  lead ing  ends o f  th e  pillars being  a ligned 
w ith  those parts o f  the w ork  face w hich  are  m ore a d ­
vanced  than  the  o th er parts o f  the  w ork  face

It will he realised th a t the  length  o f  various pillars 
m.iv vary dep en d in g  upon w o rk in g  co n d itions, access 
to  w ork ings for m en, and m ovem ent o f  m ate ria l- T he 
leng th  o f a pillar in a p a rticu la r loca tion  m ay a c c o rd ­
ingly be as sm all as iw ice  Us w id th  In a n o th e r, m ore 
rem ote, loca tion  it m ay ex tend  con tinuously  W here 
possible, co n tin u o u s pillars will he p re fe rred  because o f  
cost savings :n not hav ing  to  m ake o ff  ends in a m anner 
sim ilar to  th e  sides

I he step o f  co nso lida tion  o f  a layer o f  p a rticu la te  
backfill, may include the use o f  c em en ting  m ateria ls or 
syn thetic  chem ica l m aterials to  p rom ote  co h esio n  in the 
backfill

W hen fo rm w o rk  o r tem p o rary  s tru c tu re s  a rc  used 
w hile backfilling and conso lida tion  o f  the  particu la te  
backfill m aterial is in progress, then  such fo rm w o rk  and 
s tru c tu res will he capable , w h ere  necessary , o f  resisting 
all the p ressures resu lting  from  the  c o n stru c tio n  o f  the 
pillar

The slight cam b er w hich  the  platen 140 m ay have 
(see F IG . 19). will assist in p rov id ing  g o o d  access for 
effective g ro u tin g  The g ro u t layer 134 is in tended  to 
have the sam e w id th  as the  pillar and m ay be c o n ­
stra ined  be tw een  rem ovab le  form s, w hile  se ttin g  Such 
rem ovable  form s will exert pressure on th e  g ro u t and 
w ill p rev en t g ro u t b reaking out

T ie  w id th  o f  the pillar, w hile  d ep end ing  upon the 
thii. xn eu  o f  the coal seam  the dep th  be low  th e  surface, 
and the co n d ition  o f the h a n g in f  wall, w ill a lso  depend  
upon the availability , quality , and na ture  o f  th e  backnll 
The use o f  burn t ash and do lom ite  and lim estone, be­
sides p rov id ing  a cem en titious binding m ateria l in the 
backfill, w ill also m itigate against c o rro s iv e  a ttack  of 
re in forc ing  m aterial in the pillar stru c tu re  It w ill also 
p rov ide  savings in the  cost o f  the  backfill.

T he vertical spacing be tw een  successive re in forcing  
layers 32, will be the  subject o f  design by considering  
the load w hich  the  pillar is expected  to  take, the  na .u re  
o f  the backfill, the cost o f  the re inforcing  layers 32, and 
the econom ic gam  w hich  is to  be ach ieved  by m aking 
use o f the pillar in w inning m aterial o th e rw ise  lost e co ­
nom ically  w hen  left in situ for support T h e  vertical 
spacing bctw eei successive layers o f latera l constrain t 
m eans w ill vary  d tjien tim g  upon  its position  in the pil­
lar

The pillars w ill he designed to  take loads w hich  will 
he less than those w h ich  will cause them  to  collapse  o r 
fail due to  d iagonal stress In o th e r w ore  the  m axim um  
resistance o f lhe pilV’r to  d iagonal tensile stress will be 
above that im posed by the load w hich  the pillar carries 

The use o f  the  m obile press reduces the deg ree  o f  
deflection  o f the pillar under load to  a m inim um  w hen 
the pillar receives its full loading o f (h r ro o f Such mini 
m um  deflection  also reduces to  a m inim um  the subsi­
dence o f  stra ta  and o th er m ovem ent

It is believed that even if the loading on the pillar 
increases so that it fails under d iagonal tension  along the 
planes 242 and 244, then the  pillar will yield gradually  
and will not fail by shattering  as w hen b rittle  m aterial 
shatters under excessive com pressive loads

T his m ethod  o f  supporting  a hanging w all acco rd ing  
to  the invention , m ay be used advantageously  by b u d d ­
ing pillars o r running pillars acco rd ing  to the invention 
betw een in situ pillars left for support in m ined-out
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14* 1. >r m direclly  \ ia  a spacer 254, as show n h> jacks 
14* (see M G  22)

W hen (he seam being m ined ,s se ry  (link , (hen (he 
w o rk in g  face 12 may he w ork ed  m steps 12 I. 12 2 and 
12.3.

The spac in g  betw een layers o f re in fo rc ing  m esh 32 is 
given by H i H ere again, the stren g th  o f  the m esh will 
he d e te rm in ed  by the ho rizon tal co m p o n en t o f  the  ve r 'i 
cal load ing  w hich  the m esh is expected  to  take w h en  the 
pillar is sub jected  to us vertica l load T h e  stren g th  o f  10 
the m esh will he chosen  w ith  a suitable factor o f  safety 
being taken  in to  acco u n t, say, l.h

R eferrin g  now  to  M G  26 o f  the d raw ings, re ference 
num eral 260 indicates a S tress S train  or l oad D eform a 
non c u rv e  w hich the layers o f particu la te  m ateria l 54 l ‘ 
w ith re in fo rc ing  m aterial 32, are ex pected  to  lake as 
they are  loaded The pillar is designed  to  lake an ulti 
m ate stress indicated by point A w hich  is appreciably  
h igher th an  the stress indicated  by point II and w hich 
rep resen ts the stress o r load w hich it is expected  (from  20 
the d e p th  o f  w ork ing  below  surface) that the pillar will 
u ltim ately have to lake In p ractice, the various layers 
54 and re in forcing  m aterial 32 will be stressed by pre- 
loading by abutm ent against the hanging  wall IN to an 
extent ind icated  by point C  T hereafter the upper layer 25 
134 in th e  form  o f g rou t is tam ped or ram m ed in under 
p ressu re  in an en d eav o u r to  take th e  stress o f  the  grout 
also, up  to  a value ind icated  by point C  All th e  layers 
will then  have been pre co m pressed , and upon th e  load 
being taken  subsequently , the initial strain I)  w ill al 30 
ready have  been taken up and th e  m inor am ount o f 
strain  F. is all that w ill take p lace in the pillar T he 
spacing be tw een  points C  and R has been exaggerated  in 
the d iag ram , for clarity

It is. o f  course, possib l- for th e  pre-loading, to  take 35 
place to  th e  same value as the sires H, or even slightly  
beyond  it, say. to  a point C l  This w ill then ensu re  that 
the  p a rticu la te  m aterial in the pillar has been fully c o n ­
so lidated  by being p re-loaded  so as to ensure that the 
load from  the hanging w all will be taken w ith m inim um  40 
or no deflection  o r defo rm ation  o f  the pillar T h e  d e ­
gree  o f  deflection  o r defo rm ation  o f the pillar under 
p re-load ing  or precom pression  is expected  to be about I 
or 1 /16  o f  the orig inal height o f  the  pillar

R eferring  tc  F IG  27 o f  the d raw ings, a fu rth er possi- «5 
bility  suggests " se lf  o f  p reven ting  bursting o f ad jacen t 
p illars T h e  a rrangem ent show n in F IG  27 is believed 
to  he p a rticu larly  useful in very th ick  scams w hich  arc 
being  m ined, say, from  about 6 m eters upw.s-ds If the 
d escen t o f  the hanging  w all IN is accu rate ly  p re d c t- .m i to 
nable, i e it is know n alm ost exac tly  how  far it will 
descend  to the final se ttled  position, then, by m aking use 
o f  the  toggle  m echanism  270. the descen t o f  the  ro o f I* 
can  be transm itted  to  the post 272 w hich  will then  urge 
the  late ra lly  ex tend ing  posts 274 to  abut against beam s ss 
276 to  p reven t o u tw ard  bulging o f  the pillars 24

R eferrin g  to F IG  31 o f  the d raw ings, there  is show n 
a w ire  m esh m aterial o f  elliptical section, hut w hich, 
b e tw een  ad jacen t w ires, arc tw isted  to  present the  maxi 
m um  w id th  as a g rea te r dep th  It is believed that such ou 
w ires o f  elliptical section , w hen tw isted  r  this fashion, 
w ill p ro v id e  increased grip  and g rea te r I na tio n a l resis­
tance  to  m ovem ent w ith in  the p a rticu la te  backfill m ate­
rial.

T h e  invention  acco rd in g ly  ex tends also to  a m ethod  65 
o f  m ining coal in coal mines, w h ich  includes the  step  of 
hav ing  the w ork face m ore adv an ced  in som e places 
than i t o thers, th ere  being p ro v id ed  pillars ex tending

14
huckw .ird ly  from  ,i w ork  space im m ediately  b eh ind  the 
w ork face, the leading ends o f  the jvilars being a ligned 
w d h  those  parts o f  th e  w ork  face w h ich  are m ore  a d ­
v anced  than the o th e r  parts o f  th e  w ork  face 

s It w ill he realised that the leng th  o f  various pillars 
m ay vary  d epend ing  upon w o rk in g  conditions, access 
to  w o rk in g s for m en. and m ovem en t o f  m ateria ls Th: 
length  o f a pillar in a particu la r lo ca tio n  n a y  a c c o rd ­
ingly he as small as tw ice  its w id th  In an o th er, m ore 
rem ote , location it m ay extend con tin u o u sly  W here 
p i s  ab le  con tinuous jullars will he p re fe rred  because o f  
co st savings in not hav ing  to m ake o ff ends in a m anner 
sim ilar to  the sides

The step o f con so lid a tio n  o f  a lay e r o f  particu la te  
backfill, m ay include  the use o f  c em en tin g  m ateria ls or 
sy n th e tic  chem ical m ateria ls to  p ro m o te  < o  hex ion in the 
backfill

W hen form w ork  o r tem p o rary  s tru c tu res  a re  used 
w hile backfilling and  conso lida tion  o f  the p a r ti .u la te  
backfill m aterial is in progress, then  such  fo rm w ork  and 
stru c tu re s  will he capab le , w h ere  necessary , o f  resisting 
all the  pressures resu lting  from  the c o n stru c tio n  o f  the 
pillar

The slight cam ber w hich  the  p laten  140 m ay have 
(see F IG  19), will assist in p ro v id in g  good access for 
e ffec tive  g rou ting  The grou t layer 134 is in tended  to 
nave the  same w id th  as the pillar and m ay h r  c o n ­
stra ined  betw een rem ovab le  form s, w hile  se tting  Such 
rem ovab le  form s w ill exert p ressu re  on the g ro u t and 
will p reven t g rou t b reak ing  out.

The w id th  o f  th e  pillar, w hile  depend ing  upon  the 
th ickness o f the coal seam, the d e p th  below  the  surface, 
and the  condition  o f  the hanging  w all, will a lso  depend  
upon the  availability , quality , and na tu re  o f  the  backfill 
The use o f burnt ash and do lom ite  and lim estone, be­
sides p rov id ing  a c rm en titiou*  b ind ing  m aterial in the 
backfill, will also m itigate  against co rro s iv e  a ttack  of 
re in fo rc ing  m aterial in the pillar s tru c tu re  It w ill also 
p ro v id e  savings in the  cost o f  the  backfill

T he vertical spac ing  betw een  successive re in forcing  
layers 32, will be the  su b j-c t o f  design  by considering  
the  load w hich  the  piMar if expected  to  take, the  nature 
o f  the backfill, the cost o f the re in forc ing  layers 32. and 
the econom ic gam  w hich  is to  be ach ieved  by m aking 
use o f  the  pillar in w inning m aterial o th erw ise  lost e co ­
nom ics I y w hen left in situ for su p p o rt T he vertical 
sjvacing betw een successive layers o f  lateral constrain t 
m eans will vary d ep end ing  upon Us position in the  pil­
lar

The pillars w ill he designed to  lake loads w h ich  will 
be less than those w h ich  will cause  them  to  collajsse or 
fail d u e  to  diagonal stress In o th e r  w o rd s  the  m axim um  
resistance o f the pillar to d iagonal le ti'ile  stress will be 
above that im posed by the load w h ich  the p illar carries 

The use o f  the m obile press reduces the d eg ree  o f 
deflection  o f the pillai under load to a m inim um  when 
the  pillar receives its full loading o f  the roof. Su ch  mini 
m um  deflection  also  reduces to  a m inim um  the subsi- 
fen ce  o f  strata  and o th er m ovem ent 

I ' s believed that even if the  loading on  the  pillar 
inc.cases so I ha it fails under d iagonal tension a long  the 
p lanes 24? and 244. then the p ilL r will yield gradually  
and w il1 .at fail by  sha tte ring  as w hen  brittle  m aterial 
sh a tte rs  under excessive com pressive  loads

T his m ethod o f  supporting  a hanging wall acco rd ing  
to  the  invention, m ay be used advan tageously  by bu ild ­
ing pillars or runn ing  pillars acco rd in g  to  the invention 
be tw een  in situ pillars left fo r support in m ined-out

4 , 4 2 5 , 0 5 7
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a rc ..s  This m a k e s  p o ss ib le  th e  e c o v e r y  o f  c o a l  f ro m  
su c h  in situ  p il la rs  w ith o u t in c re a s in g  t h j  d a n g e r  o f  th e  
h a n g in g  w all c o m in g  d o w n  T h e  v a lu e  o f  th e  c o a l  to  he 
e x tr a c te d  w ill, o f  c o u rse , h a v e  to  he  b a la n c e d  ag a in s t 
th e  cost o f  m a k in g  su c h  p illa rs , to  e n s u re  th a t it w ill be 
e c o n o m ic a lly  p o ss ib le  to  e x tr a c t  su c h  c o a l

T h e  p a r t ic u la te  m a te ria l u se d  as a b ack fill in c a r ry in g  
o u t th is  in v e n tio n  sh o u ld  p r e fe ra b ly  be  s tro n g  a n d  h a v e  
h ig h  in te r  p a r t ic u la te  f r ic t io n

I claim:
1 In m ining, a m ethod  o f  su p p o rtin g  the  hanging  wall 

w h ich  includes p rov id ing  su p p o rt p illa is  be tw een  the 
hang ing  w all and the fool w all, by

building lo w er portions o f  the  pillar to  include  p a r tic ­
ulate backfill m aterial, and

using jack in g  m eans in c lea ran ce  spaces a b o v e  the 
backfill and below the hanging  w all to bear against 
the hanging  w ill  to  ex ert a d o w n w ard  p ressu re  o r  
the p a rticu la te  backfill m aterial, thereby  ob tain ing  
conso lida tion  o f  the backfill m aterial in the low er 
portions o f  the  pillars

2 A m ethod  as claim ed in i laim I, in w hich  the  hack 
fill m aterial is fine such that abou t h a lf by m ass w ould  
pass a sieve o t 0.85 mm, and such  that only 1% by mass 
w ou ld  he re ta ined  on a sieve s i/c  o f  () 76 mm

3 A m ethod  as c la im ed  in claim  1 in w h ich , after 
conso lida tion  o f  the backfill in the low er p o rtio n  o f  a 
pillar the c learan ce  space r  filled under p ressu re  w ith 
load-taking fill w hich  th ereb y  exerts a d o w n w ard  p res­
su re  on this lo w e r portion  by hearing  against th e  han g ­
ing wall

4 A m ethod  as c la im ed  in claim  I, in w h ich  the 
d o w n w ard  p ressure  exerted  on a lo w er p o rtion  before 
filling o f th e  c learan ce  space, ,s at least 9 /1 0  o f  the  load 
w h ich  the  p illar is ex p ec ted  to  take

5 A m ethod  as c la im ed  in c aim  4, in w h ich  the 
d o w n w ard  p ressure  exerted  on  a V w er p o rtion  before 
filling o f  the  c learan ce  space  takes place, is in excess o f 
th e  load w h ich  the pillar is ex pec ted  to  take

ft A m et/iud as claim ed in claim  I in w h ich  th e  low er 
portion  o f  a pdl.ir is built un in l a y e r  o f  backfill w ith

1 6
la y e r s  o f  re i ig  m a te r ia l  a t d if fe re n t  e le v a tio n s  
b e tw e e n  la y e rs  b a c k f ill in th e  lo w e r  p o r t io n

7 A m e th o d  as i la im e d  in c la im  6 in w h ic h  tn e  v e r li 
c a l sp a c in g  b e tw e e n  la y e rs  o f  re in fo rc in g  m a te r ia l is at 

5 th e  m v sl e q u a l  to  o n e  th ird  th e  m in im u m  c ro s s  se c tio n a l 
d im e n s io n  o f  th e  pi I la i

N A  m ethod  as c la im ed  in claim  b, w h ich  includes 
p ro v id in g  re ta in ing  w alls on  o p p o site  sides o f  a pillar, 
and  m w hich  ihe  re in fo rc in g  m ateria l engages w ith  the 

10 re ta in ing  w alls to  co n stra in  them  against o u tw a rd  b u lg ­
ing

9 A m eth o d  as c la im ed  in claim  7. in w h ich  c o n so li­
d a tio n  o f  backfill m ateria l in a lo w er p o rtio n  takes place 
on  o n e  o r m ore  layers o f  backfill at a tim e 

15 10 A m eth o d  as c la im ed  in claim  7, in w h ich  the
p a rticu la te  backfill m ateria l is m ade up in to  th e  form  o f 
gab ions w h ich  c o m p o se  the  backfill n .a ten a l co n ta ined  
in en v elo p es o f  re in fo rc ing  m aterial, and in w hich  the 
lo w er po rtio n  o f  a p d 'a r  is built by laying th e  gab ions in 

20 layers
11 A m ethod  as c la im ed  in claim  10. in w h ich  at least 

som e o f  the gabions a re  p reco m p ressed  befo re  being 
laid

12 A m eth o d  as c la im ed  in claim  I. in w h ich  rein 
25 fo rc in g  m ateria l is p ro v id ed  in the backfill m ateria l in

th e  form  o f  a slab, m etal p late , fihrcglass o r g e o te x ti le  
cap , o r the  like, at a heigh t w h ich  is at the  m ost eq u a l to  
th e  m inim um  cro ss sec tional d im ension  o f  the  pd lar

13 A m eth o d  as c la im ed  in c la im  I in w h ich  a pillar 
30 is re in fo rced  against o u tw a rd  bu lg ing  un d er load, by

hav ing  beam s on  o p p o site  sides ex tend ing  generally  
paralle l to  o n e  a n d h c r ,  and by hav ing  tie m em bers 
passing  transverse ly  th ro u g h  the  p illar and th ro u g h  the 
beam s, and p lacing l i e  tie m em bers under stress, 

35 lh e r :b y  ty ing  the  beam s on  o p posite  sides o f  the  pillar 
to g e th e r

14 A m eth o d  as c la im ed  in claim  I ) ,  in w h ich  th e  lie 
m em bers arc  in the  form  o f  bo lts  o r  steel w ire  ropes 
w h ich  have been sh ea thed  in o u te r  p ro tec tiv e  sheaths

«0 15 A m ethod  as c la im ed  in claim  13, in v hich  the  lie
m em bers are spaced along  the leng th  o f  the pillar at 
in te rv a ls  at the  m ost equai to  the  m inim um  c ro ss  sec ­
tiona l d im ension o f  the  pdlat

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

b y  J. A . H A H N -  
. 7  G . E. B L I G H T  
C  L. D I S O N - U ‘ r

Eng.,  B S c .  (E n g . ) .  F .I .C .E .,  F .S .A .I .C .E y -
D .F .C .,  B .Sc. (E n g .)y  l i r a —   <
I n g . ,  D .S c .  ( E n g . ) ,  r l .A .S .C .E . ,  F .S .A . I .C .E ^

S Y N O P S I S
A system of artificial s u p p o r t  for  shallow mines is described ,  analysed, and evaluated .  T h e  sy s tem  can be d es igned  

rationally  t o  s u p p o r t  a p r e d e t e r m in e d  o v e rb u rd e n  load, and t e s ts  have sh o w n  t h a t  th e  des ign  th e o r y  gives a c c u ra te  
predict ions of s t r e n g th .  The s u p p o r t  system, consisting as it does  of tw o  basic m ater ia ls ,  r e in fo r c e d  g ra n u la r  m a te r ia l  
and re inforced c e m e n te d  m a te r ia l ,  is flexible and can be var ied  to  suit changing r e q u i r e m e n t s  of  h e ig h t  and  load.

The system of pre load ing  t o  t h e  design load by jacking off th e  roof en s u re s  th a t  th e  walls a re  b o th  stiff and p ro o f-  
tes ted .

S A M E V A T T I N G
Daar w o rd  n ste lsel  van k u n sd a k s te u n e  vir vlak m yne beskryf, o n t le e d  en  geeva luee r .  Die ste lsel  k . n  r a s io n e e l  

o n tw e rp  w o rd  o m  n voorafbepaalde  L jlaaglas te  d ' l  en t o e t s e  he t  g e to o n  dat  die  o n t w e r p t e o n e  a k k u r a t e  v o o rsp e l -  
lings van die s t e r k t e  gee Die s teunste lse l  w a t  ui t tw e e  basiese s tow w e.  g ew a p e n d e  k o r r e l n g e  m ate r iaa l  e n  g e w a p e n -  
de g e s e m e n te e rd e  materiaal, bes taan ,  is buigsaam en kan v e ran d e r  w ord  om  wisse lende h o o g te -  of lasvere is tes  te  p is .

Die stelsel v-.n w o rb e la s t in g  t o t  by die o n tw e rp la s  d e u r  die dak op t e  jo m k ra g  v e r se k e r  dat  die  w a n d e  s te w ig  en 
gen roef toe ts  is.

I n t r o d u c t i o n  

I n s h a l lo u  m in e s , th e  r e p la c e m e n t  o f  p i l l a r s  by a r t i f ic ia l  
s u p p o r t s  c o u ld  p e rm i t  c o m p le te  e x t r a c t i o n  o f  t h e  a e a n i 
b e in g  m in e d . A lm o s t  c o m p le te  e x t r a c t i o n  is  n o w  
a c h ie v e d  b y  s to o p in g  o r  b y  lo n g  w a llin g , h u t  t h e s e  
m e th o d s  c a n  c a u s e  s e v e re  s e t t l e m e n t  o f  t h e  s u r f a c e  a n d  
s e v e re  su rfa c e  d i s to r t i o n  a b o v e  t h e  b o u n d a r ie s  b e tw e e n  
a r e a s  w h e re  e x t r a c t i o n  h a s  b e e n  c o m p le te  a n d  a r e a s  t h a t  
r e m a in  s u p p o r te d .  S u c h  p r a c t ic e s  p e r m a n e n t l y  a f fe c t  t h e  
l a n d  s u r fa c e ;  d a m a g e  s u r fa c e  r o a d s ,  r a i lw a y s ,  p o w e r l in e s ,  
a n d  o th e r  in s ta l l a t io n s ,  a f fe c t  s u r f a c e  d r a in a g e  p a t t e r n s ;  
d e s t r o y  th e  s u r fa c e  g r o u n d  w a t e r  t a b l e ;  a n d  g e n e r a l ly  
h a v e  a  p e r m a n e n t ly  a d v e r s e  e f fe c t  o n  t h e  s u r f a c e  
e n v ir o n m e n t .

P re s s u re  w ill m o u n t  in  f u t u r e  fo r  m in in g  t o  o p tu n iz e  
t h e  u t i l iz a t io n  o f  re s o u rc e s  b y  in c r e a s in g  t h e  p e r c e n ta g e  
o f  e x t r a c t io n  w h ile  a t  th e  s a m e  t im e  p r o t e c t i n g  a n d  
p r e s e r v in g  th e  s u r fa c e  e n v i r o n m e n t  a n d ,  i f  p o s s ib le ,  
r e d u c in g  a c c u m u la t io n s  o f  m in in g  w a s te  o n  t h e  s u r f a c e  
T h e  a u th o r s  b e lie v e  t h a t  p e r m a n e n t  a r t i f i c ia l  s u p p o r t  

v s te m s  c a n  lie d e s ig n e d  t o  a c h ie v e  t h e s e  o b je c t iv e s  
a t i o n a l ly  a n d  e c o n o m ic a lly  I n  a d d i t i o n ,  a r t i f i c i a l  r o o f  

s u p p o r t  w o u ld  b e  v a lu a b le  w h e r e  a  s e q u e n c e  o f  s e v e r a l  
s e a m s  is a v a i la b le  fo r  m in in g  W i t h o u t  s u c h  s u p p o r t ,  t ’.e 
lo w e r  s e a m s  in  a  s e q u e n c e  c a n n o t  lie  e x t r a c t e d  t o t a l l y  
u n t i l  m in in g  o f  t h e  u p p e r  s e a m s  h a s  Is e n  c o m p le te d .

T h is  p a p e r  p r o p o s e s  a  s y s te m  o f  s u p p o r t  u s in g  h o r i z o n ­
t a l l y  r e in f o r c e d  m a te r ia l s  in  w h ic h  th e  s u p p o r t  s y s te m  
c a n  b e  a c c u r a t e ly  d e s ig n e d  t o  a c c e p t  a  l o a d  p r e d e t e r ­
m in e d  fro m  th e  m in in g  s i t u a t i o n  w ith  a  p r e d e t e r m i n e d  
lo a d  f a c to r .  T w o  s u b  s y s te m s  a r e  p r o p o s e d ;  o n e  u s in g  
p l a c e d  in  s i t u ,  h o r iz o n ta l ly  r e i  x fo rce d  g r a n u la r  m a te r i a l s ,  
a n d  th e  o t h e r  u s in g  r e in f o r c e d  p r e c a s t  c e m e n te d  
e le m e n ts .

A  l is t  o f  t h e  s y m b o ls  a n d  t e r m s  u s e d  is  g iv e n  a t  t h e  
e n d  o f  t h e  p a p e r .

• Stratafix (Pty) L td, P.O. Box 3 1 SCI, Braam fontcui, Johatuma 
burg 2107.

t  University of the Wn « a n  t •;and, I Jitn Sm uts Avenue, 
Johannesburg 2001.
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S u p p o r t  R e q u i r e m e n t s  in  S h a l l o w  M i n e s

F o r  th e  p u r p o s e s  o f  t h i s  p a p e r ,  a  s h a l lo w  m in e  is 
d e f in e d  a s  o n e  in w h ic h  t h e  l a t e r a l  e x t e n t  o f  t h e  w o r k in g s  
is  la rg e  in  c o m p a r is o n  w ith  t h e i r  d e p t h  b e lo w  t h e  
s u r f a c e .  F o r  su c h  a  m in e ,  t h e  s u p p o r t  m u s t  b e  c o m p e t e n t  
to  a r r y  t h e  fu ll o v e r b u r d e n  lo a d  i f  s e t t l e m e n t  o f  t h e  
su r fa c e  is t o  b e  a v o id e d .  T h e  g e o m e t r y  o f  t h e  s i t u a t i o n  
is  i l l u s t r a t e d  in  F ig  I

 j[

o v e r b u r d e n  d e n s i t y

= b = s

-71 b o rd 1 1 1 1. t h o r d

Fig. I — T h e  g e o m e t r y  o f  b o r d i  a n d  p i l l a r s

I f  a  is  t h e  s t r e s s  r e q u i r e d  t o  l ie  c a r r i e d  b y  th e  , U 
o r  p i l l a r s ,  t h e n ,  f o r  p a r a l le l  w a lls ,

yz(6-f-s)
b y z ( l  + » /& )

o r  ofyz  =  I -| sjb . . . . .  1 l a )
F o r  s q u a r e  p i l la r s  o n  a  s q u a r e  g r id ,

<7 y , ( l + j / 6 ) ,

o r  o /y z  =  ( l + s / 6 )*...............................................................................( l b )
R e la t io n s h ip s  ( l a )  a n d  ( l b )  a r e  i l l u s t r a t e d  g r a p h ic a l l y  in  
F ig . 2 .

In  a d d i t i o n  t o  p i l l a r s  o r  w a lls  t h a t  a r e  s t r o n g  e n o u g h
in  c o m p r e s s io n  t o  c a r r y  t h e  o v e r b u r d e n  i >ad, t h e  f o l lo w ­
in g  r e q u i r e m e n ts  m u s t  a ls o  b e  m e t .
( a )  T h e  s t r e s s  a  a p p l i e d  b y  t h e  s u p p o r t s  t o  t h e  r o o t  

f lo o r  m u s t  n o t  b e  s o  h ig h  a s  t o  c a u s e  a  d a n g e r  <>t
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o / Y r

p i l l a r s

s / b

Fig. 2—The re la tionsh ip  betw een p i l l i r  stress ove rb u rd en ,  
o/yz,* and bo rd  span p il lar  w idth, i b, (or pil lars and walls

p u n c h in g  f a i lu re  o f  t h »  r o o f  o r  flo o r.
( h )  T h e  r o o f  m u s t  b e  c a p a b le  o f  s p a n n in g  b e tw e e n  t h e  

s u p p o r t s  w i th o u t  a n y  d a n g e r  o f  b e n d in g  t e n s i l e  
f a i lu re .

(c) T h e  s u p p o r t s  w ill c o m p re iis  a s  lo a d  is t r a n s f e r r e d  
o n to  t h e m .  T h is  c o m p r e s s io n  w ill a f fe c t  b e n d in g

m o m e n t s  in  th e  r o o f  a n d  t h e  d i s t r i b u t i o n  o f  lo a d  
in  s u p p o r t s .  T h e  c o m p r e s s io n  m u s t  b e  s m a ll  e n o u g h  
fo r  r e q u i r e m e n t*  ( a )  a n d  ( b )  a b o v e  t o  c o n t i n u e  to  
b e  L '.e t.

(d )  T h e  s u p p o r t s  m u s t  lie  d u r a b le  a n d  m u s t  r e t a i n  t h e i r  
i n t e g r i t y  in d e f in i te ly .

R e q u i r e m e n t s  (a )  a n d  (6) a r c  l a r g e ly  s i t e  s p e c if ic  s in c e  
t h e y  d e p e n d  o n  th e  p r o p e r t i e s  o f  t h e  r o o f  a n d  f lo o r  
m a t e r i a l .  R e q u i r e m e n t  (c) is  p a r t l y  a  p r o p e r t y  o f  t h e  
p i l l a r s  a n d  w ill lie  e x a m in e d  in  m o r e  d e t a i l .

F ig  11(a) s h o w s  % ty p ic a l  c r o s s  s e c t i o n  t h r o u g h  a  
s h a l lo w  m in e  a d ja c e n t  t o  a  w o rk in g  f a c e .  T h e  r o o f  r a n  lie 
r e g a r d e d  a s  t h e  e q u iv a l e n t  b e a m  i l l u s t r a t e d  in  F ig  3 (b ) ,  
w h ic h  h a s  a n  e q u iv a le n t  f ix e d  s u p p o r t  a t  s o m e  d i s t a n c e  
b e h in d  th e  f a r e  In  t h i s  a n a ly s i s ,  t h e  d i s t a n c e  is a s s u m e d  
t o  lie  6/2 T h e  r o o f  c a r r i e s  a  d i s t r i b u t e d  lo a d  in  I le n d in g  
t h a t  w ill n o t  Ik- u n i f o r m ,  b u t  w ill lie  c o n c e n t r a t e d  o v e r  
t h e  s u p f io r ta  a n d  le s s  a t  m id s p a n

S u p p o s e  t h a t ,  a s  s h o w n  in  F ig  4 ,  t h e  r e in f o r c e d  w a ll  
s u p p o r t i n g  t h e  r o o f  a t  B c o m p r e s s e s  b y  a n  a  a o u n t  A  
r e l a t i v e  t o  t h e  c o a l  s u p p o r t  a t  C . I f  t h e  t a n ^ . n t s  t o  t h e  
r o o f  b e a m  a t  B  a n d  C  r e m a in  h o r i z o n t a l  (w h i ' w o u ld  
r e p r e s e n t  t h e  w o rs t  c o n d i t io n s ) ,  m o m e n t s  ,l>. i ll  b e  
i n d u c e d  in  t h e  b e a m  a s  s h o w n . T h e s e  tw o  c lo c k w is e  
m o m e n t s  w il l  c a u s e  a d d i t i o n a l  r e a c t io n *  X  t o  b e  
g e n e r a t e d  a t  t h e  s u p p o r t s ,  t h e  t o t a l  r e a c t i o n  a t  C  l*eing  
in c r e a s e d  b y  f t  w h ile  t h a t  a t  II is r e d u c e d  b y  a n  e q u a l  
a m o u n t .

I n  t e r m s  o f  t h e  d im e n s io n s  o f  F ig  4 ,

V

a n d  f t

(a+6)‘
2 .1/

(.« (&) "
12 AX/

(2b)
(s +  6)1

in  w h i. 'h  K  is  t h e  e la s t i c  m o d u lu s  o f  t h e  r o o f  I s - a m  a n d

F a i l u r e  s u r f a c e s  

q e n e r / i t c d  i n  p u n c h  i n q  

f a i l u r e
E q u i v a l e n t  r o o f  b e a m

W o r . K i n q  F a c e

—" ( .i '

D i s t r i b u t e d  l o a d
F  i x c d

s u p p o r t

w

( b ) E q u i v a l e n t  R o o f  B e a m

Fif. 1— S u p p o r t  r e q u i re m e n ts  In « shallow  m ine
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H

4 Deflectrd ',hape resulting fro m  re la t ive  com press ion  
of wall and a b u tm e n t

l  is  t h e  s e c o n d  m o m e n t  o f  o f  i t s  c r o s s - s e c t io n .  
It th e  d e j t h  o t  t h e  r o o f  h e a m  is 8,

l i l  low t h e  f a i lu r e  Inn fo r  th e  . im t ■ i m l. ( I n  t h e  s t r e s s  | i a l l i ,  
a  r e p r e s e n t s  t h e  p o in t  .it w h i. 1 t h e  l io r i / .o n tn l  r e in f o r c e ­
m e n t r e a c h e s  i ts  y ie ld  s i r e  A! t h i s  s t a g e  t h e  v e r t i c a l  
s t r e s s  a  w ill lie  r e l a t e d  t o  t h e  h o r i z o n t a l  s t r e s s  oj, h y  t h e  
r e la t i o n s h ip

v  =  A' p o * , . . . .  . . .  (;>a)
wh« r e

(ul*
1 + sin^

. . . ( f ib )
I — sin^

a n d  is  t h e  a n g le  o f  s h e a r in g  r e s i s t a n c e  o f  t h e  g r a n u l a r  
m a te r i a l  ( in  F ig  fi, s i n 0  tan< £).

a n d  R

„  p e r  u n i t  w id th  o f  r o o f

“ A^(—-t)s +6

17 h =

(2c)

(3)

o r  A  -  *  . . .

• h e  in c re a s e  in  t e n s i l e  b e n d in g  s t r e s s  a t  H w ill Ik- 

-V 8 /2  3 A  A’8
M W

S u p p o s e  t h a t  in i t i a l ly  lo a d  II p e r  u n i t  l e n g th  is c a r r i e d  
a t  b o th  B a n d  C . A f te r  t h e  d i f f e r e n t i a l  c o m p r e s s io n  h a s  
o c c u r r e d ,

R w ill c a r r y  (II" R )  

a n d  C  w ill c a r r y  ( W  f  f?)
I t  A  ,  is th e  c o m p r e s s io n  m o d u lu s  o f  t h e  w a l l  a n d  A’c t h a t  
o f  t h e  co a l, t h e  d i f f e r e n t ia l  c o m p r e s s iv e  s t r a in  b e tw e e n  
B a n d  C w ill b e

( I F - * )F — A) R  W  R  (  1 I \  A

' A ' J  / / '
(4 a )

w h e r e  th e  h e ig h t  o f  t h e  c o a l  s e a m  is / /
T h e  c o r re s p o n d in g  e x p r e s s io n  fo r  a n  e q u iv a l e n t  Is  i n l ­

a n d  p i lla r  o p e r a t io n  w o u ld  lie

R

1 i lF  j f 6 R  r s + f c  . ,11 A
_  ( y ( - y - )  *  y  ["

(W fl
~~bET

+ I
H

(4 b)

q • lie i •

Ho hr envelop#

hor1»ont «It y \e i nforred

• 1 I .1P

I \  th e  d i f f e r e n t ia l  c o m p r e s s io n  w o u ld  r e s u l t  f ro m  
s u i id iv id in g  a  c o n t in u o u s  w a ll  o f  c o a l  o f  w id th  h  i n to  a  
s e r i e s  o f  p i l l a r s  m e a s u r in g  b b y  b  j n d  a a p a r t .

S o m e  n u m e r ic a l  e x a m p le s  o f  t n e  a b o v e  e x p r e s s io n s  a re  
g iv e n  in  t h e  A d d e n d u m . I t  is  n o t  c la im e d  t h a t  th e  
s im p lif ie d  a p p r o a c h  s e t  o u t  a b o v e  w ill g iv e  a n  e n t i r e l y  
a c c u r a t e  r e p r e s e n ta t i o n  f  - s t r e s s e s  s e t  u p  in  t h e  r o o f  
a n d  c o a l a b u tm e n ts .  H o w e v e r ,  t h e  e x p r e s s io n s  e n a b le  th e  
e ffec t, t o  tie a s se s s -  u  o f  v a r y in g  th e  s f ia n  a n d  w id th  o f  t he  
r e in f o r c e d  w a lls ,  t h e  w a ll s t i f fn e s s ,  e t c .

H o r i z o n t a l  R e i n f o r c i n g  f o r  G r a n u l a r  M a t e r i a l

T h e  e f fe c t o f  h o r iz o n ta l  r e in f o r c in g  o n  g r a n u la r  
m a te r i a ls  is  t o  d e v e lo p  a  h o r i z o n ta l  c o n f in in g  s t r e s s .  T h e  
h o r iz o n ta l ly  r e in f o r c e d  g r a n u la r  m a t e r i a l  w ill t e n d  to  go  
in to  a  s t a te  o f  f a i lu r e  a s  s o o n  a s  a  v e r t i c a l  s t r e s s  is  a p p l ie d  
t o  i t .  H o w e v e r ,  a c tu a l  f a i lu r e  w ill n o t  o c c u r  b e c a u s e  o f  
t h e  d e v e lo p m e n t  o f  t e n s io n  in  t h e  h o r i z o n t a l  r e in f o r  ting  
A s F ig . 5  in d ic a te s ,  o n  t h e  M o h r  d i a g r a m  o r  t h e  p - ^ j  

d ia g r a m ,  th e  s t r e s s  p a th  oa o f  t h e  g r a n u l a r  m a t e r i a l  w ill

Fig. $— Stress  pat i for re in forced  g r a n u l a r  m a te r ia l

E q u a t i n g  t h e  tc  w io n  in  the . h o r i z o n t a l  r e in f o r c in g  t o  
th e  c o m p r e s s io n  11 t h e  g r a n u la r  m a t e r i a l ,

v>*-4e nhMm—-4*)

°r -  -   <6‘ )
H e n c e

<Z -  tZmas '  - y ...................................................(6 b )

I f  A  * is  s m a l l  c o m p a r e d  w i th  A  m ,

<z =  K p • o YW p ................................................................ (6c )

T h e  s t r e n g t h  o f  a  h o r i z o n ta l l y  r e in f o r c e d  g r a n u la r  
m a te r i a l  is  t h u s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e in f o .c i n g  
r a t io  p  a n d  t h e  y i e ld  s t r e s s  o f  t h e  r e in f o r c in g  o yil.

B o n d  o f  R e i n f o r c i n g  t o  R e i n f o r c e d  M a t e r i a l

W h e n  a  m a t e r i a l  is  r e in f o r c e d ,  t h e  t e n s i o n  d e v e l o p e d  
in  t h e  r e in f o r c in g  d e p e n d s  o n  s t r e s s  t r a n s f e r  b y  b o n d  
b e tw e e n  t h e  r e in f o r c in g  a n d  t h e  r e in f o r c e d  m a t e r i a l .  T h e  
m e c h a n i s m  o f  b o n d  d e v e lo p m e n t  is  m o r e  c o n v e n i e n t l y  
d e m o n s t r a t e d  in  t h e  c a se  o f  a  g r a n u l a r  m a t e r i a l ,  a l t h o u g h  
a  s im i la r  m e c h a n i s m  a p p l ie s  in  t h e  c a s e  o f  c e m e n t e d  
m a te r i a l s  T h e  m e c h a n is m  o f  b o n d  d e v e l o p m e n t  is  
i l l u s t r a t e d  in  F ig  ti.

, B o n d  b y
r e s i s t a n c e  t o  

 p e n e t r a t i o n

^  m  ° y R AR

Bond b y  

t r l c t t o n R i g i d  c o n n e c t i o n  

b e t w e e n  w i r e s

Fig. 4—M e chan ism  of bond d e v e lo p m en t  In re in fo rced  g r a n u ­
lar m a te r ia l
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The- i iv e rag t: l iu n d  s t r e s s  t r a n s m i t t e d  t o  ,i r c in f o r i 'i i ig  
w ire  o v e r  a  le n g th  x  L> f r i c t io n  is

! ( ,  +  - L | . ta n ^ / ) |

in  xr h ic h  t h e  d i a m e te r  o f  t h e  « ire  is h .

T h e  b e s t  fo rm  o f  1; i r iz o n ta l  r e in fo re i i tg  c o n s i s t s  o f  u 
s y s te m  o f  c t h o g o n a l  w ire s  r ig id ly  b o n d e d  t o  e a e h  o t h e r  
a t  p o i n t s  w h e re  t h e y  c ro s s .  R e a d i ly  a v a i l a b l e  s y s te m s  
c o n s i s t  o f  e i t h e r  s q u a r e  o r  r e c t a n g u l a r  u e l d e d  m e s h  o r  
t w i s t e d  d ia m o n d  m e s h .  T h e  w ir e s  t h a t  r u n  a t  a n  a n g le  
t o  t h e  d i r e c t io n  o f  t e n s io n  u n d e r  c o n s id e r a t i o n  c o n t r i b u t e  
c o n s id e r a b ly  to  t h e  b o n d  b e c a u s e  t h e y  m u s t  p e n e t r a t e  
t h e  r e in f o r c e d  m a te r i a l  I s - fo re  t h e  w ire  c a n  s l i p  r e la t i v e  
t o  t h e  m a te r ia l .  I f  th e  b o n d  w ire s  in  a n  o r th o g o n a l  
s y s te m  a r e  s p a c e d  I a p a r t ,  t h e  lo a d  t r a n s f e r r e d  th r o u g h  
t h e s e  w ire s  in le n g th  x  w ill b e  a  m in im u m  o f

~l{T n d
4- Cdctan̂ l h.

in  w h ic h  d is t h e  d i a m e te r  o f  t h e  b o n d  w ir e s  a n d  A t h e  
s p a c in g  o f  th e  m a in  t e n s io n  w ire s .  F u l l  b o n d  r e s i s t a n c e  
d  t h e  w ire  is th e r e f o r e  d e v e lo p e d  in  a  le n g th  x  g iv e n  b y

nD1
7> *

1.9. X  —

£—)tan^ir/)x a d 4 
4 ill c p 8 t a n ^ )  A x ,

ir/)1 Oyi/o

jrD(l +  -p—)tan^ 4 —v—(-p~ +  2tan<^) 
A n  t A  n

(7)

T h e  v a lu e  o f  x  i s  a s to n is h in g ly  s m a ll .  F o r  e x a m p l e ,  
i f  a  =  5  M P a  <7y n =  6 0 0  M P a- 3,5

1

j

S I F f S S  A T

0

. r i l l  M l T i t  A |  aTWrN.TII

•10% »
> X X- |---

%

>  
hi
t

__ Ttir.'FirriCAL 
BO N D  L tN G T M

12 15

Nium W Of C BOSS-mi M3

Fig. 7— Investigation of bond length  r e q u i re m e n ts  for r e i n ­
forced granu la r  m a te r i a l

(8)

/ )  =  d  =  2 ,5  m m  A
A *  Z — 2 5  m m  t a n ^  0 ,7 ,

t h e n  x  — 98  m m .
F ig .  7 i l l u s t r a te s  th e  r e s u l t s  o f  t e s ta  o n  r e in f o r c e d  w a lls  

t h a t  w e re  d e s ig n e d  to  i n v e s t i g a te  th e  v a l i d i ty  o f  e q u a t i o n  
(7 ). F ig . 7 (a )  s h o w s  th e  s t r e s s  a t  f a i lu r e  in  a  s e r ie s  o f  t e s t s  
o n  w a l ls  in  w h ic h  th e  n u m b e r  o f  b o n d  w ire s  a t  e a c h  s id e  
o f  th e . w a ll w a s  in c re a s e d  p r o g r e s s iv e ly  f ro m  z e ro .  T h e

ic in g  o f  t h e  b o n d  w ire s  w a s  12,5 m m  a n d  t h e  t h e o r e t i ­
c a l  b o n d  le n g th  w its 6 0  m m ;  h e n c e ,  fu ll  b o n d  c o u ld
t h e o r e t i c a l l y  tie  a c h ie v e d  w i th  5  b o n d  w ire s . T h e  r e s u l t s  
in  F ig .  7 (a )  c o n f irm  t h is  F ig  7 (b )  s h o w s  th e  c o m p r e s s io n  
o f  t h i s  s e r ie s  o f  w a lls  a t  f a i lu r e  a n d  i l l u s t r a t e s  t h a t  t h e  
c o m p r e s s io n  a t  f a i lu re  w a s  r e a s o n a b ly  c o n s t a n t  a t  15 t o  
16 p e r  c e n t  p r o v id e d  th e  r e q u i r e m e n t s  fo r  fu ll  b o n d  w e re  
s a t is f ie d .  W h e r e  in s u f f ic ie n t  b o n d  le n g th  w a s  p r o v id e d ,  
t h e  c o m p r e s s io n  a t  f a i lu re  in c r e a s e d  e n o r m o u s ly .  H e r  • 
a g a in ,  t h e  v a l id i ty  o f  e q u a t i o n  (7) is  e s t a b l i s h e d .

H o r i z o n t a l  R e i n f o r c i n g  f o r  C e m e n t e d  M a t e r i a l

I t  is  o f t e n  o b s e r v e d  t h a t  b r i t t l e  m a t e r i a l s  s u c h  a s  ro c k ,  
u n r e in f o r c c d  c o n c r e te  a n d  b r ic k w o rk  ta i l  in  u n ia x ia l  
c o m p r e s s io n  b y  s p l i t t  mg p a ia l l e l  t o  t h e  d i r e c t i o n  o f  s t r e s s .  
A  s im p le  e x p la n a t i o n  o f  t h i s  p h e n o m e n o n  c a n  b e  g iv e n  in  
t h e  fo l lo w in g  t e r m s .

A s s u m e  t h a t  t h e  b r i t t l e  m a te r ia l  h a s  a  s t r e s s  s t r a i n  
c u r v e  in  u n i a x i a l  c o m p r e s s io n  t h a t  is  l in e a r  u p  t o  f a i lu r e .  
B e f o r e  f a i lu r e ,  t h e  v e r t i c a l  a n d  l a t e r a l  s t r a in s  in  t h e

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

a  v o
<v =  - -  v ,-  , «h =   .......................................Cm Cm

(a  n e g a t i v e  s ig n  d e n o te s  c o m p r e s s io n ) ,  w h e re  £ m is  t h e  
e l a s t i c  m o d u lu s  o f  t h e  m a te r i a l  a n d  v  is  P o i s s o n ’s  r a t i o .  
M o s t b r i t t l e  o r  c e m e n te d  m a t e r i a l s  h a v e  a  P o i s s o n ’s  r a t i o  
o f  a b o u t  0 ,1 .  H e n c e ,

<h =  — 10'
T h e  f a i l u r e  s t r a in  in  te n s io n ,  h o w e v e r ,  is  a l s o  a b o u t  o n e -  
t e n t h  o f  I h a t  in  c o m p r e s s io n  fo r  m o s t  b r i t t l e  o r  c e m e n t e d  
m a t e r i a l s .  H e n c e ,  f a i lu r e  b y  h o r i z o n t a l  t e n s io n  c i t h e r  
c o in c id e s  w ith  o r  p re c e d e s  f a i lu r e  b y  v e r t i c a l  c o m p r e s ­
s io n . I t  is  f a ir ly  o b v io u s  t h a t  i t  s h o u l d  tie  p o s - .i l , le  t o  
in c r e a s e  t h e  c o m p re s s iv e  s t r e n g th  o f  t h e s e  m a t e r i a l s  b y  
r e s t r a i n in g  th e  l a t e r a l  t e n s i l e  s t r a i n  u s in g  h o r i z o n t a l  
r e in f o r c in g

S u p p o s e  t h a t  t h e  in t r o d u c t io n  o f  a r e a  . l H o t  h o r i z o n ta l  
r e in f o r c in g  h a v in g  a  Y o u n g 's  m o d u lu s  r e d u c e s  t h e  
l a t e r a l  s t r a i n  u n d e r  a  t o  a  v a lu e  T h e  s t r e s s  in  t h e  

r e in f o r c in g  w ill t h e n  l o
F o r  h o r i z o n ta l  e q u i l ib r iu m ,  t h e  t e n s i l e  fo rc e  i n d u c e d  in  

t h e  r e in f o r c in g  m u s t  lie b a la n c e d  b y  a  c o m p r e s s iv e  f o r c e  
i n  t h e  c e m e n te d  m a te r i a l ,  i.e .

H e n c e ,

• h^g.-t, =  ( #h — «b)£'m(-dm — X*).
v a ( A  in -  A , )

«b = (9 )

A s a  is  in c r e a s e d ,  <b w ill in c r e a s e  u n t i l  i t  r e a c h e s  a  
l im i t i n g  v a lu e ,  a t  w h ic h  t h e  c e m e n t e d  m a t e r i a l  will fa il
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b y  v e r t i c a l  s p l i t t in g .  F o r  b r i t t l e  m a t e r i a l s  s u c h  a s  

c o n c r e te  a n d  b r i '-k , th e  l im i t i n g  v a lu e  o f  <^ is  a b o u t  
-0 0 •  I0~*. A t t h a t  s ta g e ,  a  w ill  r e a c h  a  m a x im u m  v a lu e ,  

t h e  c o m p r e s s iv e  U il ti re  s t r e s s  fo r  t h e  r e in f o r c e d  m a t e r i a l .

I n  th e  l im i t ,
I

< a =  200 • ' • "  max l’( A  m I «1 
I K r i . I „ ) (10)

o r

a  m ax —
200 10 -« ( f .A ,  +  * m -  A n))

m — -"I a)
I f  .-t ,  is s m a ll  in  c o m p a r is o n  w i th  A  m ( t y p ic a l l y  a tu i u t  I 
|xu" c e n t  o f  .4 m),

200 10-* (F ,.4 ,  +  E m A m )
®roa* ,v A m . (10*)

W h e n  th e  r a t io s  p  — A n / A m  a n d  n  E t / E m  a r e  
i n t r o d u c e d  a n d  v — 0 , ! ,

»m ax =  2 0 0 0 - IO~*Em  (a  p  +  1)  ( I I )
o r

"m u /E m  =  2000-10 • ( * * + ! )  .............................. ( I l a )
ite  t i i e t ,  i f  p  t e n d s  t o  z e ro ,  <r m*a t e n d s  t o  2000 10 * E m , 

w h ic h  a p p r o x im a te s  th e  c r u s h in g  s t r e n g t h  o f  th e  
u n r e in f o r c e d  c e m e n te d  m a t e r i a l .  E q u a t io n  ( I I )  r e p r e ­
s e n t s  a  f a m ily  o f  s t r a ig h t  l in e s  r e l a t i n g  t h e  r a t i o  

t(> p  fo r  g iv e n  v a lu e s  o f  a  F ig  8 s h o w s  t y p ic a l  
r e la t io n s h ip s  b e tw e e n  a n d  p  fo r  a  r a n g e  o f
v a lu e s  o f  a .

4 0 0 0E,

3 0 0 0

d r2 0 0 0
0 . 0 20.010

p ■
Fig. $—Graphical r e p re ien ta t io n  of the  eq ua t ion  for  the  

s treng th  of reinforced b r i t t le  m a te r ia l

D e s i g n  o f  W a l l s  o r  P i l l a r s  o f  R e i n f o r c e d  G r a n u l a r  
M a t e r i a l

G r a n u la r  m a te r i a l s  a r e  r e in f o r c e d  w ith  l a y e r s  o f  s t e e l  
m e s h  p la c e d  a t  a  v e r t ic a l  s p a c in g  v. I f  A is t h e  h o r i z o n t a l  
s p a c in g  o f  t h e  w ire s  in t h e  m e s h  a n d  .4 ,  is  t h e  c ro ss -  
s e c t io n a l  a r e a  o f  e a c h  w ire , i t  fo l lo w s  t h a t

X,
P -

p"y  a =  i'o, (12)

m o d e l  s c a le  a n d  fu l l- s c a le  t e s t s  F ig  9  s h o w s  a  c o m p a r i ­
s o n  l ie tw c e n  o  c a l c u l a te d  f ro m  e q u a t i o n  112) a n d  c o r r e s ­
p o n d in g  m e a s u r e d  v a lu e s .  I t  w ill  !>e s e e n  t h a t  t h e r e  is 
g e n e r a l l y  a n  e x c e l l e n t  c o r r e l a t i o n  b e t w e e n  t h e  c a l c u l a te d  
a n d  t h e  m e a s u r e d  v a lu e s .  S o m e  t e s t s  s h o w  a  m e a s u r e d  a  
t h a t  is  c o n s id e r a b ly  le s s  t h a n  t h e  c a l c u l a t e d  v a lu e .  
H o w e v e r ,  t h e r e  is a  v a l id  e x p l a n a t i o n  f o r  e a c h  o f  t h e s e  
u n d e r s t r e n g t h  f a i lu re s .  T e s t  7 , f o r  i n s t a n c e ,  f e a t u r e d  a  
w a ll  r e in f o r c e d  w ith  w o v e n  s t e e l  m e s h  in  w h ic h  th e  
c o n t r i b u t io n  t o  b o n d  f r o m  h o r i z o n t a l  e s i s t a n c e  o n  th e  
b o n d  w ire s  w a s  s m a ll .  F a d u u  r e s u l t e d  f r o m  b o n d  f a i lu r e ,  
a n d  t h e  b o n d  w ire s  t h a t  s h o u ld  h a v e  p r o v i d e d  t h e  b o n d  
s l id  a c r o s s  t h e  m a in  t e n s i l e  r e in f o r c in g  w i r e r .  I n  c o n t r a s t ,  
T e s t  8 f e a t u r e d  a  w a ll r e in f o r c e d  w 't h  i d e n t i c a l  w o v e n  
m e s h  ( a l th o u g h  a t  a  d i f f e r e n t  v e r tie * .)  s p a c in g )  in  w h ic h  
t h e  n o d e s  w e re  t i e d  w ith  w ire . T h i s  s p e c im e n  d e v e l o p e d  
t h e  n e c e s s a r y  b o n d  a n d  t a i l e d  in  a c c o r d a n c e  w i th  th e  
c a l c u l a te d  s t r e s s

1

1

a

I 0 7

107i#

oairi uxrru *n

a n d  e q u a t io n  (fic) b e c o m e s

: i i

w h e re  E  is t h e  f a c to r  o f  s a f e t y  o n  th e  d e s ig n  s t r e s s  <7.
F o r  s e le c te d  s te e l  q u a l i t y  a m i  m e s h  d im e n s io n s ,  v c a n  

b e  c a lc u la te d ;  a l t e r n a t iv e ly ,  fo r  a  s e l e c te d  t>, a  s u i t a b l e  
m e s h  c a n  b e  s e le c te d .

T h e  p r o p e r t i e s  o f  h o r i z o n ta l ly  r e in f o r c e d  g r a n u la r  
m a te r i a l s  h a v e  b e e n  e x te n s i v e l y  i n v e s t i g a te d  in  b o th

Fig. t —Helatlon«hlp be tw een  ca lcu la te ' '  and m ea su red  
s t reng th s  of walls buil t of h o r i io n ta l ly  re in fo rced  g ran u la r  

m a te r ia l

T e s t s  A l ,  A 2 , a n d  A 3 (F ig s .  . 0  t o  1 2 ) r e p r e s e n t  t h e  
r e s u l t s  o f  t h r e e  t e s t s  in  w h i I. a l l  t h r e e  w a l ls  w e re  
d e s ig n e d  t o  h a v  t h e  s a m e  s t r .  n g t h ,  b u t  d i f f e r e n t  
c o m b in a t io n s  o f  .4 *, u y *, v ,  a n d  V w e i e  u s e d .

F ig s  10  t o  12 i l l u s t r a t e  a n  i m p o r t a n t  f e a t u r e  o f  w a l ls  
o r  p i l l a r s  o f  h o r iz o n ta l ly  r e in f o r c e d  g r a n u l a r  m a t e r i a l .  
E a c h  o f  t h e s e  w a lls  w a s  d e s ig n e d  t o  h a z e  a  f a c t o r  o f  
s a f e t y  o f  1,6 o n  a  d e s ig n  v e r t i c a l  s t r e s s  c f  2 ,3 9  M P a .  T h e  
w a lls  w e re  lo a d e d  t o  t h e  d e s ig n  l o a d ,  a n d  w e r e  t h e n  
u n lo a d e d  a n d  r e lo a d e d  t o  f a i lu r e .  T h e  s t r e s s  c o m p r e s  
s io n  c u r v e  f o r  th e  f i r s t  lo a d in g  i n d i c a t e s  a  lo w  c o m p r e s ­
s io n  m o d u lu s  in  e a c h  c a s e .  H o w e v e r ,  t h e  r e lo a d in g  c u r v e  
is  c o n s id e r a b ly  s t e e p e r ,  a n d  t h e  r e lo a d in g  m o d u lu s  is  
m u c h  h ig h e r .  T h e s e  d i a g r a m s  i l l u s t r a t e  h o w  i t  is  
i n t e n d e d  t o  u se  th e  w a lls  o f  r e in f o r c e d  g r a n u l a r  m a t e r i a l  
in  p r a c t ic e  A f te r  b u i ld in g  th e  w a l ls  i n  s i t u ,  t h e y  w il l  b e
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DESIGN STRESS 2 ,S iMT-i

Reloading M o dulus 
2S4MPa

3.0

2.5
LAYER T H I CK N E S S  50mm

2 . 0

1 . 0

0 . 5

0
7 a6 9 10 113 420

4 , 1 9  MPa 1 4 , 2 0  MPa p r e d i c t e d )
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Fig. II -S t r e s s - c o m p r e s s i a n  curve for z wall of ho rizon ta l ly  re in fo rced  ash (W all A2 In Fig. 9)

p r e c o m p r e s s e d  a n d  t e a t - l o a d e d  to  t h e  d e s ig n  lo a d  b y  
j a c k in g  o ff  t h e  ro o f .  T h e  a p a c e  c r e a t e d  b e tw e e n  t h e  t o p  
o f  t h e  w a ll a n d  t h e  r o o f  b y  t h e  p r e c o m p r e s s io n  w il l  t h e n  
b e  f i lle d  b y  h o r i z o n ta l ly  r e in f o r c e d  c e m e n te d  s l a b s  t h a t  
w ill  b e  b e d d e d  a g a i n s t  t h e  r o o f  b y  g r o u t  o r  w e d g e s . As 
t h e  lo a d  is  s u b s e q u e n t ly  t r a n s f e r r e d  t o  th e  w a ll w h e n  th e  
r o o f  t e n d s  t o  s a g . t h e  w a l l  w ill  lie  recom pre.uK  d  a lo n g  th e  
r e c o m p r e s s io n  c u r v e  b a c k  t o  t h e  d e s ig n  lo a d  1 h e  
s u p p o r t  s y s te m  th u s  c r e a t e d  w ill h e  L o th  r e l a t i v e ly  s t i f f  
a n d  p r e t e s t e d  t o  t h e  d  i s ig n  lo a d .

T h s  r e c o m p r e s s io n  m o d u lu s  o f  h o r iz o n ta l ly  r e in f o r c e d  
w a l ls  is  r e l a t e d  t o  t h e i r  s t r e n g t h  a s  sh o w n  b y  H g .  13.

T h e  s c a t t e r  o f  r e s u l t s  is  c a u s e d  m a in ly  b y  v a r i a t i o n s  in  
t h e  c h a r a c t e r i s t i c s  o f  t h e  g r a n u la r  m a t e r i a l s  u s e d .  T h e  
u p p e r  h a n d  o f  r e s u l t s  r e l a t e s  t o  w a 'l s  b u i l t  o f  a  h i g h ly  
f r i c t i o n a l  w e a t h e r e d  q u a r t z i t e  s a n d .  T e s t  3  f e a t u r e d  a  
w a ll  hi i l t  o f  t h e  s a m e  s a n d ,  b u t  c o m p a c t e d  a t  a  w a t e r  
c o n t e n t  d r y  o f  t h e  o p t im u m  f o r  c o m p a c t io n  a n d  t h e r e f o r e  
in  a  m o re  c o m p r e s s ib le  s t a t e .  H o w e v e r ,  a s  s h o w n  in  F ig .  
9 , t h e  s t r e n g t h  o f  t h e  w a l l  w a s  n o t  a f f e c te d .  T h e  lo w e r  
h a n d  o f  r e s u l t s  r e l a t e s  t o  w a lls  b u i l t  o f  p o w e r  s t a t i o n  
b o t to m  a s h .  a  h ig h ly  f r i c t i o n a l  m a t e r i a l  t h a t  is ,  h o w e v e r ,  
c o n s id e r a b ly  m o r e  c o m p r e s s ib le  t h a n  t h e  r e s id u a l  q u a r t ­
z i t e  s a n d .
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Fig. 12—S tr e n -c o m p r e is io n  cu rve  for i  wall of horizontally  re inforced a th  (Wall A3 in Fig. 1)
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T h e  r e s u l t s  s h o w n  in  F ig s . a n d  Id  w e re  o b t a i n e d  in  
t e s t s  o n  w a lls  r a n g in g  fro m  3 0 0  t o  lOtMt m n \  in  w id th  
a n d  fro m  8 5 0  t o  1500 m m  in  le n g th .  T h e r e  a p p e a r s  to  lie 
n o  s c a le  e f fe c t  in  t h is  s iz e  ra n g e ,  a m i  it is e x p e c t e d  t h a t  
t h e  r e s u l t s  w ill lie v a l id  in  th e  p r o t o t y p e  s iz e  r a n g e  o f  
w id th s  f ro m  150 0  to  2 5 0 0  m m

F a i l u r e  M e c h a n i s m  o f  R e i n f o r c e d  G r a n u l a r  W a l l s

A s th e  d e s ig n  t h e o r y  in d ic a te s ,  r e in f o r c e d  g r a n u la r  
w a lls  fa il w h e n  th e  te n s i le  s t r e n g th  o f  t h e  h o r iz o n ta l  
r e in f o r c in g  is  r e a c h e d .  W h e n  th is  o c c u r s ,  t h e  r e in fo rc in g  
w ire s  f r a c tu r e  a n d  th e  g r a n u la r  m a t e r i a l  s h e a r s  a lo n g  
d ia g o n a l  p la n e s  in c l in e d  a t  a p p r o x im a t e ly  ( t.'i f<£ 2 ) to  
th e  d i r e c t io n  o f  t h e  m a jo r  p r in c ip a l  s t r e s s  (w h ic h  is th e  
v e r t ic a l  s t r e s s )

F ig s. 14 a n d  15 illu s tra te , t h e  o b s e r v e d  p o s i t io n s  a t  
w h ic h  th e  r e in fo rc in g  w ire s  f r a c tu r e d  in  t w o  te s t  w a lls  
F ig . 14 i l l u s t r a te s  a  c a s e  in  w h ic h  m u l t i p le  f r a c tu r e s  o f  
t h e  r e in fo rc in g  o c c u r r e d ,  d e f in in g  a  s y s te m  o f  m u l t ip le  
s h e a r  p la n e s  in c l in e d  a t  a  m e a n  a n g le  o f  2G’’ t o  th e  
d i r e c t i o n  o f  t h e  m a jo r  p r in c ip a l  s t r e s s  T h u  m e a n  a n g le  
’o r r e s p o n d s  e x a c t ly  ' a  t h e  t h e o r e t i c a l  a n g le  (45° <£/'-’)
in r  t h e  fiil m a te r i a l .  F ig  15 s h o w s  th e  o b s e r v e d  p o s i t io n s  
o f  t h e  f r a c tu r e s  in  t h e  w ire s  fo r  a  w a ll  in  w h ic h  o n ly  a  
s in g le  s h e a r  p la n e  d e v e lo p e d  H e r e  a ls o ,  t h e  o b s e r v e d  
a n g le  o f  t h e  s h e a r  p la n e  c o r re s p o n d s  t o  t h e  t h e o r e t i c a l  
in c l in a t io n  o f  (45  <& 2 )  t o  th e  v e r t ic a l

T h e o r e t i c a l ly ,  it is p o s s ib le  fo r  a n  i n f in i t e  n u m ie - r  o f  
s h e a r  p la n e s  t o  d e v e lo p  m  th e  g r a n u la r  m a te r i a l .  In  
p r a c t ic e ,  h o w e v e r ,  th e  d e v e lo p m e n t  o f  s h e a r  p la n e s  is 
a f fe c te d  b y  t h e  f r ic t io n a l  r e s t r a i n t  e x e r t e d  o n  th e  t o p  a n d  
b o t to m  o f  t h e  w a ll. T h e  c o m b in a t io n  o f  e n d  r e s t r a i n t  
a n d  t h e  l im i te d  h e ig h t  t o  w id th  r a t i o  o f  t h e  w a lls  
p r e v e n t s  s h e a r  p la n e s  f ro m  d e v e lo p in g  f u l ly  e x c e p t  in  
t h e  d ia g o n a l  'c o r n e r  t o  c o r n e r  p o s i t io n  i l l u s t r a te d  in  
F ig s  14 a n d  15.

F o llo w in g  o n  th is  o b s e r v a t io n ,  it a p p e a r e d  t h a t  i t
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Fig. 14—P eti t io n !  of tensile failures in th e  reinforcing of a 
horizonta l ly  reinforced wall of g ranu la r  m a te r i a l  — m ultip le  

shear planes
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Fig. IS- Positions of tensile failures in  t h e  reinforcing of a 
ho rizon ta l ly  reinforced wall of g ran u la r  m a te r ia l  a single 

shear plane

m ig h t  Ik- p o s s ib le  t o  in c re a s e  t h e  s t r e n g t h  o f  a  w a ll  b y  
in h ib i t in g  th e  d e v e lo p m e n t  o f  t h e  s h e a r  p lan es .  A c c o r ­
d in g ly ,  a  w a ll  w a s  b u i l t  t h a t  w a s  s t i f f e n e d  b y  h o r i z o n t a l  
d i a p h r a g m s  o f  h e a v y  r e in f o r c in g  m e s h  a t  t h e  t h i r d  
p o i n t s  o f  i t s  h e ig h t ,  w h ic h  s u b d i v i d e d  i t  in to  t h r e e  s h o r t  
s u b  w a lls .  H o w e v e r ,  t h e  s t r e n g th  o f  t h i s  w a ll (1 0  in  F ig .  
!>) w its  n o  g r e a t e r  t h a n  t h a t  o f  c o r r e s p o n d i n g  u n s t i f f e n c d  
w a lls .

F ig s  111 a n d  17 s h o w , r e s p e c t iv e ly ,  a  r e in f o r c e d  w a l l  
a l t e r  l ie m g  t e s t e d  t o  m a x im u m  l o a d  a n d  a  s h e e t  o f  m e s h  
r e in f o r c e m e n t  f ro m  th e  w all a f t e r  it h a d  b e e n  d i s ­
m a n t l e d .  I t  s h o u ld  lie  n o te d  th a t  t h e  o n ly  s ig n  o f  d i s t r e s s  
s h o w n  b y  t h e  f a i le d  w a ll is a  s l ig h t  b u lg in g  o f  t h e  s id e s ,  
a n d  t h a t  t h e  d o u b le  t e n s i l e  f a i l u r e  o f  t h e  t r a n s v e r s e  
r e in f o r c in g  w ire  is  c o n s i s te n t  w i t h  t h e  o b s e r v a t i o n s  
s u m m a r i z e d  in  F ig  14

Fig. 14— A ppearance  of a large-scale m o d e l  wall a f te r  be ing  
te s te d  to  m a x im u m  load
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t m a ' i i r i i i g  J'JU n iji i  h y  I Hit j iu n  ( i f  m u 1 l ir iv k )  lit p l .tu ,  
.m il c o n s i s t in g  o f  s in g le  b r i c k s  l a id  o n e  u h o v i  t h e  o t h e r  
a n d  l i f d  le d  in  s a n d  c c ju e l i t  m o r t a r  Tlic b u lk  o f  t h e  
t e s t i n g ,  h o w e v e r ,  h a s  b e e n  o n  b r i c k  's a n d w ic h e s ' c o n ­
s i s t i n g  o f  tw o  b r ic k s  w ith  r e in f o r c in g  in  t h e  m o r t a r  b e d  
b e tw e e n  th e m .  T h e s e  's a n d w i c h e s ' w e re  c o m p r e s s e d  
b e tw e e n  so f t  b o a r d  e n d  p ie c e s  t o  e l i m in a t e  s t r e s s  c o n ­
c e n t r a t i o n s  o n  t h e  e n d s  a n d  t o  r e d u c e  f r i c t i o n a l  r e s t r a i n t  
f ro m  t h e  p l a t e n s  o f  th e  t e s t i n g  m a c h i n e .  A ll t h e  s p e c i ­
m e n s  w e re  t e s t e d  s f t e r  b e in g  c u r e d  in  a i r  fo r  '28  d a y s .

Kig. 18 s h o w s  t h e  e x p e r i m e n t a l  r e s u l t s ,  w h ic h  a r e  v e r y  
s im i l a r  in  fo rm  t o  t h e  p r e d ic t i o n s  o f  F ig  8 .

Fij. 17 - A p p ra m n te  of « ih e e t  of m e ih  reinforcing a f te r  te i t .  
N o te  the double tensile failure of th e  t ransverse  reinforcing

wires

D e s i g n  o f  W a l l s  o r  P i l l a r s  o f  R e i n f o r c e d  C e m e n t e d  
M a t e r i a l

I he  m o s t  i o r v e n  e n t  w a y  o f  u s in g  c e m e n te d  m a te r ia ls  
is in  th e  fo rm  o f  p r e c a s t  s l a b s  o r  w e d g e s  la id  h o r iz o n ta l ly  
w i th  t h e  r e in fo rc in g  in  t h e  jo in t s .  T h e  w e d g e s  o r  s la b s  
m a y  lie o f  b u r n t  c la y , p r e c a s t  c o n c r e te ,  c e m e n te d  m in e  
w a s te ,  c e m e n te d  b o t to m  a s h ,  e t c  I f  t h e  v e r t i c a l  sp a c in g  
o f  t h e  j o i n t s  is e a n d  t in  h o r i z o n ta l  s p a c in g  o f  th e  
r<- f o rc in g  is A.

ffma* =  20t*)10-*y?mf - i'j5 - +  1 j (l ib)

I t  a  v e r t i c a l  t r e s s  <r is r e q u i r e d  t o  b e  c u r r i e d  w ith  a  f a c to r  
o f  s a f e t y  F ,  t h e n  th e  <•< r r e s p o n d in g  <Tn il,  is g iv e n  by

(Tmax A <7.
T h e  m o s t  e f f ic ie n t  fo rm  o f  r e in f o r c in g  is w e ld e d  s te e l  

s q u a r e  m e s h .  F o r  a  s e le c te d  s t e e l  m e s h  a n d  th e  c e m e n te d  
m a te r ia l  t h a t  is to  lie u s e d  a ,  ,-Ir , a n d  A a r e  k n o w n  a n d  
h e n c e  th e  v a lu e  o f  v  t h a t  c o r r e s p o n d s  t o  t h e  r e q u ir e d  
(zmax c a n  b e  c a lc u la te d  A l t e r n a t i v e ly ,  a  c o n v e n ie n t  v a lu e  
o f  v c a n  lie  s e le c te d  b iased  o n  h a n d l in g  c o n s id e r a t io n s ,  
a n d  a  s u i t a b l e  m e s h  c a n  be  s e le c te d .  T h e  m e s h  c a n  e i th e r  
b e  p la c e d  in  th e  j o in t s  o r  i t  c a n  b e  c a s t  i n to  t h e  s la b s  
o r  b r ic k s .

S o  fa r ,  o n ly  p r e l im in a r y  c o n f i r m a to r y  t e s t s  h a v e  b e e n  
c a r r i e d  o u t  o n  r e in f o r c e d  c e m e n te d  m a te r i a l s .  S p e c im e n s  
h a v e  c o n s i s t e d  o f  b u r n t  c la y  b u i ld in g  b r ic k s  w i th  s te e l  
m e s h  r e in f o r c in g  lo c a te d  in  t h e  h o r i z o n ta l  jo in t s .  A 
n u m b e r  o f  t e s t s  h a v e  b e e n  p e r f o r m e d  o n  s m a l l  p ie rs

1. 4 { / / /  - .

Fig IS Obierve<< i t ren g th  c h a ra c te r i i t i c s  of ho rizon ta l ly  
reinforced b r i t t l e  m a te r i a l s

W a l l s  o f  C e m e n t e d  H o r i z o n t a l l y  R e i n f o r c e d  
( I r a n u l a r  M a t e r i a l

I f  ih e  g r a n u la r  m a te r ia l  is  m ix e d  w i t h  a  s m a l l  p e r ­
c e n ta g e  o f  P o r t  la . id  c e m e n t ,  i t  is p o s s ib l e  t o  p r o d u c e  a  
h y b r i d  w a ll  o f  c e m e n te d  g r a n u l a r  m a t e r i a l .

F ig  I!) c o m p a r e s  th e  s t r e s s  c o m p r e s s io n  c u r v e  fo r  a  
w a ll b u d  o f  h o r i z o n ta l ly  r e in f o r c e d  g r a n u la r  m a t e r i a l  
w i th  t b a t  o f  a  s im i l a r  w all b u i l t  o f  h o r i z o n t a l l y  r e in f o r c e d  
c e m e n te d  g r a n u la r  m a te r ia l .  T h e  w a l ls  w e re  id e n t i c a l  
e x c e p t  t h a t  t h e  fill o f  o n e  i n c o r p o r a t e d  5  p e r  c e n t  
o r d i n a r y  P o r t l a n d  c e m e n t .  B o th  w a l ls  w e re  p r e c o m ­
p r e s s e d .  T h e  u n c e m e n te d  w a ll  w a s  t h e n  t e s t e d  t o  f a i lu re  
I he. c e m e n te d  w a ll  w as w r a p p e d  i n  p l a s t i c  s h e e t i n g  t o  
i a l  in  i t s  m o is tu r e ,  a n d  w a s  c u r e d  f o r  2 5  d a y s  lie  fo re  

I # m g  t e s t e d  t o  fa ilu re .
T h e  p r e c o m p r e s s io n  m o d u lu s  o f  t h e  c e m e n te d  w a ll 

w a s  a b o u t  tw ic e  th a t ,  o f  t h e  u n c e m e n t e d  w a ll,  w h i le  t h e  
f a i lu r e  s t r e s s  w a s  I II t o n e s  o s  la rg e .  A f t e r  t h e  c e m e n t e d  
w a ll  h a d  f a ile d ,  i t s  s t r e n g th  d r o p p e d  t o  a p p r o x i r  e ly  
t h a t  o f  t h e  u n c e m e n te d  w a ll ,  i n d i c a t i n g  t h a t ,  o n c e  t h e  
c e m e n t a t i o n  b o n d s  b e tw e e n  t h e  g r a n u l a r  p a r t i c l e s  h o d  
fa ile d ,  t h e  w a ll  b e h a v e d  l ik e  a  w a l l  o f  u n c e m e n t e d  
g r a n u la r  m a te r i a l .

F ig . 11) i l l u s t r a te s  a n o t h e r  f e a t u r e  o f  h o r i z o n ta l l y
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Ae -6

A'c
F ,A ( 13s )

r<'j)rt'stTils th e  v o lu m e  (<<r th e  inas^) o f  th e  rein

1 'S- ** -C om par iso n  of i t r e i s - c o m p re i i io n  tu rv e s  for horl- 
i. inta lly  reinforced walls of c e m en ted  and i-ncemei.ted g ra n ­

ular m a te r ia l

iv io f o r c e d  w a lls  t h e  fa c t  t h a t ,  o n c e  t h e  f a i lu r e  lo a d  h a s  
l ie e n  p a s s e d , th e  w a ll c o n t in u e s  t o  c a r r y  lo a d  (T h e  
t e r m i n a t io n  o f  th e  s t r e s s - c o m p r e s s io n  c u r v e s  fo r  t h e  
w a l ls  s h o w n  in  F ig s  10 t o  12 r e p r e s e n t s  n d e l i l i e r a t c  
u n lo a d in g .)  H e n c e , w a lls  o f  t h i s  ty p e  i re  i n h e r e n t l y  s a fe

R e l a t i o n s h i p  b e tw e e n  I o . id  a n t i  M a s s  o f  R e i n f o r c i n g

T h e  lo a d  p e r  u n i t  l e n g th  c a r r i e d  b y  a  h o r i z o n ta l l y  
r e in f o r c e d  g r a n u la r  w a ll o f  b r e a d th  6 s u p |x > r t in g  s p a n s  s  

(s e e  F ig  1) is g iv e n  b y

fo rc in g  p e r  u n i t  o f  s i d e  a r e a  o f  t h e  w a l l ,  ' b e  l o a d  c a r r i e d  
is now  .i l in e a r  f u n c t io n  o f  t h e  r e in f o r c in g  r a t i o  a n d  t h e  
b r e a d th  o f  t h e  w a ll.

D u r a b i l i t y  o f  W a l l  M a t e r i a l s

T h e  d u r a b i l i t y  o f  w a 'l s  b u i l t  w i t h  s l a b s  o f  r e in f o r c e d  
c e m e n te d  m a te r ia l  s h o u ld  n o t  Is* i n f e r io r  t o  t h e  w e l l - t r i e d  
d u r a b i l i ty  o f  r e in f o r c e d  c o n c r e te

T h e  d u r a b i l i t y  o f  »■ a l l s  o f  r e in f o r c e d  g r a n u l a r  m a t e r i a l  
d e p e n d s  la r g e ly  o n  t h e  d u r a b i l i t y  o f  t h e  s t e e l  r e in f o r c e ­
m e n t F o r  t h is  r e a s o n ,  t h e  p r o p e r t i e s  o f  t h e  g r a n u l a r  till 
s h o u ld  be  su c h  t h a t  n o  c o r r o s io n  w il l  lie i n d u c e d  in  t h e  
s te e l  I t  m a y  lie n e c e s s a r y ,  f o r  i n s t a n c e  t o  r e j e c t  fill 
c o n ta in in g  c li lo r id t  o r  s u l p h a t e s .  A l t e r n a ' iv e ly ,  l im e  o r  
c e m e n t  m a y  lie a d d e d  t o  t h e  t ill  ( a t  a d d i t i o n a l  c o s t ) t o  
c r e a te  a  h ig h  p H  e n v i r o n m e n t  f o r  t h e  s t e e l  a n d  t h u s  
in h ib i t  c o r ro s io n .

P r o p o s e d  U n d e r g r o u n d  T r i a l

\ s  a  s e q u e l  t o  t h e  l a l x i r a t o iy  p r o g r a m m e  a n d  t h e  
c o n c u r r e n t  d e v e lo p m e n t  o f  a  d e s ig n  th e o r y ,  p r e p a r a t i o n s  
a r e  b e in g  m a d e  fo i t e s t s  o n  t h e  s y s te m  u n d e r g r o u n d .  I t  is 
p la n n e d  to  b u i ld  a  s e r i e s  o f  w a l ls  in  a  s e c t i o n  o f  N o  5  
S e a m  in  a n  e a s t e r n  T r a n s v a a l  c o l l i e r y ,  a n d  t o  s u b j e c t  
t h e  w a lls  t o  th e  fu ll  lo a d  o f  t h e  o v e r b u r d t  n .  T h e  d e s ig n ,  
la y o u t ,  a n d  p e r f o r m a n c e  o f  t h e  w a l ls  w ill lie  o f f ic ia l ly  
m o n ito r e d .

F ig  2 0  sh o w s  a  c r o s s  s e c t io n  o f  t h e  p r o p o s e d  w a l ls ,  
w h ic h  w ill c o m p r is e  t h e  fo l lo w in g  m a t e r i a l s .

r e p re s e n ts  th e  v o lu m e  (o r  th e  m a s s )  o f  t h e  r e i n ­

in g  p e r  u n i t  a r e a  o f  t h e  s id e  a r e a  o f  t h e  w a l l ,  p e r  
u n i t  le n g th  o f  w all A s th e  f a c t o r  A’,,</>, >s c o n s t a n t  fo r  
g iv e n  q u a l i t ie s  o f  g r a n u la r  m a te r i a l s ,  t h e  m a s s  o f  r e in  
fo r c in g  in c o r p o r a te d  in  u n i t  le n g th  o f  w a ll o f  g iv e n  
h e ig h t  fo r  a  g iv e n  r e in f o r c in g  q u a l i t y  i s  d i r e c t ly  p r o p e r  
t io n a l  t o  th e  lo ad

A g iv e n  lo a d  c a n  lie s u p p o r t e d  b y  o n e  o f  t h e  fo l lo w in g :
(а )  a  w ide  w all w i th  a  s m a ll  r e in f o r c in g  r a t i o  A  J v h ,
(б) a  n a r ro w  w a ll w i th  a  la rg e  r e in f o r c in g  r a t i o ;  o r  
(c) a  n a r ro w e r  w a ll w i th  a  s m a l le r  r e in f o r c in g  r a t i o ,

b u t  in  c o m b in a t io n  w ith  r e in f o r c in g  h a v in g  a  
h ig h e r  y ie ld  s t r e s s .

H e n c e ,  th e  e c o n o m ic s  o f  w a ll  b u i ld in g  c a n  b e  a d j u s t e d  
t o  s u i t  t h e  q u a l i ty  ( K ? )  a n d  c o s t  o f  p la c in g  th e  g r a n u l a r  
fill, a n d  th e  q u a l i ty  (<ry , )  a n d  c o s t  o f  t h e  r e in f o r c in g .

F o r  a  w a ll o f  h o r iz o n ta l ly  r e in f o r c e d  c e m e n te d  m a t e r i a l ,  
t h e  lo a d  c a r r i e d  b y  a  w a ll o f  b r e a d th  b  s u p p o r t i n g  s p a n s  t 
is  g iv e n  b y

2000  1 0 -*64 - ( —^4 £ - + 1 ) ........................ ( 13b)v h  \  v k  /

h L A H S  O R  G U N I T E

rux>*
L —

Fig. 20 A typical c ro i s - i e t t io n  of a re in forced  wall

IF

( I r n n u L i r  Mat trial
T he foil, w in g  p o te n t i a l  fill m a t e r i a l s  w e re  u s e d  in  t h e  

l a b o r a to r y  t r ia l s :  w a s h e d  c o n c r e t e  s a n d ,  w e a t h e r e d  
q u a r t z i t e  s a n d ,  a n d  p o w e r  s t a t i o n  a s h .  F o r  e c o n o m ic  
a n d  e n v i r o n m e n ta l  r e a s o n s ,  i t  w its d e c i d e d  t h a t  p o w e r -  
s t a t i o n  b o t to m  a s h  is  th e  m o s t  a p p r o p r i a t e  m a t e r i a l  fo r  
t h e  t r i a l  s e c t io n  s in c e  i t  is  p r o d u c e d  in  v a s t  q u a n t i t i e s  
a t  a  n e a r b y  p o w e r  s t a t i o n  W e a t h e r e d  q u a r t z i t e  s a n d  
m a y  a ls o  lie u s e d  in  c e r t a in  s e l e c t e d  l e n g th s  in  t h e  t r i a l .

T e s t s  in d ic a te  t h a t  th e  a s h  w ill  n o t  c r e a t e  s h o r t - t e r m  
p r o b le m s  in  r e s p e c t  t o  c o r r o s io n  o f  t h e  r e in f o r c e m e n t .  A 
p r o g r a m m e  o f  r e s e a r c h  i n to  lo n g  t e r m  c o r r o s io n  w ill  
c o n t in u e .
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S i i l r  I t f t u i n i n y  K U  v i t n l i

I j i lm r u to r y  t r ia l s  h a w  m i n  t h a t  t h e  p r im e  f u n c t io n  
o f  th e s e  e le m e n ts  is t o  r e t a in  t h e  t il l  a t t h e  e d g e s  o f  t h e  
w a ll, a n d  t h a t  th e y  d o  n o t  n e e d  t o  r e s i s t  I . 'e r a !  f o rc e s  <1 
a n y  m a g n i tu d e  T h e  e le m e n t s  r e q u i r e  t o  lie  c o m p r e s s ib le  
so  t h a t  th e y  a re  a id e  t o  d e f le c t  u n d e r  p r e c o m p r e s s io n .

W o v e n  p o ly p r o p y le n e  t u l a  s t i l le d  w ith  th e  s a m e  g r a n u  
l a r  m a te r ia l  a s  w ill tie  u s e d  in  t h e  m a in  t ill  a d e q u a te ly  
fu lf il  t h e  fu n c tio n  o f  s id e  r e t a i i u n e n t .
S l a b . i

T h e s e  u n i t s  w ill c o m p r is e  a  m ix t u r e  o f  a s h  a n d  < c o u n t  
w i th  re in fo rc in g  o f  m ild  s t e e l  m e s h .  S a n d  > r s to n e  
a g g r e g a te  a  ill b e  a d d e d  to  th e  m ix  i f  r e q u i r e d .
I n  S i tu  U u n i t r d  C o n c r e f r

A s a n  a l t e r n a t iv e  t o  p r e c a s t  s l a b s ,  a  g u n i t e d  m ix t u r e  
o f  a s h ,  s a n d ,  a n d  c e m e n t ,  p r o b a b ly  l ig h t ly  r e in f o r c e d ,  
m a y  tie u se d .
(Srout

A g r o u t  o f  a sh , s a n d  tn d  c e m e n t  «  ill p r o v e  s u i t a b l e  
S t e e l  R e i n f o r c e m e n t

T h is  u  ill c o m p ris e  a  w e ld e d  m ild  s t e e l  m e s h  f a b r ic  a s

fcx.rul w i r*»  • •  J t  ru c tio n  «>i length  t>( w all

Flf 21 The p ro p o t rd  welded mild-steel m esh

si ivvn in  F ig  21 . S t e e l  ri iu f o n  e n ie i i t  is t h e  m a j o r  c o s t  
i te m , a n d  r e s e a r c h  is t h e r e f o r e  c o n t i n u i n g  i n t o  p o s s ib le  
new  p a t t e r n s  a n d  d e s ig n s  o f  r e in f o r c e m e n t  u s i n g  b o th  
m ild  a n d  h ig h  t e n s i l e  s t e e l

C o n s t r u c t i o n  M e t h o d s  a n d  E q u i p m e n t

T h e  p r in c ip a l  c o n s t r u c t io n  o p e r a t i o n s  e n v i s a g e d  in  
t h i s  s y s te m  a re

|i )  p r o c u r e m e n t ,  p la c in g ,  a n d  c o m p a c t i o n  o f  b a c k f i l l ,  
|u )  fix m g  o f  r e in f o r c e m e n t ,

( in )  ti* m g  o f  s id e  r e ta in in g  e le m e n t s ,
( iv ) p r e c o m p r e s s m n  o f  t h e  r e in f o r c e d  g i . t i t u l a r  m a te r i a l  

t o  i t s  d e s ig n  lo a d  b y  j a c k in g ,
(v ) p la c in g  o f  p r e e a s t  s l a b s  o r  w e d q e s ,  a n d

(v i)  l in a l  g r o u t in g  ( i f  w e d g e s  a r e  n o t  u s e d ) .
T h e  t r i a l  s e c t io n  u n d e r g r o u n d  w ill  o c c u p y  a  t o t a l  a r e a  

o f a t s n i t  1 h a .  a n d  t h e  t r i a l  w ill la* u s e d  t o  d e v e lo p  
c o n s t r u c t io n  m e th o d s  T h e  e x p e r i e n c e  t h u s  g a i n e d  w ill 
g iv e  a  le a d  to  t h e  m e t h o d s  to  Ik* e m p l o y e d  f o r  f u tu r e  
la rg e -se t.le  c o n s t r u c t io n

A se ll p r o p e l le d  j a c k in g  u n i t  t h a t  h a s  b e e n  d e s ig n e d  
a n d  b u i l t  fo r  th e  t r i a l  is  s h o w n  in  F ig .  2 2  T h e  p o s s ib i l i t y  
o f  a d o p t i n g  p n e u m a t ic  o r  h y d r a u l i c  p l a c in g  m e th ix is  
in v o lv i i  g  s p e c ia l  e q u ip m e n t  is a l s o  l ie m g  i n v e s t i g a t e d .  
F o r  th e  r e s t ,  s t a n d a r d  m n iin g  a n d  c o n s t r u c t i o n  e q u ip ­
m e n t  w ,11 lie u se d  to  c a r r y  o u t  t h e  v a r io u s  o p e r a t i o n s .

P o w e r  s t a t i o n  b o t to m  a s h  will Ik t ran  s n o r t e d  b y  ro ad  
t o  th e  m in e ,  c o n v e y e d  u n d e r g r o u n d  t h r o u g h  a  widc- 
d i a m e te r  b o r e h o le ,  a n d  t h e n  p la c e d  a n d  c o m p a c t e d  in

Fig. 22 —The self-propelled (aching u n it  designed and buil t fo r  the  p. com p ress ion  of re in fo rced  wall
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I h r  till L iry i  st iilv op i-ru t i.iivs « i l l  t’v v n tu u l ly  ri i j i i i i 'f  u 
c h r n p v r  m ctliiK l o f  t r a n s p o r t  fo r  th e  fill. A l .y d r a u l i c  
p ip e l in e  m a y  xvvll l>f u s td .

A n a l y s i s  o f  C o s t s

A t  t h i s  s t a g e  it is  n o t  p o s s ib le  to  p r e d ic t  t h e  t o t a l  c o s t s  
o f  w a ll  b u i ld in g  v e ry  a c c u r a te ly .  N e v e r th e le s s ,  a n  
a t t e m p t  h a s  b e e n  m a d e  in  th - a n a ly s is  t o  a r r i v e  a t  a n  
o r d e r  o f  m a g n i tu d e  c o s t  a n d  to  r e la te  t h i s  t o  t h e  c o s t  
a n d  p ro f it  p e r  t o n  o f  c o a l  e x t r a c t e d  
Complete Ertraction in One Operation

W h e r e  c o a l is c o m p le te ly  e x t r a c t e d  in  o n e  o p e r a t i o n  
u s in g  re in fo rc e d  w a lls  fo r  r o o f  s u p p o r t s ,  t h e  c o s ts  w ill he  
a s  fo llo w s , if  M  is  th e  c o s t  o f  m in in g  in  r a n d s  p e r  t o n  '- r  
c o a l ,  S th e  s e l l in g  p r ic e  in  t h e  sa m e  u n i ts ,  a n d  <'  t h e  r u s t  
< f  w a ll  b u i ld in g  in  r e n d s  p e r  c u b ic  m e t r e  o f  w a ll T h e n ,  
t h e  c o s t  o f  w a ll b u ild in g  p e r  t o n  o f  c o a l  m in e d , i .e  t h e  
c o s t  o f  r e p la c in g  c o a l p i l la r s  b v  w a lls , \ ill be

in  "  h ic h  V ,  is  t h e  v o lu m e  o f  w a lls  s u p p o r t i n g  t h e  s p a c e  
c i e d  b y  e x t r a c t i n g  a n  in  s i t u  v o lu m e  l ’c o f  c o a l  a n d  
p  is  t h e  m a s s  p e r  u n i t  v o lu m e  o f  t h e  tn  s i t u  c o a l

yeI f  a
V  m

, th e n ,  fo r  a  s y s te m  o f  p a ra l le l  w a l ls  o f

w i d t h  tr  s u p p o r t i n g  s p a n s  S  o f  ro o f ,
d- » , , #

n  = ------------- — I - r  — . .w w (H)
H e n c e  th e  p ro f i t  p e r  t o n  m in e d  w ill tie

Pt S — f.I/ +  j ................................... (15)

a n d  th e  t o t a l  p ro f i t  f ro m  m  ru n g  ! ' c o f  c o a l  w il l  be

f> P l
N o w  c o n s id e r  a  c o n v e n t io n a l  b o r d  a n d  p i l la r  o j ie ra -  

t i o n  in  w h ic h  t h e  e x t r a c t i o n  r a t io  is e , :

( s  4 - 6 )* — 6* , (6)*I - (l«)

A P
( S - M )

JO

20

100

IS sT *

• 0

• 0
Ibl%

40

100

(« + 6)' (i 4  6)’
T h e  p r o f i t  p e r  t o n  m il le d  w ill  lie

/' S  If,
b u t  .<! t o t a l  p ro f i t  f ro m  th e  s a m e  o r ig in a l  v o lu m e  l ’c o f  
c o a l  w ill be  

* * V e p P t

H e n c e ,  th e  a d d i t i o n a l  p ro f i t  f ro m  c o m p le te  e x t r a c t i o n  
u s in g  r e in f o r c e d  w a lls  w ill  In:

VcP ( f \  — 'x^i) — (I — #x)(s  ~  -Hi ~  ~ \<

• u d  t h e  a d d i t i o n a l  p ro f i t  p e r  to n  m in e d  w ill In
n

A P  = (I  f*)(iS' .1 /) —

Ts-sl *

Fig. 23 Cost and profit re la tionships for m in in g  w ith  re in ­
forced wall suppor t  ,

T h e  a d d i t i o n a l  p ro f i t  is c le a r ly  h e a v i ly  d e p e n d e n t  o n  
t h e  c o s t  o f  w a ll  b u i ld in g  in  r e la t i o n  t o  t h e  p r ic e  d i f f e r e n c e  
(.S’ M )  C u r r e n t  c o s t s  a r e  s u c h  t h a t  C / ( S  — ,V ) is in  t h e  
r e g io n  o f  175 t o  2 0 0  p e r  c e n t .  T h e  m a j o r  c o m p o n e n t  o f  
C is  t h e  c o s t  o f  s t e e l  r e in f o r c in g ,  w h ic h  c a n  b e  e x p e c t e d  
t o  In: le s s  f o r  la rg e  s c a le  o p e r a t io n s ,  lo w e r in g  (?/( , —  M )  

t o  le s s  t h a n  175 j n t  r e n t  H e n c e ,  th e  p r o p o s e d  m e t h o d  
w o u ld  b e c o m e  a t t r a c t i v e  o n ly  in  s i t u a t i o n s  w h e r e  t h e  
e x t r a c t i o n  r a t i o  b y  c o n v e n t io n a l  b o rd  a n d  p i l l a r  m e t h o d s  
is  le s s  t h a n  fit) p e r  c e n t .  T h e  p r o p o s e d  m e t h o d  w o u ld  a ls o  
b e c o m e  m o r e  a t t r a c t i v e  fo r  h ig h e r  p r i c e d  p r o d u c t s ,  
n a m e ly  e x p o r t  c o a l.
S e c o n d a r y  P i l l a r  F. i t  m e t  i o n

T h e  c o s t  o f  w a ll b u i ld in g  p e r  to n  o f  m in e a b le  c o a l ,  i e . 
I NT t o n  o f  c o a l  in  p i l l a r s ,  is 

C
(I —<i)<ip

H e n c e ,  t h e  p ro f i t  p e r  t o n  m in e d  w ill In'

C
a p

p e r c e n ta g e  a d d i t i o n a l  p r o f i t  r e s u l t ­
in g  f ro m  c o m p le te  e x t r a c t i o n .

[ 1 "• . 1 .
H ie  r e la t i o n s h ip  d e f in e d  b y  e q u a t io n  (17) is  p r e s e n t e d  

g r a p h ic a l ly  in  F ig . 2 3 fa  f o r  v a lu e s  o f  a  4 a n d  
> =  1 ,55  t / m 3 a n d  v a r io u s  e x t r a c t i o n  r a t io s ,  e t

(1 8 )
(1 — f x)<*P

a n d  th e  t o t a l  p r o f i t  f ro m  e x t r a c t in g  t h e  p i l l a r s  w i l l  Im
(1 f«) i ’r p / , 3

T h e  p r o f i t  f ro m  p i l l a r  e x t r a c t i o n  a s  a  p r o p o r t i o n  o f  t h e  
p ro f i t  f ro m  a  c o n v e n t io n a l  b o rd  a n d  p i l l a r  o p e r a t i o n  is  
g iv e n  b y

(I  -  7:-------------- - » . ■ -  )■ 100 . .  . (1 9 )
( I  e*)(.S — M ) a p

288 O CT OB E R 198? J O U R N A L  OF THE S O U T H  A F R I C A N  I NSTITUTE OF MINING A N D  METALLURGY



T in s  rv l i i i io n s ' is s h o w n  g ra | ih i i a l ly  in  Fig. 2H(lt) for 
th e  sium - vnliif-s o f  a ,  p, a n d  <\ a s  u s e d  in  F ig . 2 3 (a ). 
F i l i a t i o n  (I!)) is v a l id  p ro v id e d  th e  c o s t  o f  s e c o n d a r y  
m in in g  u s in g  w a l ls  c a n  lie  e q u a te d  t o  t h a t  o f  m in in g  
u s in g  h o r d  a n d  p i l l a r  m e th o d s

F ig . 2 3 (h ) s h o w s  t h a t  e x t r a c t io n  u s in g  w a ll b u i ld in g  
b e c o m e s  a t t r a c t i v e  o n ly  w h e n  th e  p r im a r y  e x t r a c t i o n  
r a t i o  is le s s  t h a n  tit) p e r  c e n t  a n d  w h e n  C /(.S M )  is  in 
th e  r a n g e  175 t o  2 0 0  p e r  c e n t  I t  b e c o m e s  p r o g r e s s iv e ly  
m o re  v ia b le  a s  t h e  r a t i o  ( ’/(.S' .V ) o r  th e  p r i m a r y
e x t r a c t i o n  r a t i o  b e c o m e s  less .

Conclusion
T h e  t e s t s  s h o w e d  t h a t  a  s y s te m  c a n  lie d e s ig n e d  

r a t i o n a l ly  t o  s u p p o r t  a  p r e d e te r m in e d  o v e r b u r d e n  lo a d , 
a n d  t h a t  th e  d e s ig n  t h e o r y  g iv e s  a c c u r a t e  p r e d ic t i o n s  o f  
s t r e n g th .  T h e  s u p p o r t  s y s te m  o f  r e in f o r c e d  g r a n u la r  
m a te r i a l  a n d  r e in f o r c e d  c e m e n te d  m a te r i a l  is f le x ib le  m d  
c a n  b e  v a r ie d  t o  s u i t  d i f fe re n t  h e ig h t s  a n d  lo a d s

T h e  s y s 'e m  o f  p r e lo a d in g  to  th e  d e s ig n  lo a d  b y  j a c k in g  
o ff  t h e  r o o f  e n s u r e d  t h e t  th e  w a lls  w e re  b o th  s t i f f  a n d  
w ro o f- te s te d .

A s t u d y  o f  th e  e c o n o m ic s  o f  th e  s y s te m  s h o w s  t h a t  it 
c a n  lie u s e d  p r o f i ta b ly  p ro v id e d  th e  c o s t  o f  w a ll b u i ld in g  
lie s  w i th in  d e f in a b le  l im its . E c o n o m ie s  o f  s c a le  w o u ld  
p r o b a b ly  b r in g  a b o u t  s ig n if ic a n t r e d u c t io n s  in  th e  
e x p e c te d  c o s t ,  sp e c if ic a l ly  in  r e g a r d  t o  th e  s t e e l  r e in ­
f o r c e m e n t  a n d  t h e  b u lk  m o v e m e n t  a n d  p r o c e s s in g  o f  
b a c k f i l l  m a te r ia l .

F u r t h e r  a s p e c ts  o f  th e  s y s te m , n o t  q u a n t i f i a b le  
e c o n o m ic a lly ,  a r e  t h a t  it a llo w s  m in in g  t o  p ro c e e d  
w i th o u t  a d v e r s e  e f fe c t  o n  .’he  s u r f a c e  e n v i r o n m e n t  a n d  
t h a t  i t  e f fe c t iv e ly  in c re a s e s  th e  c o a l r e s e r v e s  o f  a  re g io n  
b y  f r e e in g  c o a l  fo r  e x p lo i t a t i o n  t h a t  w o u ld  o th e r w is e  lie 
s te r i l iz e d .

F in a l ly ,  t h e  u t i l i z a t i o n  a s  h a  Khll o f  v e r y  la r g e  q u a n ­
t i t i e s  o f  w a s te  m a t e r i a l  c o u ld  re d u c e  ad v erse , e n v i r o n ­
m e n ta l  im p a c t s  o n  c o a l  m in in g  a r e a s .

R e f e r e n c e s

T h e  t e c h n ic a l  c o n te n t s  o f  th is  p a p e r  a r e  b e l i e v e d  to  be 
c o m p le te ly  o r ig in a l  a n d  th e r e  a r e  n o  r e f e r e n c e s  to  
i . t e d  w o r k .

5  M P a 6 =  2 m / / — ?. nr,

A d d e n d u m :  E x a m p l e s  o f  R o o f  S t r e s s o . -

I n  t h e s e  e x a m p le s  o f  r o o f  s t r e s s e s  g e n e r a t e d  
d i f f e r e n t i a l  c o m p r e s s io n  l ic tw e e n  p a r a l l e l  r e in f o r c e d  wall 
a n d  c o a l ,  t h e  fo l lo w in g  ty p ic a l  v a lu e s  a r e  t a k e n .

W

E c  3  G P a  E  =  5  G P a .

C a lc u l a t e d  v a lu e s  o f  H ,  A ,  a n d  a s  c o r r e s p o n d i n g  t o  • 
a b o v e  fo r  a  s m a l l  r a n g e  o f  v a lu e s  o f  S, a n d  E »  a r e  
g iv e n  in  T  .b le  I T h e  l a s t  lin e  o f  th e  t a b l e  r e p r e s e n t s  t h e  
e f f e c t  o f  a n  e q u iv a l e n t  h o rd  a n d  p i l l a r  o p e r a t i o n  b 
w h ic h  6 s  =  5  m .

T a b le  I s h o w s  th a t  b e n d in g  s t r e s s e s  in  the. r o o f  a rc  
m o s t  s e n s i t iv e  t o  t h e  s t i f fn e s s  o f  t h e  r e in f o r c e d  w a l ls  a n d  
t h e  f l e x ib i l i t y  o f  t h e  r o o f  b e a m . W a ll  s t i f f n e s s  c a n  I*; 
o p t im iz e  '  b y  t h e  u se  o f  g o o d  q u a l i t y  g r a n u la r  m a t e r i a l

T A B L E  I
CALCCI A T r n  VALUES

* a H A <n.
MN |*ir

m m OPa rn width m  - 10-* MPr.

S 2 1 1,01 9.65 5.30
8 2.3 1 1,75 7.67 3,87
4 2 I 1.48 9.02 6,68
8 1.5 1 0.40 9,39 4,315 2 1.5 0.70 3.97 3,60
6 1,5 1.5 0.31 6,35 2.91
5 2 3 0,36 3,09 1,89

it 2 3 0,063 1,63 o . to

(se e  F ig .  13), w h ile  i t  a p p e a r s  t h a t ,  u n d e r  c e r t a i n  
c o n d i t io n s ,  i t  m a y  b e  p o s s ib l*  t o  c o n t r o l  r o o f  I x i b i l i ty  
h y  r o c k  b o l t in g  to  a  - a re fu l ly  p r e d e t e r m i n e d  h e ig h t  
a lm v e  t h e  r o o f  B o th  t h e s e  f a c to r s  a r e  b e in g  c o n s id e r e d  
in  f u r t h e r  r e s e a r c h .

T h e r e  a r e  o b v io u s ly  m a jo r  a d v a n t a g e s  t o  b e  d e r iv e d  
f ro m  p e r m a n e n t l y  s t r e s s in g  th e  r e in f o r c e d  w a l ls  a g a i n s t  
t h e  r o o f ,  t h u s  t r a n s f o r m in g  th e  w a lls  i n t o  a c t iv e  s u p p o r t s .  
R e s e a r c h  is  c u r r e n t ly  in  p ro g re s s  t o  d e te r m in e  h o w  t h i s  
c a n  b e  d o n e  e f fe c t iv e ly ,  p e r m a n e n t l y ,  a n d  a t  lo w  c o s t .

Symbol 
(w i th  o r  
w i th o u t  

s u b s c r ip t )

Unit

L is t  o f  S y m b o l s  a n d  D e f i n i t i o n  o f  T e r m s

h ' r p b i n n t i n n

cr m e g a p a s c a l  (M P a ) D ir e c t  s t r e s s

y k ilo n e  w rto n /(m e  t  re  )*( k N /m * ) U n i t  w e ig h t
2 m e tre  (m ) O v e r b u r d e n  d e p th
6 m e tr e  (m ) P i l la r  b r e a d t h
a m e tr e  (a) S p a n  b e tw e e n  p i l l a r s

P
E

d im e n s io n lc s s  f r a c t io n
g ig a p a sc a l  (G P a ) C o m p r e s s io n  o r  e x te n s io n  m o d u lu s

I (m etre )*  (m*) S e c o n d  m o m e n t  o f  a r e a
K d im e n s io n lc s s R a t io  o f  s t r e s s e s

* a n g le  (°) A n g le  o f  s h e a r in g  r e s i s t a n c e

<P a n g le  (°)
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S y m b o l U  n i l E x p l a n a t i o n

(w ith  o r
w i th o u t

'i ih  i r ip t )
A ( m e t r e ) '  ( n r ) A re a
I t m e t r e  ( in ) D ia m e te r  o f  r e in f o r c in g
X m e tr e  (m ) D is ta n c e
1 m e tr e  (m ) S p a c in g  o f  r e in f o r c in g
d m e tr e  (m ) D ia in e t .  r  o f  r e in f o r c in g
h m e tr e  (m ) S p a c in g  o f  r e in f o r c in g
< d im e iL s io n lc s i L in e a r  s t r a i n
V d im c n s io n le s s P o is s o n ’s  r a t i o

P d im e n s io n le s s R e in f o r c e m e n t  r a t io
a d im c n s io n le s s R a t io  o f  e la s t i c  m o d u li
I f k ilo n e w  t o n /m e t r e  (k N  in ) L o a d  c a r r i e d  b y  w a ll p e r  u n i t  l e n g th
F d im e n s io n le s s F a c to r  o f  s a f e ty
1/ r a n d / t o n  (R /T ) C o s t  o f  m in in g

X r a n d / t o n  ( R /T ) S e llin g  p r ic e  o f  c o a l
c r a n d / t m e t r e )3 ( R  in 3) ( ’o s t  o f  b u i ld in g  r e in f o r c e d  w a ll
r . ( m e t r e )3 (m 3) V o lu m e  o f  r e in f o r c e d  w all
i 'c ( m e t r e )3 (m 3) V o lu m e  o f  c o a l  in silu
p t o n / ( m e t r e )3 (T , m 3) U n i t  m a s s
a d im e n s io n le s s a  —  r c/  V  .
t c m e tr e  (m ) W a ll w id th

/», r a n d / t o n  (R /T ) P r o f i t  f ro m  t o t a l  e x t r a c t i o n  u s in g  w a lls
e . d im e n s io n le s s E x t r a c t i o n  r a t io

r a n d / t o n  (R /T ) P r o f i t  f ro m  c o n v e n t io n a l  l»o rd  a n d  p i l l a r  m in in g
A P r a n d / t o n  (R /T ) A d d i t io n a l  p ro f i t

randy t o n  ( R /T ) P ro f i t  f r o m  e x t r a c t i n g  p i l la r s  u s in g  w a l ls
H m e t r e  (m ) T h ic k n e s s  o f  c o a l  s e a m

Refining processes
T h e  G e s e l ls c h a f t  D e u ts c h e r  M e t s l lh u t t c n -  u n d  I t  rg  

l e u te  a n d  th e  I n s t i tu t i o n  o f  M in in g  a n d  M e ta l lu r g y ,  
L o n d o n ,  \ n l l  h o ld  a  jo in t  s y m p o s iu m  R e f in in g  P r o c e s s e s  
in  M e ta l lu rg y ,  1983, in  H a m b u r g ,  F e d e r a l  R e p u b l i c  o f  
G e r m a n y ,  f ro m  2 0 th  t o  2 2 n d  O c to b e r ,  1983.

M e m b e rs  o f  t h e  o rg a n iz in g  1 wiios a n d  n o n  m e m b e r s  
a r e  e q u a l ly  w e lco m e  to  a t t e n d  t h e  s y m p o s iu m  a n d  to  
p :n t  p a p e r s .

i n  th e  p r o d u c t io n  o f  m e ta ls ,  r e f in in g  is p e r f o r m e d  in  
v a r io u s  s t e p s  o f  th e  p ro c e s s .  T h e  p a p e r s  s h o u ld  c o v e r  
f u n d a m e n ta l s  a n d  in d u s t r ia l  a p p l i c a t io n s  o f  m e ta l lu r g ic a l  
re f in in g  p r o c e s s e s  fo r m a in ,  a c c e s s o r y ,  a n d  sp e c ia l  m e ta ls .

T h e  O rg a n iz in g  C o m m it te e  r e q u e s t s  th e  s u b m is s io n  o f  
t i t l e s  a n d  a b s t r a c t s  (u p  t o  3<X) w o rd s )  o f  p a jie rs ,  a n d  w ill 
s e l e c t  a lx iu t  20 p a p e r s  f o r  p r e s e n t a t i o n  a t  t h e  s y m ­

p o s iu m  a n d  fo r  p u b l ic a t io n  a s  p r e p r n t s ,  w h ic h  w ill b e  
d i s t r i b u t e d  to  r e g i s t r a n t s  a t  t h e  s y m p o s i u m .  A b s t r a c t s  
in  k Jn g lish  o r  G e r m a n  s h o u ld  b e  s e n t  lie  f o r e  1 s t D e c e m ­
b e r ,  19 8 2 , t o  t h e  S e c r e ta r y ,  G e s e l l s c h a f t  D e u t s c h e r  
M e ta l lh i i t t e n -  u n d  I t e r g le u te ,  P .O .B .  2 1 9 , D  3 3 9 2  
C la u s th a l  Z e l le r f e ld ,  F e d e r a l  R e p u b l i c  o f  G e r m a n y .  
C o m p le te  m a n u s c r ip t s  o f  t h e  p a p e r s  s e l e c t e d  m u s t  b e  
s u b m i t t e d  b e f o re  1 s t J u n e ,  1983 .

I n  a d d i t i o n  t o  th e  t e c h n ic a l  s e s s io n s ,  w h ic h  w ill lie  
c o n d u c t e d  in  K n g iish  a n d  G e r m a n ,  p l a n t  v i s i t s  w ill b e  
a r r a n g e d  fo r  r e g i s t r a n t s  f ro m  o u t s i d e  t h e  F e d e r a l  
R e p u b l i c  o f  G e r m a n y .  F u l l  d e t a i l s  o f  t h e s e  a n d  o f  t h e  
s y m p o s iu m  p ro g ra m m e  w il l  h e  g i v e n  in  t h e  S e c o n d  
C ir c u la r ,  w h ic h  w ill in c lu d e  a  r e g i s t r a t i o n  fo rm . C o p ie s  
w ill lie  a v a i l a b l e  in  A p ril  1983

Another honour for Professor Krige
W e c o n g r a tu la t e  P r o f e s s o r  D a n ie l  G e r h a r d u s  K r ig e ,  

w h o  h a s  b e e n  a w a r d e d  t h e  g o ld  m e d a l  o f  t h e  S u id -  
A f r ik a a n s e  A k a d e m ie  v i r  W e te n a k a p  e n  K u n s .  I h e  
a w a r d  w a s  m a d e  a t  t h e  R a n d  A f r ik a a n s  U n i v e r s i t y  o n  
th e  2 4 th  o f  J u n e ,  1982.

H e  h a s  a l r e a d y  r e c e iv e d  s e v e r a l  aw  a r d s  o f  th is  k in d ,  a s

d e t a i l e d  in  'S p o t l ig h t  o n  g e o s t a t i s t i c s  -  P r o f e s s o r  D . G . 
K r ig e ' b y  A  N . H ro w n , w h ic h  w a s  p u b l i s h e d  in  t h e  
N o v e m b e r  1981 issu e  o f  t h i s  / o u r u o T  A t  p r e s e n t  P r o f e s ­
s o r  K r ig e  h o ld s  th e  C h a ir  o f  M in e r a l  E c o n o m ic s  a t  t h e  
U n i v e r s i ty  o f  t h e  W itw a te r e r a n d .
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T :

D i s c u s s i o n :  S u p p o r t  i n  s h a l l o w  m i n e s  u s i n g  
h o r i z o n t a l l y  r e i n f o r c e d  s y s t e m s "
C o n t r ib u t io n  by  M. D .  G . S A L A M O N f

T h e  tir s t  o f  a  i>ii|>er l>y inem l> ein  o f  a n o th e r
b ra n c h  o f  e n g in e e r in g  in  th e  J o u r n a l ,  e s p e c ia l ly  w h e n  
th e  c o n t r ib u t io n  is in  m y  ie h l  o f  in te r e s t ,  tills  m e  w ith  
a n t i c ip a t io n .  A lso , the. n o t io n  o f  u s in g  h o r iz o n ta l ly  
re in fo rc e d  a r t i f ic ia l  p i l la r s  t o  M ip p o rt t a b u l a r  e x c  tv a t  io n s  
u n d o u b te d ly  ju s t if ie s  a t t e n t i o n  I t  is d i s a p p - u n t in g  in  
v iew  o f  th e s e  f a c to r s  t h a t  th e  a r g u m e n ts  a n d  d a t a  
p r e s e n te d  in  t h e  p a p e r  d o  n o t  v in d ic a te  t h e  < o u c lu s io n s  
o ffe re d

T h e  a u th o r s  a s s e r t ,  i f  1 i n te r p r e t  t h e  im p l ic a t io n s  ot 
t h e i r  s t a te m e n t s  c o r r e c t ly ,  t h a t  th e  p ro p o s e d  s u p p o r t  
s y s te m  is s a fe  a n d  r e a d y  fo r  a  fu l l- s c a le  u n d e r g r o u n d  
t r ia l .  H o w e v e r , in  m y  o p in io n ,  so m m  h  o f  t h e  m e c h a n is m  
o f  th e  s y s te m  h a s  l ie e n  le f t  u n e x p lo r e d  t h a t  n o  firm  
c o n c lu s io n  c a n  lie d r a w n  a t  th i s  s ta g e .  F u r th e r m o r e ,  1 d o  
n o t  b e liev e  t h a t  a  fie ld  t r i a l  c a n  l>e i n i t i a t e d  sa fe ly  
w i th o u t  f i r s t  o b ta in in g  a n d  a n a ly s in g  th e  r e s u l ts  o f  
a d d i t io n a l  th e o r e t i c a l  a n d  l a b o r a to r y  s tu d ie s

T o  s u b s ta n t i a t e  th e s e  r e m a r k s ,  I t o u c h  u p o n  a  n u m tie r  
o f  a s p e c ts  o f  th e  p a p e r  
R o c k  a n d  S u p p o r t  P e f o r m a t i o n

L it t le  a t t e n t i o n  is d e v o te d  in  t h e  p a p e r  to  th e  d e f o r ­
m a t io n  o f  th e  s u p p o r t s  a n d  o f  t h e  s u r r o u n d in g  ro c k  m ass . 
O n  p  278  a n  e le m e n ta r y  a n a ly s is  o f  t h e  ‘e q u iv a l e n t  f 'x i f  
Is  a m  is in tro d u c i  d .  I t  is a p p a r e n t  f ro m  th e  A d d e n d u m  
(p . 2X9) t h a t  th e  a u th o r s  v isu a liz e  th e  d e p th  o f  t h e  ro o f  
lie am  as  a p p r o x im a te ly  1.5 to  2 ,0  m T h is  v ie w  o f  th e  
fieam  a n d  th e  r e le v a n t  a n a ly s is  a r e  u n a c c e p ta b le  o v e r ­
s im p lif ic a t io n s .  In  p r a c t ic e ,  th e  s u p p o r t  a n d  t h e  s t r a t a  
a lio v e  a n d  b e lo w  t h e  s e a m  a ll p a r t i c i p a te  in  th e  d e f o rm a  
t io n  m e c h a n is m 1-1. T h e  s im p le  lie a m  t h e o r y  is in c a p a b le  
o f  d e s c r ib in g  tb is  c o m p le x  p ro c ess .

T h e  c o s t  a n a ly s is  p r e s e n te d  b y  th e  a u th o r s  su g g e s ts  
t h a t  th e  u se  o f  a r t i f ic ia l  p i l la r s  in  t h e  e ase  o f  c o m p le te  
e x t r a c t io n  in  o r e  o p e r a t io n  w o u ld  fie e c o n o m ic  o n ly  if  
th e  e x t r a c t io n  r a t i o  a c h ie v e d  b y  th e  c o n v e n t io n a l  fio rd  
a n d  p i lla r  m e th o d s ,  is le s s  t h a n  tk) p e r  c e n t  (p  288) 
A c c o rd in g  to  t h e  p ro c e d u re  c u r r e n t ly  e m p lo y e d  in  
p i l la r  design*-*, t h i s  r e q u i r e m e n t  is s a t is f ie d  if  t h e  w o rk in g  
h e ig h t  e x c e e d s  t h e  h e ig h t  d e f in e d  b y  th e  c u r v e  in F ig  I 
T h is  c u rv e  w as c a l c u l a te d  t o  e x e m p l if y  r e p r e s e n ta t i v e  
m in in g  c o n d it io n s .  I t  w o u ld  a p p e a r  f ro m  th is  i l l u s t r a t i o n  
t h a t ,  a t  s h a l lo w  d e p th s ,  a y  u n d e r  fit) m , a r t i f ic ia l  p i l la r s  
a r e  e c o n o m ic  o n ly  i f  t h e  w o rk in g  h e ig h t  is s u b s ta n t ia l .

A s su m e  t h a t  a  t h ic k  s e a m  o f  c o a l e x is ts  a t  a  d e p th  o f  
100 tn . A c c o rd in g  to  F ig  I. th e  u se  o f  a r t i f ic ia l  p i l la r s  a t  
t h is  d e p th  w o u ld  b r e a k  e v e n  a t  a  w o rk in g  h e ig h t  o f  
a b o u t  3 m  T o  g iv e  t h e  a r t i f ic ia l  p i l la r s  a  c h a n c e  o f

Board  w i d t h  -  6 m  
S a fe ty  fac to r  •  1,6

E x t r a c t io n  r a t i o  <  0 .6

E x t r a c t io n  ra t io  > 0 ,6 /

/ /
to

• Pupnr by J. A. Hahn. O. K Wight, anil L. Disim publi^hisl in  
J . S . A /r . I n t i  M in M H aU ., vol. M2. O n  1982. ,,p 277-290. 

f Chamber of Minos Krwervh Organization, Carlow Homl, 
Melville, Johannesburg 2<)tl2.

(©1983.

D e p t h  ( m l

Fig. I Relationship between working height and d ep th  for 
40 per t e n t  ex trac tion

e c o n o m ic  vuccesa , a  w o rk in g  h e ig h t  o f  4 m  is  p o s tu l a t e d .  
II th e  I io n ! w id th  a n d  s a f e ty  f a c to r  a rc  le f t  u n a l t e r e d ,  th e  
p r o c e d u r e  o f  p i l la r  d e s ig n  fo r  t h is  g e o m e t r y  y ie ld s  a  
w id th  o f  c o a l p i l la r  o f  11,9 m , w h ic h  is e q u iv a l e n t  t o  a n  
e x t r a c t i o n  o f  5 5 ,7  p e r c e n t .  I t  is  e s t im a te d  o n  t h e  lia s is  
o f  so m e  d e ta i le d  th e o r e t ic a l  w o r k 1'1 a n d  fie ld  o b s e r v a ­
t io n s 1'1 t h a t  th e  su rfa c e  s u b s id e n c e  o v e r  t h e s e  w o rk in g s  
w o u ld  h e  in  t h e  re g io n  o f  7 t o  8 m m .

P o s tu l a te  t h a t  re in fo rc e d  a s h  p i l la r s  ( n h  p i l la r s  o r  
w a lls ')  o f  a d e q u a te  s t r e n g th  c a n  lie d e s ig n e d  w ith  a  

c ro ss  s e c t io n a l  a r e a  to  e n s u r e  t h a t  a l i o u t  2 5  p e r  c e n t  o f  
th e  ro o f  a n d  flo o r is in  c o n ta c t  w ith  th e  n e w  p i 'l a r s  T h e  
u se  o f  a s h  is  p ro p o se d  b e c a u s e  t h is  is  th e  m a te r i a l  
f a v o u re d  b y  th e  a u th o r s  fo r  t h e  fie ld  t r i a l  f*'. 2 8 7 ). T h e  
u l t im a te  lo a d  o n  th e s e  a r t i f ic ia l  p i l la r s  w o u ld  lie  fo u r  
t im e s  t h a t  o f  th e  v u g in  v e r t ic a l  s t r e s s ,  w h ic h  is  a b o u t
2 ,5  M P a  a t  a  d e p th  o f  10 0  m . T h u s ,  t h e  a v e r a g e  p illa i  
lo a d  w o u ld  tie a b o u t  10 M P a  A s th e  s t r e n g th  s h o u ld  n o t  
lie le s s  t h a n  th e  lo ad , i t  fo llo w s  fro m  th e  d a t a  in  F ig . 13 
(p . 2 8 3 ) t h a t  t h e  re lo a ilin g  m o d u lu s  o f  t h e s e  a s h  p i l la r s  
w o u ld  lie a b o u t  9 0 0  M P a . I n  p r a c t ic e ,  t h e  m o d u lu s  w o u ld  
tie  le s s  t h a n  t h i s  v a lu e  b e c a u s e  o f  th e  c o m p a c t io n  o f  th e  
t o p  s e c t io n  o f  t h e  p illa rs  a n d  im p e r f e c t io n s  in  t h e  u n d e r ­
g r o u n d  c o n s t r u c t io n .  A r e a l is t ic  e s t im a te  o f  t h e  m o d u lu s  
a p p e a r s  to  lie  a b o u t  ttOO M i r .  I n  th e s e  c i r c u m s ta n c e s ,  th e  
u l t i m a t e  c o n v e rg e n c e  o f  t h e  a r ti f ic ia l  p i l l a r s  w o u ld  be 
a b o u t  7 0  m m  a n d ,  a s  th e  s u r r o u n d in g  s t r a t a  a ls o  d e f o rm ,  
th o  > itf ta c e  s u b s id e n c e , w h ic h  is a  u se fu l  m e a s u r e  o f  th e  

f o r m a t io n  c a u s e d  by  m in in g , w o u ld  a p p r o a c h  100 m m . 
i’tu s  v a lu e  is  a n  o rd e r  o f  m a g n i tu d e  g r e a t e r  t h a n  th e  

s u b s id e n c e  t h a t  w o u ld  o c c u r  in  c o n v e n t io n a l  p i l l a r 
m in in g .
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T liv  v f lv c ts  i if  a  la r g e  in e r v a v ' . a  d is p la c e m e n t  m a y  lie 
s e r io u s ,  r e g a r d le s s  o f  w h e th e r  e u m p le te  e x t r a e t i o n  in  o n e  
o p i  r a t i o n  ui s e c o n d a r y  p i l la r  e x t r a c t i o n  is  p r a c t is e d  
T h e  in u e li  s u t l e r  p i l l a r s  w o u ld  p ro v id e  s u p p o r t  to  t h e  
r o o f  o n ly  a t t e i  e o n s id e r a h ie  p i l l a r  c o n v e rg e n c e  a n d  ro c k  
d e f o r m a t io n  T h u s ,  m a x im u m  p i l l a r  s u p p o r t  w o u ld  
d e v e lo p  o n ly  a t  a  c o n s id e r a b le  d i s ta n c e  a w a y  f ro m  th e  
p o s d io n  w h e re  t h e  a r t i f ic ia l  p i l la r s  a r e  first c a l le d  u p o n  
t o  a c t  a s  s u p p o r t s .  W o u ld  th e  r o o f  s t r a t a  f r a c tu r e  a n d  
fa il  a s  a  r e s u l t  o f  a  lo n g , p e r h a p s  in a d e q u a te ly  s u p p o r te d ,  
s p a n  a m i  la rg e  d e f le c t i o n ? W e d o  n o t  k n o w  th e  a n s w e r  to  
t h a t  q u e s t io n

Strength of Reinforced ('rtiirnlrd Mntrrud
O n  p p .  P80  a n d  2HI a u  a t t e m p t  i~ m a d e  to  d e r iv e  a  

s t r e n g t h  fo rm u la  f o r  p i i la r -  c o n s is t in g  of h o r iz o n ta l ly  
r e in f o r c e d  cem en U -d  m a te r ia l  T in  n  s u i t in g  e x p re s s io n  
( I d a )  is  f u n d a m e n ta l ly  f law ed

T h e  d e r iv a t io n  o f  t h e  f o r m u la  is b a se d  o n  P o ia so n s ' 
e f f e c t ,  i .e  o n  th e  o b s e r v a t io n  t h " t  m o s t  m a te r i a ls  te n d  
t o  e x p a n d  la t e r a l ly  o w in g  to  v e r t ic a l  p r e s s u r e  a n d  t h a t  
t h e  m a g n i tu d e  o f  t h i s  e x p a n s io n  fo r  e la s t ic  m a te r i a ls  is 
d e te r m i n e d  b y  th e  P o i s s o n ’s r a t i o  O f c o u r s e ,  th e  r e in ­
f o r c e m e n t  w ill r e s i s t  t h i s  e x p a n s io n  a n d  in  th e  p ro v e   ̂
w il l  p r o v id e  so m e  o o n fm e in c n t  t o  t h e  c e m e n te d  m a te r ia l  
T h i s  t h o u g h t  p ro c e s s  le a d s  t o  (9 ) o n  p  2Hd, w n iv h  is th e  
e x p r e s s io n  fo r  t h e  l a t e r a l  te n s i le  s t r a in  in  Ix ith  th e  
c e m e n te d  m a te r ia l  a n d  in  t h e  r e in f o r c e m e n t.  A t th is  
|> o in t t h e  a u th o r s  sugg* st t h a t  a s  th e  v e r t ic a l  lo a d  o n  th e  
p i l l a r  in c re a s e s ,  t h e  te n s i le  s t r a in  ‘w ill in c re a s e  u n t i l  i t  
r e a c h e s  a  l im it in g  v a lu e ,  a t  w h ic h  th e  c e m e n te d  m a te r ia l  
w ill f a d  b y  v e r t i c a l  s p l i t t in g  F o r  b r i t t l e  m a te ! i a l s  su c h  
a s  c o n c r e te  a n d  b r ic k  th e  l im i t in g  v a lu e  o f  ( th e  te n s i le  
s t r a i n )  is  a b o u t  2 0 0  10 N o  a t t e m p t  is m a d e  to  s u b 
s t a n t i a t e  th e s e  s t a t e n n  n! ^

^T h e  s u b s t i t u t i o n  o t  th e  so  c a l l e d  l im i t in g  v a lu e  o f  
t e n s i l e  s t r a in  i n to  (9 ) le a d s  to  th e  e r ro n e o u s  f o r m u la  in 
( I d a ) ,  w h e re  t h e  p i l la r  s t r e n g th ,  i7m l , .  is inverttly 
p r o p o r t io n a l  to  t h e  P o is s o n ’s r a t i o  I f  t h i s  f o rm u la  w e re  
c o r r e c t ,  a  p i l la r  b u i l t  f ro m  a  m a te r ia l  t h a t  h a s  a  P o i s s o n ’s 
r a t i o  o f  z e ro  w o u ld  h a v e  in f in i te  s t r e n g th  T h is  is, o f  
c o u r s e ,  im p o s s ib le : a  z e ro  P o is s o n  s r a t o  w o u ld  im p ly  
t h e  a b s e n c e  o f  l a t e r a l  c o n f in e m e n t ,  a n d  h e n c e  n o  s t r e n g th  
e n h a n c e m e n t  w o u ld  o c c u r .  I n  su c h  a  s i t u a t io n ,  th e  
s t r e n g t h  o f  t h e  p i l l a r  w o u ld  lie e q u a l  t o  t h e  u n ia x ia l  
c o m p r e s s iv e  s t r e n g t h  o f  t h e  c e m e n te d  m a te r ia l

I t  is  s im p le  t o  d e r iv e  a  s t r e n g th  “o r m u la  t h a t  a v o id s  
t h i s  in c o n s is te n c y  a n d  t h a t  is s t i ll  b a se d  o n  P o is s o n ’s 
e f fe c t  a n d  o n  th e  a s s u m p t io n  o f  e la s t ic  l ie h a v io u r  b y  b o th  
t h e  c e m e n te d  m a t e r i a l  a n d  th e  r e in fo rc e m e n t  'I hi-- 
m o d e l  w o u ld  h a v e  t o  s a t is f y  t h e  fo llo w in g  c r i t e r i a

(i)  T h e  t e n s i l e  fo rc e  e x e r t e d  o n  th e  r e in f o r c e m e n t  
m u s t lie in  e q u i l ib r iu m  w ith  th e  c o m p re s s iv e  
fo rc e s  o f  c o n s t r a in t  t o  w h ic h  th e  c e m e n te d  
m a te r ia l  is  s u b je c te d .

(ii)  T h e  h o r i z o n ta l  s t r a in  in  th e  r e in f o r c e m e n t  m u s t  
b e  e q u a l  t o  t h a t  in  t h e  c e m e n te d  m a te r ia l .

( i ii)  T h e  s t r e n g t h  o f  t h e  p i l la r  m u s t  s a t is f y  th e  
M o h r - C o u lo m b  c r i te r io n  fo r  f a ilu re  o f  b r i t t l e  
m a te r i a ls * :

<7nm =  t ”h +  <'c. (1)
w h e re  oh a n d  o c a r e  t h e  h o r iz o n ta l  c o n s t r a in in g

v - o,is

Modulus of cement
Modulus o* cemented motet mlI*

5I
?

|
5

d

0
Rolte of oreo of retnlortement to total oreo •  p

Fig. 2 S treng th  enhancem en t due to  la te ra l  re in forcem ent

RlS PILLARS

£is

O.ISo.«o OJO0
Poisson** tolto • V

Fig. 3 Influence of Foiison * ra t io  on the  a treng th  of rein­
forced pillars

s t r e s s  a n d  u n ia x ia l  c o m p re s s iv e  s t r e n g th  o f  th e  
b r i t t l e  m a te r i a l  r e s p e c t iv e ly ,  a n d  k  is  a  d im e n -  
s io n le s s  p a r a m e t e r  in  t h e  r e g io n  o f  f* fo r  a  v a r ie ty  
o f  b r i t t l e  ro c k s .

T h e s e  c r i t e r i a ,  t o g e t h e r  w i th  H o o k e ’s la w , I, a d  t o  t h e  
fo llo w in g  r e s u l ts  fo r  a r t i f ic ia l  p i l la r s  h a v in g  a  s q u a re  
c ro s s  s e c t i o n :

fmax (1; P) + ( l -  e)&P 
o c (1 ~ 'P H " (1  — e ) a p —h e a p

a n d
________________________________ZOX

o e ”  ( l - p ) + ( l - e ) o p _ ^ p  ' ’ * '  W
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w h e re  i j r is t h e  te n s i le  ' t r e '>  in  th e  iv m fo rv e m e n t  T he 
o t h e r  n o ta t io n s  a r e  th o s e  n s e d  m  t h e  [k u h t  The e x  
p re s s io n s  in  (2 ) a m i  (3) .ire  v a lid  a s  a  m g  a s

(I /l) -H I - e)a;jI' < I* o rap (4)

T h e  r e s u l ts  c o r re s p o n d in g  to  lo n g  r ih  p i l la r s  v a n  he 
o b ta in e d  f ro m  th o s e  in  (2 ) t o  (4) h v  th e  i n u l t ip l i e a t io n  o f  
f a c to r s  (I  c) a n d  v w h e re v e r  t h e y  o c c u r  b y  (1 • e) ID  
d e r iv e  th e s e  l a t t e r  r e s u l ts ,  p la n e  s t r a in  c o n d it io n s  w e re  
p o s tu la te d .  I n  F ig . 2 th e  s t r e n g th  o f  a  r ib  p i l la r  is p lo t t e d  
j < a  fu n c t io n  o f th e  r e in f o r c e m e n t  a r e a  fo r v a r io u s  
v a lu e s  o f  t h e  r a t i o  o f  m o d u li  T h e s e  r e s u l ts  d o  n o t  a p p e a r  

t o  d iffe r  g r e a t ly  fro m  th o s e  d e p ic te d  in  F ig  H o f  th e  
p a p e r  (p. 2 8 1). H o w e v e r , it i~> i m p o r t a n t  t o  n o te  t h a t  th e  
s t r e n g th  is  s t r o n g ly  d e p e n d e n t  o n  th e  v a lu e  o f  t h e  
P o is so n 'a  r a t i o  a n d  t h a t  i t  i n c r t a s f *  a s  th e  P o i so n  
r a t i o  is incrtastd (F ig . 3).

T h e re  a r e  tw o  c r i te r ia  t h a t  m u s t  h e  s a t is f ie d  i f  th e  
in te g r i ty  o f  t h e  a r ti f ic ia l  p i l la r s  is t o  he a s s u r e d  it i> 
n e c e s sa ry  fo r  th e  p i l la r  s t r e n g th  in  (2 ) a n d  th e  y ie ld  
s t r e n g th  o f  th e  r e in fo rc e m e n t  m a te r ia l  t o  e x c e e d  th e  
p i l la r  lo ad  a n d  th e  te n s i le  s i n  . in  lit/, r e s p e c t iv e ly  T h e  
l a t t e r  c r i te r io n  is n o t m e n t io n e d  in  t h e  p a p e r  in  r e s p e c t  o f

tilb1

F o i » t o n ' »  r a t i o  •  V 

Fig. 4 Tensile In th e  re inforcem ent

p illa rs  c o n s t r u c t e d  f ro m  c e m e n te d  m a te r ia l .  T h i s  is a  
s e r io u s  o m is s io n  I t  is c le a r  f ro m  F ig  t t h a t  t h e  t e n s i l e  
s t r e s s  in  t h e  r e in f o r c e m e n t  m a y  w ell Is c o m e  a  c r i t i c a l  
c o n d i t io n  fo r p i l la r  s o u n d n e s s .

E i  o n n m i r  E m - i i b i l i t i /

T h e  a u th o r s  c o n c e d e  o n  p . 2 8 8  t h a t  it is  n o t  p o s s ib le  
to  p r e d ic t  th e  t o t a l  c o s ts  o f  w a ll  b u i ld in g  v e r y  a c c u r a ­
t e l y ’ T h a t  is u n d e r s t a n d a b le  a t  t h i s  s ta ire  I t  is o f  u r e a l* ,r
 ....... . VII ' i t  in r  ' O-iclc ■ Itc iu p t IS m .id e  in  th e  p a p e r  t o
d  I d ie  h o w  I h e  I III! . I r m l i i e i  o f  I lie i i r l i t i i i a l  s u p p o r ts
is to  b, i n te g r a t e d  w ith  th e  m in in g p ro c e s s  I s  it~ n o ~ siB b  
to  a c h ie v e  th e  in te g r a t i o n  w i t h o u t  th e  s lo w in g  d o w n  o f  
m in in g  o p e r a t io n s ?  I f  n o t ,  w h ic h  se e m s  t o  m e  a  s t r o n g  
po.- a b i l i ty ,  t h e  c o s t  a n a ly s i s  u s  p r e s e n te d  is  i n v a l id .  
I n c re a s e d  m in in g  c o s ts ,  in  a d d i t i o n  to  t h e  c o s t  o f  th e  
n e w  u p p o r t s  * ill h a v e  t o  lie  c o v e re d  b y  t h e  e x t r a  
r e v e n u e  e a r n e d .

C o m m e n t

I t  is t o  Is* r e g r e t te d  th  t t h e  a u th o r s  v e n tu r e d  I w y o n d  
th e  p r e s e n ta t i o n  o f  t h e i r  id- a s  c o n c e rn in g  t h e  t h e o r e t i c a l ^ /  
s t r e n g th  o f  h o r iz o n ta l ly  r e in f o r c e d  a r t i f ic ia l  .su p f» o rt/- - fTi 
in ch  a  p a [s* r, t h e  s t a t e m e n t  t h a t  t h e  ‘te c h n ic a l  c o n te n t s  

o f  t h i s  p a p e r  a r e  b e lie v e d  to  b e  c o m p le te ly  o r ig in a l ,  a n d  
t h e r e  a r e  n o  r e fe r e n c e s  t o  r e la te d  w o r k ’ (p . 2 8 9 )  w o u ld  
p e r h a p s  Is? a c c e p ta b le

A s i t  is, th e  p a p e r  g o e s  f a r  l ie y o n d  t h i s  p o .n t  I t  c la im s  
t h a t  ( i)  a r t i f i c ia l  s u p p o r t  s y s te m s  r a n  b e  d e s ig n e d  
r a t i o n a l l y ;  (ii) th e  t h e o r y  g iv e s  a c c u r a t e  p r e d ic t i o n s  o f  
s u p p o r t  s t r e n g th ;  (iii) th e  p r o p o s e d  s u p p o r t  s y s te m s  a re  
f le x ib le  a n d  c a n  he  v a r ie d  t o  s u i t  d i f f e r e n t  w o r k in g  
h e ig h t s  a n d  lo a d s  . (iv ) p r e lo a d in g  b y  ja< k in g  e n s u r e s  t h a t  
t h e  s u p p o r t s  a r e  s t i f f  ( r e la t i  "e t o  w h a t? )  a n d  p ro o f -  
t e s t e d ;  a n d  (v ) i t  c a n  b e  u s e d  p r o f i ta b ly  p r o v i d e d  th e  
c o s t  o f  c o n s t r u c t io n  lie s  w i t h in  d e f in a b le  l im i ts ,  e t c  

I s u b m i t  t h a t  th e s e  c la im s  a r e  n o t  j u s t i f i e d  b y  th e  
m a te r ia l  p r e s e n te d ,  a n d  t h a t  th e  p a p r r  w o u ld  h a v e  
b e n e f i te d  f ro m  a  c lo se  s t u d y  o f  t h e  r e l a t e d  l i t e r a t u r e
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C o n t r i b u t i o n  by H .  W A G N E R *  a n d  B. M A D D E N

T lio  u se  o i a r t i f i c i a l  p i l la r s  t o  e x t r a c t  m in e r a l  d e p o s i ts  
a s  c o m p le te ly  a s  is  f e a s ib le  is n o t  n e x t . a n d  h a s  t a x e d  th e  
m i n d '  ol m a n y  g e n e r a t io n s  o f  m in in g  e n g in e e r s  T h r e e  
f a c to r s  h a v e  p r e v e n t e d  th e  a p p l ic a t io n  o f  t h is  a t t r a c t i v e  
c o n c e p t  o n  a n y  s ig n i f ic a n t  s c a le :  it w a s  fo u n d  to  be  
c x t r c m e h  d if f ic u l t ,  i f  n o t  im p o s s ib le ,  t o  d e s ig n  a  s y s te m  
o f  a r ti f ic ia l  p i l l a r s  o f  su ff ic ie n t strength a n d  stiffne.ss th a t  
w o u ld  (i) c a r r y  t h e  w e ig h t  o f  t h e  o v e r b u rd e n ,  (ii) e n s u re  
s t a b l e  m in in g  l a y o u t s ,  a n d  ( in )  b e  economic. I t  w a s , 
th e r e f o r e ,  w i th  c o n s id e r a b le  in te r e s t  t h a t  w e fo llo w ed  th e  
d e v e lo p m e n t  o u t l i n e d  in  th e  p a j ie r  o n  s u p p o r t  in  sha llow  
m in e s  u s in g  h o r iz o n ta l ly  r e in fo rc e d  s y s te m s

C lo se  s c r u t in y  o f  t h e  c o n c e p t '  p ro p o s e d  in  th e  p a p e r  
a n d  t h e  d s t a  p r e s e n t e d  c a s ts  c o n s id e ra b le  d o u b t  o n  so m e  
o f  t h e  c o n c lu s io n s  r e a c h e d  b y  th e  a u th o r s  I n  p a r t i c u l a r ,  
t h e  c o n c lu s io n s  t h a t  th e  s y s te m  c a n  lie d e s ig n e d  r a t i o n ­
a l l y  t o  s u p p o r t  a  p r e d e te r m in e d  o v e r b u rd e n  lo a d , a n d  
t h a t  th e  s y s te m  c a n  lie u s e d  p ro f i ta b ly  p r o v id e d  th e  c o s t  
o f  w a ll b u i ld in g  lie s  w i th in  d e f in a b le  l im its ,  a n ' m is ­
le a d in g  s in c e  t h e y  a r e  l ia se d  o n  s im p lis t ic  a s s u m p t io n s .  
B e c a u s e  o f  t h e  f a r  r e a c h in g  c o n se q u e n c e s  o f  th e s e  s t a t e ­
m e n t s .  w e c o n  d e r  it n e c e s s a ry  t o  e la b o r a te  o n  so m e  o f  
t h e  a s p e c ts  o f  h o r i z o n ta l ly  r e in f o r c e d  s y s te m s  

L o a d  T r a  n s f e r

I n  d e r iv in g  t h e  c o n c lu s io n  t h a t  th e  s y s te m  c a n  lie 
d e s ig n e d  r a t i o n a l l y  t o  s u p p o r t  a  p r e d e te r m in e d  o v e r ­
b u r d e n  lo a d , t h e  a u th o r s  c o n s id e r  th e  s im p lif ie d  b u t  
u n r e a l is t ic  c a s e  t h a t  t h e  b e h a v io u r  o f  th e  s t r a t a  s u r ­
r o u n d in g  l*ord a n d  p i l l a r  w o rk in g s  c a n  lie re s e m b le d  b y  
t h e  m o d e ll in g  o f  t h e  b e h a v io u r  o f  a  t t" n  r iwit ts-nm  I n  t h e  
e x a m p le s  g iv e n  in  th e  A d d e n d u m  o f  p  289 , th e  th ic k n e s s  
o f  t h e  r o o f  l ie a m  v a r ie d  b e tw e e n  1 ,.ri a n d  2 ,5  m  A d e ta i le d  
a n a ly s i s  o f  s t r a t a  m o v e m e n ts  in  b o rd  a n d  p i l la r  w o rk in g s  
sh o w s  t h a t  t h e  s v n p o r t , t h e  s t r a t a  a b o v e  th e  s e a m , a n d  
th e  s t r a t a  lie low t h e  s e a m  p a r t i c ip a te  in  th e  d e fo rm a t io n  
m e c h a n is m 1. F u r t h e r m o r e ,  tie rau .se  o f  t i n  c o m p re s s ib i­
l i t y  o f  th e  s u p p o r t s ,  t h e  c r i t i c a l  d im e n s io n  fro m  th e  p o in t  
o f  view  o f  o v e r a l l  s t r a t a  c o n tro l  is th e  m in im u m  la te ra l  
d im e n s io n  o f  t h e  m in in g  p a n e l ,  a n d  n o t  th e  w id th  a s  
d e te r m in e d  b y  t h e  d i s t a n c e  Ix -tw een  t h e  s u p p o r t  p i l la r s ,  
s ,  a n d  t h e  p i l la r  w id th ,  b .  a s  su g g e s te d  b y  th e  a u th o r s  in 
e q u a t i o n  (2) o n  p .  2 7 8  T h e  m a m  s h o r tc o m in g  o f  th e  
s im p lif ie d  a p p r o a c h  is  t h a t  it ig n o re s  t h e  lo ad  t r a n s f e r  
f ro m  th e  m in e d  o u t  a r e a  t o  th e  p a n e l  a b u tm e n ts  It w ill 
lie  s h o w n  t h a t  i t  is  t h i s  lo a d  t r a n s f e r  t h a t  c a n  le a d  to  
d a n g e r o u s  c o n d i t io n s  i n  t h e  w o rk in g  a r e a s  a n d  re g io n a l  
in s ta b i l i t i e s .

T h e  lo a d  t r a n s f e r  f ro m  th e  m in e d  o u t  a r e a  to  t he  p a n e l  
a b u tm e n t s  a n d  t h e  w o r k in g  f a re  is a  f u n c tio n  o f  th e  
a m o u n t  o f  e la s t i c  s t r a t a  d e f le c tio n  th a t  is a llo w e d  to  
t a k e  p la c e  in  t h e  m in e d - o u t  a r e a  T h e  s t r a t a  d e f le c t io n  is 
a  f u n c t io n  o f  t h e  p a n e l  d im e n s io n s  a n d  g e o m e try ,  th e  
th ic k n e s s  a n d  e la s t ic  p r o p e r t i e s  o f  th e  o v e r ly in g  s t r a t a ,
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a n d  th e  lo a d  d e f o r m a t io n  c h a r a c te r i s t i c s  o f th e  s u p p o r t  
in  t h e  m in e d  o u t  a r e a .  I n  t h e  c a s e  o f  t o t a l  e x t r a c t i o n  
p a n e ls ,  t h a t  is  p a n e ls  w i th  n o  in te r n a l  s u p j io r t ,  t h e  lo a d  
a c t in g  o n  th e  p a n e l  a b u tm e n t s  is  l im i te d  b y  th e  s t r e n g th  
p r o p e r t i e s  o f  t h e  ro o f  s t r a t a ,  w h ic h , in  t u r n ,  g o v e rn  th e  
a m o u n t  o f  s t r a t a  d e f le c t io n  t h a t  c a n  t a k e  p la c e  lie fo re  
fa i lu re  o f  t h e  r o o f  s t r a t a  o c c u rs . O n c e  t h e  r o o f  s t r a t a  h a v e  
c a v e d ,  o n ly  th e  w e ig h t  o f  t i e '  o v e r h a n g in g  s t r a t a  h a s  t o  
lie s u p p o r t e d  b y  th e  p a n e l  a b u tm e n t s  a n d  w o rk in g  fa c e  
E a r l y  c a v in g  o f  t h e  r o o f  s t r a t a  is  th e r e f o r e  a  d e s i r a b le  
f e a tu r e  o f  t o ta l  e x t r a c t i o n  s y s te m s  I n  th e  c a s e  o f  m in in g  
s y s te m s  e m p lo y in g  in te r n a l  s u p p o r t  in  t h e  m in e d  o u t  
a r e a ,  e i t h e r  in  t h e  fo rm  o f  n a tu r a l  p i l la r s  o r  a r ti f ic ia l  
su p jH ir t ,  t h e  m a g n i tu d e  o f  t h e  a b u tm e n t  s t r e s s e s  is 
c o n tr o l l e d  b y  th e  c o m p r e s s ib i l i ty  o f  th e  p i l la r s  o r  s u p ­
p o r t s  A s  a  r u le ,  t h e  s t i f f e r  t h e  s u p p o r t  e le m e n ts ,  t h e  
lo w e r w ill lie th e  a b u tm e n t  s tr e s s e s .

T o  i l l u s t r a te  t h e  a lx iv e  c o n c e p ts ,  tw o  s i tu a t io n s  
e n v is a g e d  b y  t h e  a u th o r s  w ill lie c o n s id e re d  in  d e ta i l .  
F i r s t ,  t h e  e f fe c ts  o f  a r t i f ic ia l  s u p p o r t s  o f  d i f f e r e n t  s t i f fn e s s  
o n  th e  s t r e s s  d i s t r ib u t i o n  a r o u n d  a  200 m  w id e  e x t r a c t io n  
p a n e l  s i t u a t e d  a t  a  d e p th  o f  100  m  a re  e x a m in e d .  T h e  
s e c o n d  e x a m p le  c o n c e rn s  t h e  s t r e s s  d i s t r ib u t io n  in  a  
c o n v e n t io n a l  l io rd  a n d  p i l la r  p a n e l  in  w h ic h  c o a l p i l la r s  
a re  b e in g  e x t r a c t e d  u n d e r  t h e  p r o te c t io n  o f  a r t i f ic ia l  
s u p p o r t  p illa rs .

A r t  i f  t r i a l  S u p p o r t s  o f  D i f f e r e n t  S t i f f n e s s

F ig  1 sh o w s  th e  d i s t r ib u t i o n  o f  v e r t ic a l  s t r e s s e s  a c t in g  
o n  t h e  a b u tm e n ts  a n d  in te r n a l  s u p p o r t  p i lla rs .  F o r  
c o n v e n ie n c e ,  t h e  s t r e s s  v a lu e s  h a v e  b e e n  n o rm a liz e d  
w i th  r e s p e c t  t o  th e  v a lu e  o f  t h e  v e r t ic a l  c o m p o n e n t  o f  
p r im i t iv e  s t r e s s  I n  t h e  e x a m p le ,  c o n t in u o u s  a r ti f ic ia l  n b  
p i l la r s  1,2 m  w id e  a n d  1,8 m  h ig h , w h ic h  a re  s e p a r a te d  
b y  fi,3  m  w id e  b o n is ,  h a v e  b e e n  m o d e lle d . T h e  c o m ­
p re s s iv e  m o d u lu s  o f  t h e  p i l l a r  m a te r ia l  in  F ig . 1 is 1 G P a  

I n  F ig  2 th e  m a x im u m  s t r e s s  c o n c e n tr a t io n  o n  th e  
a r t i f ic ia l  s u p j io r t  p i l l a r s  a n d  t h e  p a n e l  a b u tm e n t*  is  
p lo t t e d  a s  a  f u n c t io n  o f  t h e  m o d u lu s  o f  c o m p re s s io n  o f  
th e  p i l l a r  m a te r ia l .  T h e  u p j ie r  v a lu e  o f  3  G P a  c o r re s p o n d s  
t o  t h e  in  s i t u  m o d u lu s  o f  e l a s t i c i ty  o f  co a l. T w o  i m p o r ­
t a n t  o b s e r v a t io n s  c a n  lie m a d e  fro m  th e  t r e n d s  s h o w n  in  
F ig  2  F i r s t ,  t h e  a r t i f ic ia l  s u p p o r t  p i l la r s  in  th e  c e n t r e  o f  
t h e  p a n e l  c a r r y  a  s ig n if ic a n t  p r o p o r t io n  o f  th e  o v e r ­
b u r d e n  lo a d  o n ly  i f  t h e  m o d u lu s  o f  c o m p re s s io n  o f  th e  
p i l l a r  m a te r ia l  e x c e e d s  a  v a lu e  o f  1 G P a  I n  t e r m s  
o f  t h e  t r i b u t a r y  a r e a  c o n c e p t ,  th e  v e r t ic a l  s t r e s s  c o n  
e e n t r a t i o n ,  C ,  i n  t h e  a r t i f ic ia l  s u p p o r t  r ib s  o f  w i d t h , 
b  w h ic h  a re  s e p a r a t e d  b y  l o r d s  o f  w id th  s, is

W ith  t h e  a p p r o p r i a te  v a lu e s  fo r  # = 6 ,3  m  a n d  6 =  1 ,2  m , 
a  st re s s  c o n c e n t r a t io n  o f  6 ,2 5  r e s u l ts .  S e c o n d , in  t h e  c a se  
o f  s u p p o r t  p i l la r s  h a v in g  a  m o d u lu s  o f  c o m p re s s io n  o f  
le s s  t h a n  1 G P a ,  m o s t  o f  t h e  w e ig h t  o f  t h e  o v e r b u rd e n  
in  t h e  m in e d  o u t  a r e a  h a s  t o  lie  c a r r ie d  b y  t h e  p a n e l  
a b u tm e n ts  a n d  t h f  w o rk in g  fa c e . T h e  r a p id  in c re a s e  in
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Fig. I - S tres i  d is tr ibu tion  around a 200 m-wide to tal ex trac tion  panel s i tua ted  a t  a dep th  of 100 m. The pane! is suppor ted[by  
artificial pillars th a t  a re  constructed  from  a m ater ia l  with a modulus of compression of I CPa. Because the  pane l  is sym­

m etrical,  only the  right-hand t ide  is shown.

t h e  s t r e s s  c o n c e n tr a t io n  a t  t h e  p a n e l  a b u tm e n t s  a m i 
w o rk in g  face  fo r  low  v a l u e s  o f  p i l la r  m o d u lu s  o f  v o m p r r s  
.sion is  e v id e n t  f ro m  Kig 2. H ig h  s t r e s s  c o n c e n t r a t io n s  a t  
th e  w o rk in g  faces  v a n  g iv e  r is e  t o  s e r io u s  s t r a t a  c o n tro l  
p ro b le m s , a n d  o f te n  re q u ir e  s p e c ia l  s u p p o r t  m e a s u re s .  
I n  t h i s  c o n n e c tio n ,  m e n t io n  m u s t  Is- m a d e  o f  th e  d if f ic u lt  
g r o u n d  c o n d it io n s  e n c o u n te r e d  in  t o t a l  e x t r a c t i o n  
p a n e ls  w h e n  n in u n g  o c c u r s  u n d e r  a  th ic k  s a n d s to n e  r r s if  
o r  m a s s iv e  d o le r i te  s il ls  A n  i m p o r t a n t  f e a tu r e  o f  m in in g  
s y s te m s  e m p lo y in g  r e la t iv e ly  s o f t  s u p p o r t  r ib s  is t h a t  th e  
c o n d i t io n  o f  h ig h  s t r e s s  c o n c e n t r a t io n s  a t  t h e  w o rk in g  
fa c e  is  m a in ta in e d  th r o u g h o u t  m o s t  o f  th e  life  o f  th e  
p a n e l ,  s in c e  i t  is  t h e  f u n c tio n  o f  th e s e  n b s  t o  p r e v e n t  
f a i lu re  o f  th e  ro o f  s t r a t a  in  t h e  m in e d  o u t  a r e a

I t  s h o u ld  be n o t e d  t h a t  t h e  a u th o r s  p ro p o s e  to  co m  
p r e s s  th e  lo w e r p o r t io n  o f  t h e  s u p p o r t  r ib  to  th e  d e s ig n  
lo a d  so  t h a t  a d v a n ta g e  v a n  lie  t a k e n  o f  th e  v e ry  m u c h  
h ig h e r  re lo a d in g  m o d u lu s .  T o  d o  th is  e f fe c tiv e ly ,  a  s p a c e  
o f  a t  le a s t  3 0 0  m m  is r e q u ir e d  fo r  t h e  in s e r t io n  o f  th e  
j a c k in g  s y s te m . T h is  sp a c e  w ill h a v e  to  Is- t ille d  a f t e r  
t h e  lo w e r h a lf  o f  t h e  p i lla r  h a s  b e e n  c o m p n  sed  T h e  
a u th o r s  e n v is a g e  t h e  u se  o f  p r e c a s t  s la b s  o r  w e d g e s , a n d  
f in a l g r o u t in g  i f  w e d g e s  a re  n o t  u se d . B e c a u se  o l th e  
u n a v o id a b le  r o c f  i r r e g u la r i t ie s  a n d  th e  v a r ia t io n s  in  t h e  
w id th  o f  th e  j a c k in g  s p a c e ,  i t  a p p e a r s  u n l ik e ly  t h a t  
e f f ic ie n t  u se  r a n  lie m arie  o f  p r e c a s t  e le m e n ts  a n d  t h a t  
e x te n s iv e  u se  w ill h a v e  to  lie m a d e  o f  e i t h e r  g u n i tm g  o r  
g r o u t in g .  B e c a u se  o f  th e  t im e  r e q u ir e d  fo r th e  g r o u t  
m a te r i a l  to  d e v e lo p  i ts  s t r e n g th  p r o p e r t ie s ,  i t  w ill n o t  lie

?■

(WtH-col l o p p o r l  g l i m s  j n  _  
 -------------------c e n t r e  e l  p a n e l

v 1
I
o- *

s u 1
i ijHi-'nenl , .**& ,nq I ace

Is
t

0,5

re-toodinq modulus ol pillar (GPol

Fig. 2 Effect of the  reloading modulus of th e  p i l la r  m ater ia l  
o n  the  stress concentra tion  a t  th e  in ternal  s u p p o r t  pillars 

and the  panel abu tm ents .
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i ll  i lf  t u  n '- i s t  a n y  m il m l s t r u t ’; m n v v n ii’i it  e f f f v t iv c ly ,  n o r  
«  ill it In ,i t i l r  to  p r v v m t  a n y  s t r a t a  s i - |in ra t io n  th a t  m a \  
h a i r  t a k e n  p la e e  in  t l ie  riH>f c lose  to  t h e  w o rk in g  f in e

F ig  .'t g iv e s  a n  e s t im a te  o f  t h e  e f fe c ts  o f  u n im p  
p o r t e d  g a p s  o n  th e  r e lo a d in g  m o d u lu s  o f t h e  a r t i f ic ia l  
s u p p o r t  p i l la r s .  T h e  t r e n d s  sh o w n  in  th e  d ia g r a m  ,o e  fo r  
a  p i l l a r  m a te r ia l  t h a t  I use a  r e lo a d in g  m o d u lu s  o f  I Cl F a  
a n d  a n  v a l id  fo r  s t n  s le v e ls  o f  111 M F a  T h e  e f fe c tiv e  
r e lo a d in g  m o d u lu s  o f  t h e  p i l la r  w ill Is- lo w e r  t h a n  s h o w n  
in  t h e  d ia g r a m  fo r  s t r e s s  lev e ls  la-low  1(1 M P a  h u t  
h i g h e r  fo r  p i l l a r  s t r e s s  le v e ls  a ls iv e  III M F a  T h '.- in f lu e n c e  
o f  e v e n  v e r y  s m a ll  g a p s  o n  tin - e f fe c t iv e  r e lo a d in g  
m o d u lu s  o f  p i l la r s  is v e ry  m a rk e d ,  a n d  h ig h l ig h ts  th e  
s e n s i t i v i t y  o f  t h e  a r t i f ic ia l  p i l la r  s y s te m  to  o p e r a to r  
a b u s e .  I f  n o r m a l  m in in g  c o n d i t io n s  a n d  th e  o |i e r a t io n a l  
e n v i r o n m e n t  a re  t a k e n  in to  a c c o u n t ,  it is d iff ic u lt to  
v i s u a l i z e  t h a t  v a lu e s  o f  p i l la r  r e lo a d in g  m o d u lu s  in  
e x c e s s  o f  (15  G P a  r a n  la- a c h ie v e d  c o n s i s te n t ly  a n d  
r e l i a b ly  It fo llo w s  th e r e f o r e  t h a t ,  u n d e r  m o s t c o n d it io n s ,  
t h e  a r t i f ic ia l  p i l la r s  w ill c a r r y  o n ly  a  r e la t i v e ly  sm a ll  
jx i r t io i i  o f  t h e  w e ig h t  o f  t h e  o v e r b u rd e n ,  w h ile  t h e  p a n e l  
a b u t m e n t s  a n d  w o rk in g  fa c e s  w ill U- h ig h ly  s t r e s s e d  T h e  
n e e d  fo r  p r e s t r e s s e d  s u p p o r t  p i l la r s  h a s  b e e n  re c o g n iz e d  
h v  t h e  a u th o r s ,  h u t  i t s  im p o r ta n c e  o n  th e  w o rk in g  
c o n d i t i o n s  m  t o t a l  e x t r a c t i o n  p a n e ls  h a s  n o t  Ix-en  fu l ly  
a p p r e c i a t e d

S o  f a r  o n ly  t h e  e ffe c t o f  t h e  p i l la r  m a te r i a l  o n  th e  s t r e s s  
c o n d i t i o n s  a r o u n d  t o t a l  e x t r a c t i o n  p a n e l s  h a s  fs -e n  d is  
c u s s e d .  H o w e v e r ,  t h i s  is o n ly  o n e  o f  th e  d e s ig n  p a r a ­
m e t e r s  O th e r  p a r a m e te r s  a re  th e  e x t r a c t e d  se a m  h e ig h t  
a n d  th e  c ro s s  s e c t io n a l  a r e a  o f  t h e  p i l la r s .  T h e s e  tw o  
f a c to r s ,  to  e th e r  w i th  t h e  p i l la r  m a te r ia l ,  d e te r m in e  th e  
s t i f f n e s s ,  ' ,  o f  t h e  s u p p o r t  s y s te m  T h e  l a t t e r  is d i r e c t ly  
p r o p o r t io n a l  t o  t h e  c ro s s  s e c tio n a l  a n -a  o f  th e  p i l l a r  a n d  
t h e  c o m p r e s s io n  m o d u lu s  o f  th e  p i l l a r  m a te r i a l .  b u ‘ 
i n v e r s e lv  p r o p o r t io n a l  t o  t h e  p i l la r  h e ig h t  

t
I ______________ ^  ?QP______________________

0,*

I

P i l l a r  h e i g h t  ( m )

Fig. 3 Effect! of u n sup po r ted  gaps be tw een  tops of support 
p il la rs  and  Im m edia te  roof contac t o r  s t r a ta  separa tion  on 

th e  effective re loading modulus of th e  pillar m ateria l .

sj
I
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i ",
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..OfiiftcKii suppc-n pillOf
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• mnxkrnj foe#

P il lo r  h e ig h t  " h *  ( m )

Fig. 4 Effect of p illar height, h, on th e  stress concentration  
at th e  in ternal suppor t  pillars and  th e  panel abu tm en t .  The 
d ep th  of mining is 100 m, the  pa.iel width 200 m, and the  

reloading modulus of th e  m ater ia l  I GPa.

T h e  in f lu e n c e  o f  t h e  l a t t e r  o n  t h e  s t i e s s  c o n c e n tr a t io n  
a r o u n d  a  t o t a l  e x t r a c t i o n  p a n e l  is e x a m in e d  in  F ig . 4 
T h e  r e d u c e d  e ffic ie n c y  o f  t h e  a r t i f ic ia l  s u p jx j r t  p i l la r s  a t 
h ig h e r  s e a m  th ic k n e s s e s  is  e v i d e n t . A - w a s  p o in te d  o u t  
a b o v e ,  t h e  s t i f fn e s s  o f  t h e  s u p p o r t  s y s te m  a n d  c o n se  
q u e n t l y  i ts  e f fe c t iv e n e s s ,  c a n  lie  im p r o v e d  b y  a n  in c re a se  
m  th e  p i l la r  a r e a  A s a t t r a c t i v e  a s  t h is  a p p r o a c h  is fro m  
t h e  p o in t  o f  v iew  o f  s t r a t a  c o n tr o l  it r e s u l ts  in  u n f a v o u r ­
a b le  e c o n o m ic s  s in c e  t h e  c o s t o f  t h e  s u p p o r t  s y s te m  a n d  
th e  t im e  r e q u i r e d  t o  in s ta l l  i t  in c re a s e  m o re  o r  less  
p r o p o r t io n a l ly  w i th  j - ’la r  size 

S l r e . s u  D i a l r i b u t t a n  i n  B o r d - a n d - p i l l a r  W o r k i n g s

I n  t h e i r  p a p e r  t h e  a u th o r s  m e n t io n  a  s e c o n d  a p p lie s  
t io n  o f  t h e  a r t i f ic ia l  p illa i  s u p p o r t  s y s te m , n a m e ly  th a t  
in  c o n n e c t io n  w ith  t h e  e x t r a c t i o n  o f  p i l la r s  fro m  e x is t in g  
U in l  a n d  p i l la r  w o rk in g s  I n  t h i s  in s ta n c e  i t  is  e n v is a g e d  
t h a t  t h e  c o a l p i l la r s  a r e  e x t r a c t e d  u n d e r  th e  p ro te c t io n  o f  
t h e  a r t i f ic ia l  s u p ja i r t  p i l la r s .  T h e  a u th o r s  g iv e  n o  d e ta i ls  a s  
t o  how  th is  c o u ld  Is d o n e  in  p r a c t ic e

A p o s s ib le  a p p r o a c h  is t o  f irs t in s ta l l  t h e  a r ti f ic ia l  
s u p p o r t  p i l la r s  in  t h e  l o r d s  t h a t  a n -  p a ra l le l  t o  th e  l in e  o f  
p i l la r  e x t r a c t i o n ,  a n d  th e n  t o  s p l i t  th e  c o a l p i lla r s  a n d  
in s ta l l  a r t i f ic ia l  p i l la r s  in  t h e  s p l i t s  b e fo re  the. r e m a in d e r  
of t h e  p i l l a r  is e x t r a c t e d  A c lo se  e x a m in a t io n  o f  th is ,  a s  
w ell a s  o f  s e v e ra l  o th e r  p o s s ib i l i t i e s  o f  e x t r a c t in g  th e  co a l 
p i l la r s ,  r e v e a ls  a  n u m lie r  o f  lo g is t ic  p ro b le m s  a s  fa r  a s  
th e  b a s ic  m in in g  o j ie r a t to n s  a r e  c o n c e rn e d  B y  fa r  th e  
m o s t  s e r io u s  o f  t in  sc a re  t h e  tra i is jM ir ta tio ii  o f  th e  co a l 
f ro m  t h e  w o rk in g  p la c e ,  a n d  o f  t h e  s u p p o r t  m a te r ia l  to  
th e  w o rk in g  p la c e  A n o th e r  p r o b le m  a n a  is  t h e  i n t e r ­
a c t io n  b e tw e e n  th e  e x t r a c t io n  o f  t h e  c o a l o n  t h e  o n e  h a n d  
a n d  th e  i n s t a l l a t i o n  o f  th e  s u p p o r t s  o n  t h e  o th e r .  F o r  
r e a s o n s  o f  g r o u n d  c o n tro l ,  s a f e ty ,  a n d  s e u tio n  p r o d u c ­
t i v i t y ,  s u p p o r t  in s ta l l a t io n  h a s  t o  lie c o n c u r r e n t  w i th  
t h e  e x t r a c t i o n  o f  co a l. S in c e  t h e  b u ild in g  o f  s u p p o r t  
p i l la r s  is  t im e  c o n s u m in g  a n d  in te r f e r e s  w ith  th e  
m in .n g  o f  c o a l, t h e  tw o  a c t iv i t i e s  h a v e  t o  b e  s e p a ra te d
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Fig. S Vertical stress  concentra tion  around an existing bord-ar.d-pillar panel in which pillars a re  e x trac ted  accord ing  to  the  
concept of artificial support pillars. The dep th  of mining is 100 m, the seam thickness 1,8 m, and the  modulus of com press io n  of

the  pillar m ate ria l  I GPa.

g e o g ra p h ic a l ly .  T o  re c o n c ile  th e s e  c o n f lic t in g  r e q u i r e ­
m e n ts ,  th e  m in in g  o p e r a t io n s  h a v e  to  lie s p l i t  in to  s u p  
p o r t  o p e r a t io n s  in  o n e  h a l f  o f  t h e  p i l la r  e x t r a c t i o n  l in e , 
a m i  p i l la r  r e m o v a l  in  th e  o t h e r  h a lf . A l th o u g h  th is  is 
o r g a n iz a t io n a l ly  fe a s ib le , it m e a n s  t h a t  t h e  n u m b e r  o f  
a v a i la b le  w o rk in g  p la c e s  is  g r e a t ly  r e d u c e d .  T h is  h a s  
s e r io u s  im p l ic a t io n s  a s  f a r  a s  t h e  p r o d u c t iv i ty  a n d  s e c t io n  
o u t p u t  a re  c o n c e rn e d  w h e n  c o n v e n t io n a l  m e c h a n iz e d  
e q u ip m e n t  is  u se d , b u t  is l ik e ly  t o  lie o f  less  im p o r ta n c e  
in  t h e  case  o f  c o n t in u o u s  m in e r  o p e r a t io n s .  F ro m  th is  
d is c u s s io n  i t  fo llo w s t h a t  t h e  e c o n o m ic s  o f  t h e  a r ti f ic ia l  
p i l la r  s u p p o r t  d e p e n d  n o t  o n ly  o n  th e  r u s t  o f  th e  s u p p o r t  
b u t ,  e v e n  m o re  so , o n  t h e  e f fe c ts  o f  t h e  c o n c u r r e n t  
s u p p o r t  a n d  m in in g  a c t iv i t i e s  o n  p r o d u c t iv i ty ,  e q u ip ­
m e n t  u t i l iz a t io n ,  a n d  s e c t io n  o u tp u t

M ore se r io u s  t h a n  th e  e c o n o m ic  a s p e c ts  o f  th e  u se  o f  
a r t i l ic ia l  s u p p o r t  p i l la r s  in  e x is t in g  h o r d  a n d  p i lla r  
w o rk in g s  a re  so m e  o f  th e  s t r a t a  c o n tro l  a s p e c ts .  Aa a n  
i l lu s t r a t io n  o f  th e s e ,  th e  e x t r a c t io n  o f  c o a l p i l la r s  f ro m  
e x is t in g  w o rk in g s  s i t u a t e d  a t  a  d e p th  o f  100 m  w as 
e x a m in e d  F ig  5  sh o w s th e  s t r e s s  c o n c e n tr a t io n s  o n  th e  
s o l id  a b u tm e n ts ,  th e  i n t a c t  co a l p i l la r s ,  th e  p illa rs  
u n d e r  e x t r a c t io n ,  a n d  th e  a r ti f ic ia l  s u p p o r t  p illa rs .
D e s p i te  th e  r e la t iv e ly  sm a ll  m u u n g  s p a n  o f  6 0  m , th e  
v e r t ic a l  s t r e s s  c o n c e n tr a t io n  o n  th e  p i l la r s  t h a t  a re  tie m g  
e x t r a c t e d  is e x tr e m e ly  h ig h . C o n s id e r in g  t h a t  th e  o r ig in a l  
p i l la r s  a r e  d e s ig n e d  w ith  a  s a f e ty  f a c to r  t h a t  r a n g e s  
ty p ic a l ly  f ro m  1,6 t o  2 ,5 , i t  is im m e d ia te ly  a p p a r e n t  t h a t  
t h e  p illa rs  in  t h e  e x t r a c t io n  lin e  a n d  i ts  v ic in i ty  c a n n o t  
w i th s ta n d  th e  v e r y  h ig h  s t r e s s  c o n c e n tr a t io n s  w i th o u t  
s e v e re  f r a c tu r in g .  T h e  p o s s ib i l i ty  o f  s u d d e n  fa ilu re  o f  
c o a l  r ib s  in  t h e  e x t r a c t io n  lin e  c a n n o t  h e  d e n ie d . T h e  
im p l ic a t io n s  o f  th is  b e c o m e  a p p a r e n t  i f  i t  is c o n s id e re d  
t h a t  m o s t  m in in g  o p e r a t io n s ,  in c lu d in g  th e  in s ta l l a t io n  
o f  a r ti f ic ia l  s u p p o r t  p i l la r s ,  t a k e  p la c e  in  t h is  a r e a  In  
c o n v e n t io n a l  p i l la r  e x t r a c t i o n  o p e r a t io n s ,  t h is  d a n g e r  is 
o v e rc o m e  la rg e ly  b y  e n c o u ra g in g  th e  r o o f  s t r a t a  t o  c a v e  
a s  so o n  a f t e r  p i l la r  re m o v a l  a s  p o ss ib le  T o  a c h ie v e  th is ,  
a  m in im u m  a m o u n t  o f  s u p p o r t  is le f t  in  th e  m in e d  o u t  
a r e a ,  a n d  o n e  o f  th e  g o ld e n  ru le s  o f  su c c e s s fu l  p i l la r

1
2 
I a r t i f ic i a l  p i l a r

i

3

$

re-loading modulus of artificial pillars (GPa)

Fig. a  Effect of the  modulus of compression on th e  stress 
conditions In pil lar-eetractlon panels employing  artificial 
support pillars.  The depth  of mining Is 100 m, th e  e a t r a c te d  

•pan *0 m, and the  mining height 1,1 m .

e x t r a c t io n  is t o  le a v e  n o  p i l la r  r e m n a n ts  a n d  so  p ro v id e  
as l i t t l e  s u p p o r t  a s  p o s s ib le  t o  t h e  ro o f  s t r a t a  a n d  p r e v e n t  
e x te n s iv e  s t r a t a  o v e rh a n g s .  T h e  c o n c e p t  o f  a r t i f ic ia l  
s u p p o r t  p i lla rs , o n  th e  o th e r  h a n d ,  is d e s ig n e d  to  m a i n ­
ta in  t h e  in te g r i ty  o f  th e  ro o l  s t r a t a  a n d  to  p r e v e n t  ro o f  
fa ilu re  a s  fa r  a i  p o ss ib le .

A s in  t h e  p re v io u s  case , t h e  m o d u lu s  o f  c o m p r e s s io n  
o f  t h e  a r t i f ic ia l  s u p p o r t  p i l la r s  is  a  c r i t ic a l  d e s ig n  p a r a  
m e te r .  F ig . 6 sh o w s  h o w  th e  s t r e s s  c o n d i t io n s  in  t h e  
e x t r a c t io n  p a n e l  t le p e n d  o n  th e  m o d u lu s  o f  c o m p r e s s io n  
o f  t h e  a r t i f ic ia l  p i l l a r  m a te r ia l .  U n lik e  t h e  p r e v io u s  c a s e ,
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a  s ig n i f ic a n t  d e te r io r a t io n  o f  th e  s i t u a t io n  is o h s e rx e d  
a t  m o d u l i  o f  c o m p re s s io n  o f  a s  h ig h  a s  2 <11'a

I 'onct us tun
W e  liojM' t h a t  o u r  c o n t r ib u t io n  h a  h e lp e d  to  c la r ify  

s o m e  o f  th e  in h e r e n t  p ro b le m s  o f  a r ti f ic ia l  s u p p o r t

p i l l a r  s y s te m s .

R e f e r e n c e

1. ISalam on, M. U <).. an d  U havkcz , K. 1. D isplwi.montH and 
mrHms in d u c 'd  l>y bord  and p d lar rninmiz in South  African 
collieries I ' r o r  I*t f '/>> *'r  I n t  S n r  H o d  M r r h . ,  l A s b i m ,  1H66,
vol 2. w  227-231 .

A u t h o r s '  reply t o  Dr  S a la m on

W e  t h a n k  D r S a la m o n  fo r  thfc Lime a n d  t r o u b le  h e  h a s  
p u t  i n to  h is  d is c u s s io n . W  s h a ll  a n s w e r  h is  p o in ts  
s e r ia l  i tit
S y s t e m  o f  H o r i z o n t a l l y  R e i n f o r c e d  S u p f t o r t

F i r s t l y ,  w e a c c e p t  t h a t ,  w h e n  o n e  a t t e m p t s  t o  a p p ly  
e x p e r t i s e  a n d  k n o w le d g e  d e v e lo p e d  in  o n e  fie ld  t o  
a n o th e r ,  th e  a t t e m p t  w ill d r a w  c r it ic is m  a n d  w ill, 
p e r h a p s  b e ca u se  o f  d if fe re n c e s  in  t e r m in o lo g y  a n d  
e x p e r ie n c e ,  n o t e v e n  Ire fu l ly  u n d e r s to o d

W e  c e r ta in ly  d o  n o t  r e g a r d  th e  s y s te m  o f  h . i m o n t a l l y  
r e in f o r c e d  s u p p o r t  t o  lie c o m p le te ly  d e v e lo p e d  In d e e d ,  
w e b e l ie v e  th a t  d e v e lo p m e n t  is o n ly  s t a r t i n g  H o w e v e r , 
w e  a ls o  b e lie v e  t h a t  n o  e n g in e e r in g  d e v e lo p m e n t  c a n  lie 
f i n a h t e d  o n  h e  b a s is  o f  t h e o r y  a n d  M o r a t o r y  c x p c r i  
m e n t  a lo n e . I t  is  e s s e n t ia l  t o  p ro c e e d  w ith  u n d e r g r o u n d  
t r i a l s  o n  a  l im ite d  lia s is  in  o r d e r  t o  p ro lie  s o m e  o f  th e  
q u e r ie s  c o n c e rn i \g  c o s t , th e  p o s s ib i l i ty  o f  in te g r a t in g  
w a ll b u i ld in g  w ith  m in in g  o p e ra t io n * , e tc  , t h a t  h a v e  
r i g h t l y  lie e n  i sc d  b y  D r  S a la m o n  (as w e ll a* b y  D r 
W a g n e r  a n d  M a d d e n )

W e  r e g a r d  th e  s y s te m  a s  d r  s e n  tied in  t h e  ( ta p e r  to  
r e p r e s e n t  a  p r e s e n ta t io n  o f  f u n d a m e n ta l  p r in c ip le s  a n d  
id e a  r e la t in g  t o  r e in f o r c e d  s u p p o r ts  A n y  fie ld  t r ia l  
w o u ld  h a v e  to  lie d e s ig n e d  sp e c if ic a lly  fo r t h e  c h o se n  sib -, 
a n d  t h e  e n ti r e  s y s te m  in c lu d in g  s u p p o r ts  a n d  s u p p o r te d  
ro c k  m a s s  w o u ld  h a v e  t o  lie  c o n s id e re d  W e d o  n o t  r e g a rd  

J p S  o u r s e lv e s  a s  c a p a b le  o f  p e r fo rm in g  th e  n e c e s s a ry  ro c k  
m e c h a n ic s  s tu d y ,  a n d  th e  d e s ig n  o f  a  fie ld  t r i a l  w o u ld  
n e c e s s a r i ly  b e  u n d e r ta k e n  o n  a  m u lt i  d is c ip l in a r y  b asis  
T h e  b e a m  a n a ly s is  c o n ta in e d  in  th e  papier d e m o n s t r a t e s  
o u r  a w a r e n e s s  a n d  c o n c e rn  fo r  th e  i n te r a c t io n  b e tw e e n  

A, t h e  s u p p o r t  s y s te m  a n d  th e  s u p p o r te d  ro c k  m a s s  It 
f* g iv e s  r e s u l ts  t h a t  w e re c o g n iz e  a s  I icing  n o t  e n t i r e ly

f a v o u r a b le  t<i t h e  p r o p o s e d  s y s te m  W e  a ls o  s t a te  q u i te  
p l a in ly  in  th e  pap ier t h a t  th e  a n a ly s is  is s im p li f ie d  a n d  
n o t  c la im e d  t o  r e p r e s e n t  th e  d e f o r m a t io n  p ro c e s s  
a c c u r a t e ly .
Compression o f  A r t i f i c u i l  1'iU /ir

W e  d o  n o t  a g re e  w ith  D r S a la m o n 's  a n a ly s is  o f  th e  
r i d * * '  c o m p r e s s io n  o f  a  4 m  h ig h  a r ti f ic ia l  pullar u n  l e r  a  s t r e s s  o f  

10 M P a .  I f  th e  p i l la r  h a s  a  m o d u lu s  o f  c o m p re s s io n  o f  
<100 M l ’a , th e  s t r a in  in  th e  p i l la r  w ill Is- 1 /6 0  a n d  th e  

f T  p i l l a r  c o n v e rg e n c e  4 0 0 0 /6 0  67 m m  H e n c e , w e p re s u m e
f ro m  D r S a la m o n  * f ig u re s  t h a t  th e  s u r fa c e  s u b s id e n c e  

/  w o u ld  Is- a l io u t  10 n u n .  a n d  n o t  100 m m  a s  h e  s t a te s  
V  A D r  S a la m o n  h a s  c o m p le te ly  m isse d  t h e  (m in t o f  o u r  

w a n a ly s i s  o f  th e  s t r e n g th  o f  a  re in fo rc e d  c e m e n te d  m a te
r ia l .  E q u a t io n  (9) is  p e r f e c t ly  g e n e ra l  b u t  a s  so o n  a s  w e 
in s e r t  a  n u m e r ic a l  v a lu e  fo r th e  fa ilu re  s t r a in  o f  th e  
c e m e n te d  m a te r i a l ,  i t  b e c o m e s  m a te r i a l  sp e c if ic , 

f / r V  200-10  • is so  w ell a c c e p te d  a  v a lu e  fo r  th e  f a i lu re  
s t r a i n  in  te n s io n  o f  c o n c r e te ,  b r ic k w o rk , a n d  s im ila r

) I9K3

in a U -n a ls  t h a t  w e d id  n o t  t h in k  it n e c e s s a r y  to  s u b ­
s t a n t i a t e  t h e  v a lu e . F o r  s u b s t a n t i a t i o n ,  D r  S a la m o n  is 
r e f e r r e d  t o  a n y  t e x t  Ixxik  o n  c o n c r e te  te c h n o lo g y .  T h e  
a n a ly s i s  le a d s  t o  e q u a t io n  ( 10a ) , w h ic h ,  t r u e  e n o u g h ,  h as  
P o is s o n 's  r a t i o  in  th e  d e n o m in a to r .  H o w e v e r ,  a s  P o is s o n 's  
r a t i o  lo r  t h e  typ ie  o f  m a te r i a l  u n d e r  c o n s id e r a t i o n  lies 
in  t h e  r a n g e  0,1 t o  0 ,1 5 , w e  a re  s a v e d  th e  e m b a r r a s s m e n t  
o f  a  p r e d ic te d  in f in i te  s t r e n g th

W  a ls o  p o in t  o u t  t h a t  t h e  t e n s i l e  f a i lu r e  s t r a i n  o f  a 
m a te r ia l  is r e la te d  t o  i t s  P o is s o n ’s r a t i o .  T h u s ,  ru b l ie r  
h a s  a  P o is s o n ’s r a t i o  o f  0 ,5  a n d  a  t e n s i l e  f a i lu re  s t r a in  o f  
s e v e ra l  h u n d r e d  p e r  c e n t  M ild  s t e e l  h a s  a  P o i s s o n ’s 
r a t i o  o f  0 ,3 5  a n d  a  f a i lu r e  s t r a in  o f  2 0  p e r  c e n t  T h e  
c o r re s p o n d in g  v a lu e s  fo r  g la s s  a r e  0 ,2  a n d  0 ,0 5  (K*r c en t 
( d e ( le n d in g  o n  th e  s t a t e  o r  th e  g la s s  s u r fa c e ) .  W e  k n o w  
o f  n o  re a l m a te r ia l s  h a v in g  a  P o i s o n 's  r a t i o  o f  z e ro , b u t 
p re d ic t  t h a t  su c h  a  m a te r ia l  w o u ld  h a v e  a  ic n s i le  fa ilu re  
s t r a in  o f  z e ro .  H e n c e , e q u a t io n  (1 0 a )  w o  d d  p r e d ic t  a n  
in d e t e r m in a t e  s t r e n g th  fo r  th is  h y p o t h e t i c a l  re in fo rc e d  
m a te r i a l  T h is  is ju s t  a s  s e n s ib le  a s  t h e  c o n c lu s io n  fro m  
D r S a la m o n  * e q u a t io n  (2) t h a t  th e  r e in f o r c in g  w o u ld  n o t 
a ffe c t t h e  s t r e n g th  o f  th i  m a te r ia l

A n o th e i  p o in t  m is s e d  b y  D r  S a la m o n  is  t h a t  th e  
i—in fo rc e d  m a te r i a l  is d e e m e d  b y  e q u a t i o n  ( I d a )  t o  h a v e  
fa ile d  w h e n  th e  s t r a in  in  th e  r e in f o r c in g  is  2 0 0  10 A s 
th e  y ie ld  s t r a in  o f  m ild  s te e l  is  1000 lO - * (a g a in  no  
s u b s t a n t i a t i o n  i* d e e m e d  n e c e s s a ry )  a n d  i t s  f a i lu r e  s t r a in  
20 (s-r c e n t , th e n -  is a b s o lu te ly  n o  c h a n c e  t h a t  t h e  te n s ile  
s t r e s s  in  th e  r e in fo rc in g  w ill lie c o m e  a  c r i t ic a l  c o n d it io n  

F ig  19 in  o u r  p a p e r  sh o w s  th a t  a  r e in f o r c e d  c e m e n te d  
m a te r ia l  r e v e r t s ,  a f t e r  f a i lu re ,  t o  a  g r a n u la r  r e in fo rc e d  
m a te r ia l ,  a n d  i t s  r e s i s ta n c e  to  c o m p r e s s io n  is g r e a t ly  
r e d u c e d  T h is ,  t o g e th e r  w i th  th e  f a c t  t h a t  th e  re in fo rc in g  
is  v e ry  in e f f ic ie n tly  u t i l iz e d ,  h a s  le d  u s  t o  a l i a n d o n  th e  
id e a  o f  r e in f o r c in g  c e m e n te d  m a te r ia l .

R e i t e r a t i o n  o f  C o n c l u s i o n s

F in a l ly ,  w e  r e i t e r a t e  o u r  c o n c lu s io n s ,  w h ic h  w e h a v e  
n o t  b e e n  p e r s u a d e d  to  c h a n g e

(i) F ig s  9  a n d  I I  o f  o u r  p a p e r  sh o w  t h a t  a r ti f ic ia l  
s u p p o r t  s y s te m s  v a n  lie d e s ig n e d  r a t i o n a l ly .

(li) T h e  t h e o r y  p r e d ic ts  s u p p o r t  s t r e n g th  r e m a r k a b ly  
a c c u r a te ly

(in ) S u p |s > r ts  c a n  Ik- d e s ig n e d  to  su i t  v a r io u s  lo a d s  
I r o v id e d  t h e  s u p p o r t  is  n o t  to o  s le n d e r  ( i.e . h a s  a  
h e ig h t  to  w id th  r a t i o  o f  le s s  t h a n  3  t o  4), th e  
s t r e n g th  is in d e (» e n d e n t o f  t h e  w o rk in g  h e ig h t ,

(iv ) 1‘r e lo a d in g  b y  ja c k in g  e n s u r e s  t h a t  t h e  m o d u lu s  o f  
c o m p re s s io n  is o f  th e  s a m e  o r d e r  o f  m a g n i tu d e  
a s  t h a t  o f  a  c o a l p i l la r ,  a l t h o u g h  th e  c o m p re s s io n  
m o d u lu s  o f  c o a l c a n n o t  b e  m a te  1 

O u r f in a l c o n c lu s io n , c o n c e rn in g  th e  e c o n o m ic s  o f  
h o r iz o n ta l ly  r e in f o r c e d  s y s te m s ,  w ill Ik- t e s t e d  a s  d e v e lo p ­
m e n t  p ro c e e d s .
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Authors' reply to Drs W agn er  and Madden

W e tim l D r* W a g n e r  a n d  M a d d e n 's  d is e t is s iu n  v e n  
in te re s t in g  a n d  u se fu l I t  a n s w e r s  m a n y  o f  th e  n u c s t iu u s  
th a t  we, a s  e iv d  e n g in e e r s  n i i t  v e r s e d  in  th e  te c h n o lo g y  
o f  m in in g  a n d  ro c k  m e c h a n ic s  h a v e  I w en  n n a h le  to  
a n sw e r .

liational Orsiijii t f Supports
W e h a v e  a l r e a d y  a n s w e r e d  th e  c r i t ic i s m  o f  o u r  s t a t e  

m e u t  t h a t ,  fo r  .. p r e d e te r m in e d  o v e r b u r d e n  load  su it  ih le  
s u p p o r ts  c a n  Iw d e s ig n e d  r a t io n a l ly  D rs W a g n e r  a n d  
M a d d e n  s c o n tr ib u t io n  g o e s  a  long  w a y  to  d e m o n s t r a t in g  
h ow  th e  lo a d s  c a n  he p r e d e te r m in e d  O u r  s ta l l  m erit w as 
n o t ,  h o w e v e r , b a se d  o n  a n y  a s s u m p t io n s  s im p lis t ic  01 
o th e rw is e ,  b u t  o n  th e  s o l id  e v id e n c e  o f  th e  a g re e m e n t  
b e tw e e n  te s t  r e s u l ts  a n d  p r e d ic t iv e  t h e o r y

It  is in te r e s t in g  to  fo llo w  th r o u g h  th e  e x a m p le  illu s  
t r a t e d  b y  th e i r  F ig s 1 a n d  2 b y  lo o k in g  a t  th e  a c tu a l  
s tre s s e s  r e p re -v n te d  b y  th e  s t r e s s  c o n c e n t r a t io n  f a c to r  ( '  

T a k in g  th e  u n it w e ig h t o f  th e  o v e r b u r d e n  s t r a t a  i '  
25 k N /m 1, th e  o v e r b u r d e n  s tre s s  is 2 ,5  M I’a a n d  th e  
s tre s s  o n  th e  a b u tm e n t  7 ,5  M I’a  Ai < o n lm g  to  re fe n -n e e  
5  o f  D r S a la m o n 's  d is c u s s io n ,  th e  a b u tm e n t ,  if  t r e a t e d  .is 
a  w ide  p i lla r ,  w o u ld  fa d  a t  a  s t r e s s  c o n s id e ra b ly  in  e x c e s  • 
o f  th is .  H e n c e , th e  f a c to r  o f  s a f e ty  a g a in s t  f a ilu re  o f  th e  
a b u tm e n t  a p p e a r s  to  Iw w e ll a b o v e  2 T h e  d e s i g n  s t r e n g th  
fo r  th e  a r ti f ic ia l  p i l la r s  w o u ld  Iw I .It 2 .5  ti.25  25  M I’a
R e fe re n ce  to  o u r  F ig  13 sh o w s t h a t ,  e v e n  if  a s h  w ere  
u se d  a s  b a ck fill , a  r e lo a d in g  m o d u lu s  o f  2 ( J l ’a  w o u ld  he  
p o ss ib le  a n d ,  w ith  a n d  b a c k fill ,  e a s i ly  a t t a in a b le  T h is  
w o u ld  re d u c e  th e  a b u tm e n t  d r e s s  to  2 .3  2 5  5 ,7 5  M I’a , 
w h ic h  g iv e s  a  f a c to r  o f  - a f e ty  o f  m i r e  th a n  3 a g a in s t  
fa .lu re  a c c o rd in g  to  re fe re n c e  5. T h i s  e n c o u ra g e s  u s  to  
th in k  t h a t ,  w ith  so m e  f u r t h e r  d e s u rn  a n d  t a i lo r in g  o f  th e  
p r o p e r t i e s  o f  th e  r ib  p i l la r s ,  t h e  h y p o th e t i c a l  la y o u t  
i l lu s t r a te d  in  F ig I o f  t h e  d is c u s s io n  w o u ld  Iw fe a s ib le  

T h e  d is c u s s ,ir s  r i g h t ly  p o in t  o u t  th e  d i f f ic u l ty  o f

Hp'ias.V

p ro v id in g  a r t i f ic ia l  s u p p o r ts  t h a t  a r e  in s ta l l e d  h a r d  
a g a in s t  th e  in o f  a n d  a re  th e r e f o r e  a s  > titf  a s  t h e y  a r c  
<!.< s ig n e d  to  be W e fu l ly  a p p r e c ia t e  t in s  d i f f ic u l ty  a n d  a r e  
i iv m i it a  lo t  o f  a t t e n t i o n  in  o u r  c u r r e n t  r e s e a r c h .  W e  
a p p r e c ia t e  t h e i r  t r e a tm e n t  o f  t h e  e f fe c t  o f  p i l l a r  h e ig h t  o n  
i b u tm e i i t  s t r e s s e s ,  a n d  a re  re lie v e  1 t o  f in d  th e  e f f e c t  so  
sm a ll  I n  o u r  n u m e r ic a l  e x a m p le  a b o v e ,  i t  a p p e a r s  
p o s s ib le  t o  g o  to  a  p i lla r  h e ig h t  o f  5  in  w i th o u t  c a u s in g  
th e  a b u tm e n t  s t r e - s  to  r ise  a b o v e  t>,5 M I’a  i f  t h e  p i l l a r  
r e lo a d in g  m o d u lu s  is 2  G l ’u T h is ,  o n c e  a g a in ,  i n d i c a t e s  
t h a t  a  fe a s ib le  s i t u a t io n  s h o u ld  b e  p o s s ib le  w i th  c a r e f u l  
d e s ig n  o f  a r t i f ic ia l  p i l la r -  W e  w o u ld  p o in t  o u t ,  in  p a s s in g ,  
t h a t  th e  - tiiT n ess  o f  a  h o r i z o n ta l ly  r e in f o r c e d  p i l l a r  
d e p e n d s  o n ly  o n  th e  h e ig h t  a n d  c o m p r e s s io n  m o d u lu s  o f  
th e  p i l la r  a n d  n o t  o n  i ts  e r o ,s  s e c t io n a l  a r e a .

n i i j s  5  a n d  ti

T h e  s i tu a t io n  r e p r e s e n te d  b y  F ig s  5  a n d  *1 c e r t a i n l y  
ip jw a r s  a la r m in g  H o w e v e r ,  le t  u s  fo llo w  it t h r o u g h  in  
t e r m s  o f  th e  d im e n s io n s  u s e d  e ls e w h e re  in  th e  d is c u s s io n  
T h e  w id th  o f  t h e  u n s p l i t  c o a l  r ib s  is n o t  g iv e n ,  b u t  l e t  u s  
is s u m e  t h a t  it is 6 ,3  m  w ith  6 ,3  m  b o rd s  T h e s e  - i7.e s  
w o u ld  tit in  w ith  t h e  v e r t i c a l  s t r e s s  c o n c e n t r a t io n  C  o f  2  
s h o w n  m  F ig . 5  fo r  t h e  u n s p l i t  c o a l  r ib s ,  a n d  a re  t h e  

a m e  a s  th o s e  u s e d  in  F ig  I It w o u ld  n o t  fw p o s s ib le  t o  
s p l i t  a  p i l la r  o f  th ic  w id th  a n d  le av e  r e m n a n t s  o f  a  
- e n a ih le  s iz e  in  p la c e . T h e r e f o r e ,  w e  w o u ld  s u g g e s t  t h e  
b u i ld in g  o f  tw o  a r t i f ic ia l  t ib s  in  e a c h  I s i rd ,  e a c h  a r t i f ic ia l  
r ib  Iw m g  b a r d  a g a in s t  th e  a d ja c e n t  c o a l  r ib  F o r  a  v e r t i c a l  
- t r e s s  c o n c e n t r a t io n  o f  4 ,5 , th e s e  r ib s  c o u ld  e a c h  he 
1.5 rn w id e , leav  m g  a  3.3  m  Ininl tw tw e e n  th e m  T h e  e o a l  
r ib  c o u ld  th e n  In- r e m o v e d  c o m p le te ly ,  l e a v in g  no  
r e m n a n ts  a n d  r e s u l t in g  in  a  n e w  h o n l  b e tw e e n  t h e  
a r t i f ic ia l  r ib s  o f  6 ,3  m  H e n c e , a g a in ,  w e  c o n s id e r  t h a t  a  
fe a s ib le  s y s te m  is p o s s ib le  b y  c a re fu l  d e s ig n  
( 'one lotion

W e th a n k  D rs  W a g n e r  a n d  M a d d e n  fo r t h e  e f f o r t  t h e y  
p u t  in to  t h e i r  m o s t  u se fu l  a n d  c o n s t r u c t iv e  d is c u s s io n
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W e iim l D rs W a g u v r  a n d  M a d d e n  s d i s e u s s i i m  vet \ 
in te r e s t in g  a n d  u s e fu l .  I t  a n s w e r s  m a n y  o f  th e  q u e s t io n s  
t h a t  w e, a s  e iv tl e n g in e e r s  n o t  v e r s e d  m  I lie te c h n o lo g y  
of m in in g  a n d  ro e  I: m e c h a n ic s ,  h a v e  Iw e n  u n a h le  to  
a n s w e r

R i i t i n n t d  I M i i j n  o f  S u p p o r t #

W e h a v e  a l r e a d y  a n s w e re d  th e  c n t i  i>m o f  o u r  s t a te  
m e n t  t h a t ,  fo r  a  p r e d e te r m in e d  o v e r b u r d e n  lo ad  s u i t a b le  
s u p p o r t s  c a n  In* d e s ig n e d  r a t io n a l ly .  D rs  W a g n e r  a n d  
M a d d e n  s c o n t r ib u t io n  g o es a  lo n g  w a y  to  d e m o n s t r a t in g  
h o w  th e  lo ad s c a n  he p r e d e te r m in e d  O u r  s t a te m e n t  w as 
n o t ,  h o w e v e r , b a se d  o n  a n y  a s s u m p t io n  s im p lis t ic  o r  
o th e rw is e ,  b u t  o n  th e  so lid  e v id e n c e  o f  th e  ig re e m e n t  
b e tw e e n  te s t  r e s u l ts  a n d  p r e d ic t iv e  t h e o r y

I t  is in te re s t in g  to  fo llo w  th r o u g h  th e  e x a m p le  illu .s 
t r a t e d  b y  th e ir  F ig s  I a n d  2 b y  lo o k in g  a t  th e  a c tu a l  
s t r e s s e s  r e p re s e n te d  b y  th e  s t r e s s  c o n n  n t  r a t  io n  f a c to r  
T a k in g  th e  u n it  w e ig h t  o f  th e  o v e r b u r d e n  s t r a t a  a s  
25  k X /m 3, th e  o v e r b u rd e n  s t r e s s  <s 2 ,5  M P a  a n d  th e  
s t r e s s  o n  th e  a b u tm e n t  7 ,5  M P a  A c c o rd in g  to  r e fe re n c e  
5  o f  D r  S a la m o n ’s d is c u s s io n , t h e  a b u tm e n t ,  i f  t r e a te d  a s  
a  w id e  p illa r , w o u ld  fa il a t  a  s t r e s s  c o n s id e r a b ly  in  e x e e s -  
o f  th is .  H e n c e , th e  f a c to r  o f  s a f e ty  a g a in s t  fa ilu re  o r  th e  
a b u tm e n t  a p p e a r*  t o  Is- w ell a b o v e  2 T h e  d e s ig n  s t r e n g th  
fo r  th e  a r ti f ic ia l  p i l la r s  w o u ld  be l.r t  2 .5  ii.2 5  25 M P a
H e fe re n c  • to  o u r  F ig  III s h o w s  t h a t ,  e v e n  if  a sn  w en- 
u s e d  a s  b a ck till . a  re lo a d  in m o d u lu s  o f  2 G P a  w o u ld  be 
p o ss ib le  i r t l ,  w ith  sa n d  b a c k ti l l  e a s i ly  a t t a in a b le .  T h is  
w o u ld  re d u c e  th e  a b u tm e n t  si n - ' s  to  2 ,3  2 5  5  75  M P a ,
w h ic h  g iv e s  a  f a c to r  o f  s a f e ty  o f  m o re  t h a n  a g a in s t  
f a ilu re  a c c o rd in g  to  r e fe re n c e  5  T h is  e n c o u r a g e s  u s  to  
th in k  t h a t ,  w ith  s o m e  f u r th e r  d e s ig n  a n d  t a i lo r in g  o f  t h e  
p r o p e r t i e s  o f  th e  r ib  p i l la r s ,  th e  h y p o th e t i c a l  la y o u t  
i l l u s t r a te d  in  F ig  I o f  th e  d is c u s s io n  w o u ld  Is- fe a s ib le . 

T h e  d iscuK sors r ig h t ly  p o in t  o u t  t h e  d if f ic u lty  o f

C)im .

p r o v id in g  a r t i f ic ia l  s u p p o r ts  t h a t  a r e  in s t a l l e d  h a r d  
a g a in s t, th e  r o o f  a n d  a re  th e r e f o r e  a s  s i d f  a s  t h e y  a re  
d e s ig n e d  to  be We- fu l ly  a p p r e c ia t e  I h is  d i f f ic u l ty  a n d  a r e  
g iv in g  it a  lo t  o f  a t t e n t i o n  in  o u r  c u r r e n t  r e s e a r c h  W e 
a p p r e c ia te  t h e i r  t r e a t m e n t  o f  t h e  e f fe c t  o f  p i l l a r  h e ig h t  o n  
a b u tm e n t  s tr e s s e s ,  a n d  a re  r e l ie v e d  t o  f in d  t h e  e f fe c t  so  
sm a ll  I n  o u r  n u m e r ic a l  e x a m p le  a b o v e ,  i t  a p p e a l s  
p o ss ib le  t o  go  to  a  p i l la r  h e ig h t  o f  .> n i w i t h o u t  c a u s in g  
th e  a b u tm e n t  s t r e - s  to  r ise  a la m -  fi,5  M P a  i f  t h e  p i l l a r  
re lo a d in g  m o d u lu s  is 2 G P a  T h is ,  o n c e  a g a in ,  i n d ic a te s  
t h a t  a  fe a s ib le  s i t u a t io n  s h o u ld  be  p o s s ib le  w i th  c a re fu l  
d e s ig n  o f  a r t i f ic ia l  p i l la r s  W e  w o u ld  [x iirit o u t ,  in  p a s s in g ,  
t h a t  t h e  s t i f fn e s s  o f  a  h o r i z o n ta l ly  r e in f o r c e d  p i l l a r  
d e p e n d s  o n ly  o n  th e  h e ig h t  a n d  c o m p r e s s io n  m o d u lu s  o f  
th e  p i l la r ,  a n d  n o t  o n  i ts  c ro s s  s e c t io n a l  a r e a

F i g s  5  a n d  ti.

T h e  s i tu a t io n  r e p r e s e n te d  b y  F ig s  5  a n d  H c e r t a i n l y  
a p p e a r s  a la rm in g  H o w e v e r ,  le t  u s  fo llow  it t h r o u g h  in  
t e rm s  o f  t h e  d im e n s io n s  us< d  e ls e w h e r e  in  t h e  d is c u s s io n .  
T h e  w id th  o f  th e  u n s p l i t  i-oal r ib s  is  n o t  g iv e n ,  b u t  le t  u s  
a u m c  th a t  i t  is  fl 3  m  w ith  f>,3 m  h o rd e . T h e s e  m zcs 
w o u ld  fit in  w ith  th e  v e r t ic a l  s t r e s s  c o n c e n t r a t io n  ( '  o f  2 
s h o w n  m  F ig . 5  fo r  th e  u n s p h t  c o a l  r ib s ,  a n d  a t e  t h e  
s a m e  a s  th o s e  u s e d  in  F ig  I I t  w o u ld  n o t  lie p o s s ib le  t o  
>plit a  p i l l a r  o f  t h i s  w id th  a n d  le a v e  r e m n a n t s  o f  a  
em sible s iz e  in  p la c e  T h e re fo re ,  w e  w o u ld  s u g g e s t  t h e  

b u i ld in g  o f  tw o  a r t i f ic ia l  r ib s  in  e a c h  fio rd , e a c h  a r t i f i c i a l  
r ib  I ic in g  h a r d  a g a in s t  t h e  a d ja c e n t  c o a l  r ib  F o r  a  v e r t i c a l  
s t r e s s  c o n c e n t r a t io n  o f  4 ,5 , th e s e  r ib s  c o u ld  e a c h  fie
1.5 n  v  id e , le a v in g  a  3  3 m  f io rd  b e tw e e n  th e m .  T h e  c o a l  
r ib  c o u ld  th e n  fie re m o v e d  c o m p le te ly ,  l e a v in g  n o  
r e m n a n ts  a n d  r e s u l t in g  in a  n e w  Ix ird  l ie tw e e n  th e  
a r t i f ic ia l  r ib s  o f  6 ,3  m  H e n c e , a g a in ,  w e  c o n s id e r  t h a t  a  
fe a s ib le  s y s te m  is p o s s ib le  b y  c a r e f u l  d e s ig n  
( ' o n c l u s i o n

W e t h a n k  D rs  W a g n e r  a n d  M a d d e n  fo r th e  e f f o r t  t h e y  
p u t  in to  t h e i r  m o s t  u s e fu l  a n d  c o n s t r u c t iv e  d is c u s s io n .
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ABSTRACT: A s y s t e m  o f  s u p p o r t  i s  d e s c r i b e d  w h i c h  u t i l i z e s  w a s t e  m a t e r i a l  r e i n f o r c e d  w i t h  
e i t h e r  h o r i z o n t a l  s t e e l  mesh o r  s p i r a l l y - w o u n d  h i g h  t e n s i l e  s t e e l  w i r e .  S u p p o r t s  can  

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

INTRODUCTION

Most  o f  t h e  c o a l  m i n e s  i n  S o u t h  A f r i c a  a r e  
r e l a t i v e l y  s h a l l o w  ( 30m t o  1 0 0 m) b e l o w  
s u r f a c e )  and may c o n t a i n  a s e q u e n c e  o f  
s u p e r  i m p o s e d  c o a l  s e a m s .

The  t o p  o r  s h a l l o w e s t  s e a m o f  a s e q u e n c e  
c a n  b e  a l m o s t  c o m p l e t e l y  e x t r a c t e d  by l o n g  
w a l l  m i n i n g  o r  s t o o p i n g  ( f o l l o w i n g  b o r d  
and p i l l a r  m i n i n g )  i f  t h e  s e v e r e  s u r f a c e  
s u b s i d e n c e  t h a t  e n s u e s  c a n  be  t o l e r a t e d .  
D e e p e r  s e a m s , h o w e v e r , c a n n o t  be  t o t a l l y  
e x t r a c t e d  u n l e s s  t h e y  a r e  e x t r a c t e d  i n  
s e q u e n c e  f r o m t h e  s h a l l o w e s t  t o  t h e  

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

q u a l i t i e s  and t y p e s ,  and c o m m e r c i a l  demand  
f o r  c o a l  o f  s p e c i f i c  q u a l i t i e s  d i c t a t e s  
t h e  s e q u e n c e  i n  w h i c h  t h e  s e a ms  a r e  
e x t r a c t e d .  As a r e s u l t , m o s t  m u l t i - s e a m  
m i n e s  a r e  m i n e d  u s i n g  t h e  b i r d  and p i l l a r  
m e t h o d . T h i s  p r a c t i c e  r e s u l t s  i n  
p e r c e n t a g e s  o f  e x t r a c t i o n  v a r y i n g  f rom 7b 
p e r  c e n t  i n  v e r y  s h a l l o w  s e a ms  t o  4 0  p e r  
c e n t  o r  l e s s  i n  d e e p e r  s e a m s .

A l t h o u g h  c o a l  p r o v i d e s  a c h e a p  f orm o f  
r o o f  s u p p o r t , c o a l  p i l l a r s  r e p r e s e n t  a 
n a t u r a l  e n e r g y  r e s o u r c e  t h a t  h a s  b e e n  
s t e r i l i z e d  and much r e s e a r c h  i s  c u r r e n t l y  
i n  p r o g r e s s  t o  f i n d  wa y s  and means  o f  
w i n n i n g  t h i s  s t e r i l i z e d  c o a l .

T h i s  p a p e r  d e s c r i b e s  o n e  o f  t h e  
t e c h n i q u e s  t h a t  i s  c u r r e n t l y  under  
d e v e l o p m e n t .  The me t ho d  c o n s i s t s  o f  
r e p l a c i n g  c o a l  p i l l a r s  by  a r t i f i c i a l  
p i l l a r s  o r  w a l l s  o f  h o r i z o n t a l l y  r e i n f o r c e d  
g r a n u l a r  m a t e r i a l .  In p r i n c i p l e ,  any  
g r a n u l a r  m a t e r i a l  c a n  be  u s e d  f o r  t h i s  
p u r p o s e . H o w e v e r ,  f rom e n v i r o n m e n t a l  and

m i n i n g  o r  o t h e r  w a s t e  s u c h  a s  power  s t a t i o n  
b o t t o m  a s h . Ash i s  a p a r t i c u l a r l y  
a p p r o p r i a t e  c h o i c e  i f  t h e  c o l l i e r y  i s  
" c a p t i v e "  t o  a p o w e r  s t a t i o n ,  i . e .  i f  i t s  
m a i n  p u r p o s e  i s  t o  s u p p l y  a n e a r b y  power  
s t a t i o n .

STRENGTHENING A GRANULAR MATERIAL BY 
HORIZONTAL REINFORCING

The e f f e c t  o f  h o r i z o n t a l  r e i n f o r c i n g  on a 
g r a n u l a r  m a t e r i a l  i s  t o  d e v e l o p  a 
h o r i z o n t a l  c o n f i n i n g  s i t  e s s  when t h e  
m a t e r i a l  i s  s u b j e c t e d  t o  v e r t i c a l  l o a d i n g .  
The h o r i z o n t a l l y  r e i n f o r c e d  g r a n u l a r  
m a t e r i a l  w i l l  t e n d  t o  go  i n t o  a s t a t e  o f  
f a i l u r e  a s  s o o n  a s  a v e r t i c a l  s t r e s s  i s  
a p p l i e d  t o  i t .  A c t u a l  f a i l u r e  w i l l ,  
h o w e v e r ,  n o t  o c c u r  b e c a u s e  o f  t h e  d e v e l o p ­
ment  o f  t e n s i o n  i n  t h e  h o r i z o n t a l  r e i n f o r c ­
i n g .  As F i g u r e  1 i n d i c a t e s ,  on a p - q  
d i a g r a m ,  t h e  s t r e s s  p a t h  o a  o f  t h e  g r a n u l a r

m o h i  en v e lo p e

stress pain of 
honfonlally reinforced 
grenuiar material

Ki line or failure hr.e 
for material

0 -J 1°. - Oi )

p - 1 (oi-o,)

F ly u ra  V S t ' e s v  pern  lor  re-n lo rcvd  y a n o i a r  material

m a t e v i a l  w i l l  f o l l o w  t h e  f a i l u r e  l i n e  f o r  
t h e  m a t e r i a l .  On t h e  s t r e s s  p a t h :  a
r e p r e s e n t s  t h e  p o i n t  a t  w h i c h  t h e  h o r i z o n t a l



T h e  s t ’t e s s - r c o m p r e s s i o n  c u r v e  f o r  t h e  f i r s t  
l o a d i n g  i n d i c a t e s  a low c o m p r e s s i o n  m o d u l u s .  
H o w e v e r ,  t h e  r e l o a d i n g  c u r v e  i s  c o n s i d e r a b l y  
s t e e p e r ,  h e n c e  t h e  r e l o a d i n g  modul us  i s  
m u c h  h i g h e r .  F i g u r e  3 i l l u s t r a t e s  how i t  
i s  i n t e n d e d  t o  -use t h e  w a l l s  o f  r e i n f o r c e d  
g r a n u l a r  m a t e r i a l  i n  p r a c t i c e . A f t e r  
b u i l d i n g  t h e  w a l l s  i n - s i t u ,  t h e y  w i l l  be  
p r e c o m p r e s s e d  and t e s t - l o a d e d  t o  t h e  d e s i g n  
l o a d  by j a c k i n g  o f f  t h e  r o o f .  The s p a c e  
c r e a t e d  b e t w e e n  t h e  t o p  o f  t h e  w a l l  and 
t h e  r o o f  by  t h e  p r e c o m p r e s s i o n  w i l l  t h e n  be 
f i l l e d  by h o r i z o n t a l l y  r e i n f o r c e d  c e me n t e d  
s l a b s  and we d g e s  w h i c h  "wi l l  be  bedded 
a r a i n s t  t h e  r o o f  by g r o u t .  As t h e  l o a d  
i s  s u b s e q u e n t l y  t r a n s f e r r e d  t o  t h e  w a l l  
w h e n  t h e  r o o f  t e n d s  t o  s a g ,  t h e  wa l l  w i l l  
b e  r e c o n p r e s s e d  a l o n g  t h e  r e c o m p r e s s i o n  
c u r v e ,  b a c k  t o  t h e  d e s i g n  l o a d . The 

—̂ o r t  s y s t e m  t h u s  c r e a t e d  w i l l  be b o t h  
, . i v e l y  s t i f f  a n d  p r e - t e s t e d  t o  t h e  
d e s i g n  l o a d .  The s t i f f n e s s  i s  p a r t i c u l a r ,  
l y  i m p o r t a n t  i n  l i m i t i n g  b e n d i n g  d e f l e x i o n s  
; .nd t h e r e f o r e  b e n d i n g  s t r e s s e s  i n  t h e  r o o f .

The r e c o m p r e s s i o n  modu l us  o f  h o r i z o n t a l l y  
r e i n f o r c e d  w a l l s  i s  r e l a t e d  t o  t h e i r  
s t r e n g t h  a s  shown by F i g u r e  4 .  The 
s c a t t e r  o f  r e s u l t s  i l l u s t r a t e d  i n  t h i s  
f i g u r e  i s  c a u s e d  m a i n l y  by v a r i a t i o n  i n  t h e  
c h a r a c t e r i s t i c s  o f  t h e  g r a n u l a r  m a t e r i a l s  
b e i n g  u s e d .  The u p p e r  band o f  r e s u l t s  
c o r r e s p o n d s  t o  w a l l s  b u i l t  o f  g h l y
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f r i c t i o n a l  w e a t h e r e d  q u a r t z i t e  s a n d . The 
l o w e r  b a n d  o f  r e s u l t s  c o r r e s p o n d s  t o  w a l l s  
• u i l t  o f  p o we r  s t a t i o n  b o t t o m  a s h  wh i c h  
I t  h o u g h  h i g h l y  f r i c t i o n a l ,  i s  c o n s i d e r a b l y  
a r e  c o m p r e s s i b l e  t h a n  t h e  s a n d .  

A l t e r n a t i v e l y ,  i n  s i t u a t i o n s  where a 
y i e l d i n g  s u p p o r t  i s  r e q u i r e d , t h e  s t i f f n e s s  
, nd  y i e l d  s t r e s s  o f  t h e  s u p p o r t  can be 
i e s  i g n e d  t o  g i v e  t h e  r e q u i r e d  q u a l i t i e s .

BOND OF REINFORCING TO REINFORCE^ MATERIAL

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

b e t w e e n  t h e  r e i n f o r c i n g  and t h e  r e i n f o r c e d  
m a t e r i a l .  The me c h a n i s m o f  bond d e v e l o p ­
ment  i s  i l l u s t r a t e d  i n  F i g u r e  5a .

The a v e r a g e  bond s t r e s s  t r a n s m i t t e d  t o  a 
r e i n f o r c i n g  w i r e  o v e r  a l e n g t h  x by f r i c t i o n
i$

O . {1 + 1 } t a n < r D . x

i n  w h i c h  t h e  d i a m e t e r  o f  t h e  wi r e  i s  D.

b o n o  by 
• s u t a n c e  io

P A o e i f l l i O r t

z <
bone by
IriCi'On

rigid connection 
beiweeR wires

F , g o . »  % S  N ^ c n ^ n . i f r  o '  0 0 * 0  0* . # l O p r n # m i  m  r w > « o * c e d  # r# m w * # r  iS '

The mos t  c o n v e n i e n t  f or m o f  h o r i z o n t a l  
r e i n f o r c i n g  f o r  a w a l l  c o n s i s t s  o f  a 
s y s t e m  o f  o r t h o g o n a l  w i r e s  r i g i d l y  bonded 
t o  e a c h  o t h e r  a t  p o i n t s  whe r e  t h e y  c r o s s . 
R e a d i l y  a v a i l a b l e  s y s t e m s  c o n s i s t  o f  e i t h e r  
s q u a r e  o r  r e c t a n g u l a r  w e l d e d  mesh o r  t w i s t e d  
d i amond  m e s h . The w i r e s  t h a t  r u n  a t  an 
a n g l e  t o  t h e  d i r e c t i o n  o f  t e n s i o n  u n d e r  
c o n s i d e r a t i o n  c o n t r i b u t e  c o n s i d e r a b l y  t o  
t h e  bond  b e c a u s e  t h e y  mus t  p e n e t r a t e  t h e  
r e i n f o r c e d  m a t e r i a l  b e f o r e  t h e  r e i n f o r c i n g  
ca n  s l i p  r e l a t i v e  t o  t h e  m a t e r i a l . I f  
t h e  bond  w i r e s  i n  an o r t h o g o n a l  s y s t e m a r e  
s p a c e d  £ a p a r t ,  t h e  l o a d  t r a n s f e r r e d  
t h r o u g h  t h e s e  w i r e s  i n  l e n g t h  x w i l l  be a 
minimum o f :

x ( o . d  * 2 d c t a n f ) h  
£ K

P

i n  w h i c h  d i s  t h e  d i a m e t e r  of  t h e  bond 
w i r e s  t h a t  a r e  s p a c e d  h a p a r t .  F u l l  bond 
r e s i s t a n c e  o f  t h e  w i r e  i s  t h e r e f o r e  
d e v e l o p e d  i n  a l e n g t h  x g i v e n  by

Tip1 o 
4 y* z

C(1 * 1 ) t ant nDx ♦ 0 d (4 ♦ 8 t a n $ ) h . x
4 e

i . e .  x 711)1 CyR/=
t iD T T - *  jTTtanv ♦ 4 d h (1 *  2 t a n ? )

kp  '  S .................. w

The v a l u e  o f  x i s  a s t o n i s h i n g l y  s m a l l .
F o r  e x a mp l e

i f  0 •  5MPa

D ■ d ■ 2 , 5  mm K

C _ • 6C0MPayR
3 .5



At t h i s  s t a g e  t h e  v e r t i c a l  s t r e s s  0 w i l l  be 
r e l a t e d  t o  t h e  h o r i z o n t a l  s t r e s s  Oh W  t h e  
r e l a t i o n s h i p

V h ( 1 )

w h e r e  i s  t h e  p a s s i v e  p r e s s u r e  c o e f f i c ­
i e n t  o f  t h e  g r a n u l a r  m a t e r i a l ,  i . e .  t h e  
r a t i o  O i / O i  a t  f a i l u r e  i n  a t r i a x i a l  com­
p r e s s i o n  t e s t  on t h e  m a t e r i a l .

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

° y R AH v \  - V
w h e r e  i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  a 
r e i n f o r c i n g  w i r e  and An, i s  t h e  a r e a  of  

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

o r  C.

Hence

qyRARK - v ( 2 a )

r a x
(Am " AR)

(2b)

I f  A% i s  s m a l l  as  compared w i t h  A^ (A^ i s  
u s u a l l y  a few t e n t h s  o f  a p e r c e n t  o f  Â ,)

v v £ ( 2 c )

T 1- s t r e n g t h  o f  a h o r i z o n t a l l y  r e i n f o r c e d  
v - . . u l a r  m a t e r i a l  i s  t h u s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  r e i n f o r c i n g  r a t i o  
AR/Am and t h e  y i e l d  s t r e s s  o f  t h e  r e i n f o r c -

wl iere F ; s  t h e  f a c t o r  of  s a f e t y  on t h e  
d e s i g n  f t r e s s  w For  a s e l e c t e d  s t e e l  
q u a l i t y  and mesh d i m e n s i o n s ,  v c a n  be 
c a l c u l a t e d  o r  a l t e r n a t i v e l y ,  f o r  a s e l e c t e d  
v ,  a s u i t a b l e  mesh -.ay be  s e l e c t e d .

The p r o p e r t i e s  o f  . o r i z o n t a l l y  r e i n f o r c e d  
g r a n u l a r  m a t e r i a l s  h a v e  oeen  e x t e n s i v e l y  
i n v e s t i g a t e d  by means  o f  b o t h  mode l  s c a l e  
and f u l l  s c a l e  t e s t s .  F i g u r e  2 shows a 
c o m p a r i s o n  o f  C c a l c u l a t e d  f rom e q u a t i o n  
( 3 )  w i t h  c o r r e s p o n d i n g  me a s u r e d  v a l u e s .

E  -

£2
DO
cr

a«
3

m g  :
vR"

CALCULATED CMP,
z li.ootn.p C,lcwl„M end o*

w e n t » v . u  o f  h < X - l o n l , H y  tem lo rc td  g .,n v .* #

I t  w i l l  be s e e n  f r om F i g u r e  2 c h a t  t h e r e  
i s  an e x c e l l e n t  c o r r e l a t i o n  be t we e n  
c a l c u l a t e d  and m e a s u r e d  v a l u e s  o v e r  a wide  
r a n g e  o f  s t r e s s e s  .

F i g u r e  3 ( t e s t  A on  F i g u r e  2) r e p r e s e n t s  
t h e  r e s u l t s  o f  a t y p i c a l  c o m p r e s s i o n  t e s t  
on  a r e i n f o r c e d  w a l l .  Th i s  d i a g r a m  
i l l u s t r a t e s  an i m p o r t a n t  f e a t u r e  o f  w a l l s  
o r  p i l l a r s  o f  h o r i z o n t a l l y  r e i n f o r c e d  
g r a n u l a r  m a t e r i a l .  The w a l l  was d e s i g n e d  
t o  have  a f a c t o r  o f  s a f e t y  o f  1 , 6  on a 
d e s i g n  v e r t i c a l  s t r e s s  o f  2, 39  MPa. The

DESIGN OF WALLS OR PILLARS OF HORIZONTALLY 
REINFORCED GRANULAR MATERIAL

A r t i f i c i a l  p i l l a r s  and w a l l s  can be c o n ­
s t r u c t e d  o f  g r a n u l a r  m a t e r i a l s  r e i n f o r c e d  
w i t h  l a y e r s  o f  s t e e l  mesh p l a c e d  a t  a 
v e r t i c a l  s p a c i n g  v .  I f  h i s  t he  h o r i z o n ­
t a l  s p a c i n g  o f  t h e  w i r e s  i n  t h e  mesh and 
Ar i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  e a c h  
w i r e ,  i t  f o l l o w s  t h a t

N  -  \
A vh

« M. MPs
14 $ \  MPe v feo K ied t

04VQn V*»»
F o« S 1 modulusMS MPa

: '1 vpi

? « r*) « V 0 mm ♦
M E S H  o y r  5S 0 M P a  

t  r cam### |6 mu 
an a iie  0 7* m  a I SO * ' • i 4 $ m n«gh

a n d  e q u a t i o n  ( 2c )  becomes

1 6  7 •  •  10 I I  12 13 14 1 ) 1#

C O M PR ES SIO N  IN PERCEN T

* S w e e e  c o m t  .»>%*>-» r w r n  *o w e *  o '  .eu i«o-L w «i * *

max -  V y R ' N  "
( 3)

w a l l  was l oaded  t o  t h e  d e s i g n  l o a d  and was



-  '>b -ct. .
: e  5 b i 1 l u s t  r a '  e« The r e s u l t s  o f  a 

c f t - i S ’ s o r  r T . f -  r m d  w a l l s  t h a t  
: ■ t r  c t v  v a l i d i t y

, 6 .1 .  T h e  . r«r c h : v s  t h e  
a t  t a i  l u r e  i n  a s e n  .-f u t  t e s t s  on 

i n  w h i c h  t h e  tiMr.ber  o f  bond w i r e s  
h s i d e  o f  t h e  w a l l  was i n c r e a s e d  
s s i v e l y  f toit z e r o .  The s p a c i n g  o f  
r.d w i ’- e s  was  12 , 5  t«s and t h e  
t i c a l  b o n d  l e n g t h  was 60 mro, h e n c e  
and r o t i l d  t h e o r e t i c a l l y  be a c h i e v e d  

h j r t d  v i r e s .  The r e s u l t s  i n  F i g u r e  
f i r a  t h i s .

bone '"Ogth

l i m i t e d  h e i g h t  t o  w i d t h  r a t i o  of  t h e  w a l l s

S M e n g t n

3 « » ia
, J . J .  ' . I  C R O S S  WIRES

K' 1 '  .  ,— . " u  to> to m tccoo yomwtot motot tot

r H : iSV. v'F ‘11 .FORCED GRANULAR

- i t 1 i o;  v I - .  i at  e s  , r e i n f o r c e d  
» 1 I s  f i : 1 when t h e  t e n s i l e  

. : the h or izon ta l  - r e i n f o r c i n g  i s  
er h i t  r  j r s ,  t h e  r e i n f o r c -

■ r a r :  : e a: ' , ,  t h e  g r a n u l a r
' . e a r -  d i a g o n a l  p l a n e s

v ' t  ( 4 5 * - C / 2 ) t o  t h e
t l  . o f  : * r i y  r ' i n c i p a l  o r  
ca l ; t  rr
- r e  f-a l l u - t r t t e s  : e o b s e r v e d  
i c r . s  a t  w h i c h  rh«- e n f o r c i n g  w i r e s
. . - o d  i n  a t y p i c a l  t e s t  w a l l .  The
-,1 i r *  u r e s .  t i t h e  r e i n f o r c i n g

,e a  r  t. o f  r u l t i p l e  s h e a r  p l a n e s  
' - l td a t  a n.aan a n g l e  of  26* t o  t h e  

t  "or .  o f  t h e  c a j o r  p r i n c i p a l  s t r e s s . 
c.t . .n t i n g l e  c o r r e s p o n d s  e x a c t l y  t o  t h e  

- - \  ; .u g le (■•5*- t / 2 )  f o r  t h e  f i l l
I w h i  ' i  < ■ 6 * .  F i g u r e  6 b

i f  on,  f t h e  mat s  o f  mesh
. . i lysed i n  F i g u r e  6 a .  

s o t  t h e  s t e e l  a r ei t .
. a ! 
ir •

n 1 1 <
•1 t.i 

.1 y v i s i t  
'  o r e  I i  c a 1 . , J

r e n u n h e i  o t  
- r a n u l  a r  ■' 

ie r. •
$ i r  d by .
• c i  t'-e t

i s  p s i b l e  f o r  an 
hr ' n l a n e s  t o  d e v e l o p  

i i . I n  p r a c t i c e ,
• nt  of  s h e a r  p l a n e s  

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

e
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l i no  two

angle ot 
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planes W °

4 *  38-
4SC n- 4.1 «  64"

ERCM 1090mm lo 1160 mm

Figvrv 4e  Pcs'iio<'S o ' f#nfc,*e ls»*utes »n o ' ho*aom §iiy
watt ot gr»nui*f maienai

p r e v e n t  s h e a r  p l a n e s  f r om d e v e l o p i n g  f u l l y  
e x c e p t  i n  t h e  d i a g o n a l  c o r n e r - t o - c o m e r  
c o n f i g u r a t i o n  i l l u s t r a t e d  i n  F i g u r e  6 a .

I

I l i E i S

F ig u re  6b  Mat ot re in fo rc in g  steel t a k e n  from wall r e l e n e a  to
in Figure 24a  show in g  m u l t ip le  f rac tures ot t ran sv e rse  
w ires

SPIRALLY OR HOOP REINFORCED COLUMNS

As an a l t e r n a t i v e  t o  embedding r e i n f o r c i n g  
mesh i n  t h e  f i l l ,  a c y l i n d r i c a l  column o f  
f i l l  can be r e i n f o r c e d  by  surrounding i t  
w i t h  a s t e e l  s p i r a l  or  a s e r i e s  o f  s t e e l  
h o o p s .  A r a d i a l  c o n f i n i n g  s t r e s s  i s  then  
d e v e l o p e d  as shown in  F i g u r e  7.



' P . p T ,

. e . C,

2T -  2
V v F

■ vR
FRp

FRp
( 5 )

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

O h

1,11

spiral or hoop 
reinforcing

F ig u re  7 . P r .n c io le  o '  ce icuM lir ig  I he iveng th  
O' a spira'W , r  n lo r c e d  co lum n

F i g u r e  6 s h o ws  a c o m p a r i s o n  o f  me a s u r e d  
s t r e n g t h s  o f  h o o p  and s p i r a l l y  - e i n f o r e e d  
c o l u m n s  w i t h  v a l u e s  p r e d i c t e d  f rom e q u a t i o n  
( 5 ) .  The  a g r e e m e n t  be t we e n  t h e o r y  and 
—•‘ t  e r . e n t  i s  e x c e l l e n t  and t h e  c o m p a r i s o n  

, o  shows  t h a t  e q u a t i o n  (5)  a p p l i e s  
e q u a l l y  w e l l  t o  b o t h  s p i r a l  and hoop

c

20

3

.U
o spiral 
•  hoop

CALCULATED STRENGTH MPa

r e  i n f  o r e  e m e n t .
Bond b e t w e e n  t h e  r e i n f o r c e m e n t  and t h e  

f i l l  p l a y s  no p a r t  i n  a s p i r a l l y  r e i n f o r c e d  
c o l u m n .  H o w e v e r , t o  t r a n s f e r  t he  c o n f i n ­
i n g  s t r e s s  i n t o  t h e  f i l l ,  i t  i s  n e c e s s a r y  
t o  h a v e  a r e t a i n i n g  membrane  be tween t h e  
f i l l  and t h e  r e i n f o r c i n g .  I n  t he  
l a b o r a t o r y  t e s t s  c a r r i e d  o u t  so f a r ,  a 
woven  p o l y p r o p y l e n e  h e s s i a n  has  been used  
f o r  t h i s  p u r p o s e .

T h e  r e l o a d i n g  m o d u l i  o f  s p i r a l l y  o r  hoop 
r e i n f o r c e d  c o l u mn s  a r e  c o mp a r a b l e  w i t h  
t h o s e  o f  mes h  r e i n f o r c e d  w a l l s .  T h i s  i s  
shown i n  F i g u r e  9 w h i c h  compar es  r e l o a d i n g  
m o d u l i  m e a s u r e d  on  r e i n f o r c e d  ash  w a l l s  
w i t h  c o r r e s p o n d i n g  m e a s u r e m e n t s  on s p i r a l l y  
r e i n f o r c e d  a s h  c o l u m n s .

m e s h  l e m lo r c e d  walls ,  

sp ira l ly  r e in fo r c e d  c o lu m n s  t
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M E A S U R E D  STRENGTH MPa

F .gu t#  t  C o m p a n io n  o l re lo a d in g  m oduli I or m eii 
w a in  a n d  s p ira lly  le m lc r c e e  co iu m n i

COMPARISON OF WALL AND COLUMN SYSTEMS

A c c o r d i n g  t o  e q u a t i o n  ( 3 )  t h e  load c a r r i e d  
by u n i t  p l a n  a r e a  o f  h o r i z o n t a l l y  
r e i n f o r c e d  w a l l  i s

v >  n
F vh

( 3 a )

% / v h  i s  t h e n  t h e  vo l ume  o f  r e i n f o r c e m e n t  
p e r  u n i t  vo l ume  o f  w a l l .

S i m i l a r l y ,  f r o m e q u a t i o n  (5)  t he  l oad  
c a r r i e d  p e r  u n i t  a r e a  o f  s p i r a l l y  r e i n f o r c e d  
co l umn i s

0 -
F Rp

(5a)

F ig u re  a  C o m p a n i o n  o l c a lc u la te d  a n d  m e a su ie d  n ie n g lh i

I n  t h i s  c a s e ,  * ^ t / R p  i s  t h e  volume of  
r e i n f o r c e m e n t  p e r  u n i t  volume of  column.  

The m a j o r  c o s t  i t e m  i n  a r e i n f o r c e d



;

I A ’’Asteel, h e n c e  the ratios R/vh or “ R/Rp
are, to a large extent , the key to the
economic viability of the system. For the
same quality of fill and reinforcing and
t h e  same f a c t o r  o f  s a f e t y  KpOyR/ F  w i l l  be
t h e  s a m e . Hence c o mp a r i n g  h o r i z o n t a l l y
r e i n f o r c e d  w a l l s  w i t h  s p i r a l l y  r e i n f o r c e d
c o l u m n s ,  t h e  two s y s t e m s  w i l l  be  e q u a l l y
v i a b l e  e c o n o m i c a l l y  i f

^ ^  ^ ^ R ( c o l )  * AR ( w a l I ) (6 )

vh

and ( 2 )  e q u a l l y  s t r o n g  i f  

^ R f c o l )  -  ^ R f w a l l )  ............... ( 7 )
vh

* two r e q u i r e m e n t s  c l e a r l y  c a n n o t  be  met  
s i m u l t a n e o u s l y .  Fo r  e q u a l  s t r e n g t h ,  i f  
AR ( c o l )  -  AR ( w a l l ) • t h e n  RP * v h.  I t  t h e n  
f o l l o w s  f r om e q u a t i o n  (6)  t h a t  a s p i r a l l y  
r e i n f o r c e d  column w i l l  r e q u i r e  t w i c e  t h e  
s t e e l  r e q u i r e d  by t h e  e q u i v a l e n t  h o r i z o n ­
t a l  l y  r e i n f o r c e d  w a l l .

I n  p r a c t i c a l  t e r m s  p w i l l  be o f  t h e  same 
o r d e r  o f  m a g n i t u d e  as  v (25 t o  100 mm).
Hence R mu s t  of  n e c e s s i t y  be o f  t h e  same 
o r d e r  o f  m a g n i t u d e  as  h i f  AR( Co l )  i s  t o  
be k e p t  w i t h i n  r e a l i s t i c  b ounds .  The 
s i t u a t i o n  i s  b e s t  i l l u s t r a t e d  by an e x a m p l e .

C o n s i d e r  a w a l l  f o r  which

0 - 5  MPa 

F -  1 , 7 5

(

Then v

Kp -  3 , 5  CyR -  1000 MPa

h -  50 nw and AR ( w a U )  -

20 mm’ ( e q u i v a l e n t  t o  a w i r e  
d i a m e t e r  o f  5 mm)

FhC
160 tarn.

Now c o n s i d e r  an e q u i v a l e n t  s p i r a l l y  
r e i n f o r c e d  column h a v i n g  p -  160 mm.

R -  Kp f y R AR 
OFp

50 mm.

whi ch  i s  c l e a r l y  i m p r a c t i c a l .
I f  p i s  r e d u c e d  t o  30 mm, R -  267 mm, a 

more r e a s o n a b l e  v a l u e .  The example  shows 
t h a t  w h e r e a s  a h o r i z o n t a l l y  r e i n f o r c e d  
w a l l  may be  c o n s t r u c t e d  t o  any p l a n  
d i m e n s i o n s ,  t h e  r a d i u s  of  a s p i r a l l y  
r e i n f o r c e d  column i s  l i m i t e d  t o  a maximum 
o f  a b o u t  a me t r e  by p r a c t i c a l  c o n s i d e r a t i o n s .

C a l c u l a t i n g  t h e  r a t i o  o f  volume o f  
r e i n f o r c e m e n t  t o  vo l ume  o f  f i l l  f o r  t h e  
above  e x a m p l e , we f i n d  t h a t  f o r  t h e  w a l l :

whereas for t h e  column 

2 A R / R p  * 0 . 5 =

which agrees with the conclusion arrived 
at above.

A s q u a r e  o r  r e c t a n g u l a r  h o r i z o n t a l ly 
r e i n f o r c e d  p i l l a r  w i l l  n e e d  t o  have  t h e  
same r e i n f o r c e m e n t  no r ma l  t o  e a c h  o f  its 
p a i r s  o f  s i d e s .  Hence t h e  r a t i o  o f  
vo l ume  of  r e i n f o r c e m e n t  t o  vo l ume o f  f i l l  
w i l l  be "AR/vh i n t h i s  c a s e .  ( Because  of  
t h e  n e c e s s i t y  o f  p r o v i d i n g  bond s t e e l  i n  a 
w a l l ,  t h e  r a t i o  o f  r e i n f o r c e m e n t  vol ume t o  
f i l l  volume i s  a c t u a l l y  s l i g h t l y  h i g h e r  
t h a n  AR / v h ) .

I t  i s  s e e n , t h e r e f o r e , t h a t  f o r  i s o l a t e d  
s u p p o r t s  b o t h  s y s t e ms  r e q u i r e  t h e  same 
amount  o f  r e i n f o r c i n g .  The s p i r a l l y  
r e i n f o r c e d  col umn d o e s , h o w e v e r ,  have  
p o t e n t i a l  a d v a n t a g e s  i n  t h a t

( 1 )  u l t r a - h i g h  t e n s i l e  s t e e l  can be us ed  
i n  s p i r a l  form w h e r e a s  t h i s  i s  n o t  
p o s s i b l e  in mesh form b e c a u s e  w e l d i n g  
o f  t h e  node s  l o c a l l y  r e d u c e s  t h e  
s t r e n g t h .

( 2 ) t h e  c y l i n d r i c a l  mass  o f  f i l l  c an  be 
p l a c e d  and c o mpa c t e d  e i t h e r  b e f o r e  o r  
a f t e r  p l a c i n g  t h e  r e i n f o r c i n g ;  and

( 3 )  t h e  s t e e l  i s  open  f o r  i n s p e c t i o n .  

CONCLUSIONS

I t  i s  p o s s i b l e  t o  b u i l d  v e r y  e f f e c t i v e  
a r t i f i c i a l  s u p p o r t s  f o r  s h a l l o w  mi n i n g  by 
u s i n g  h o r i z o n t a l l y  o r  s p i r a l l y  r e i n f o r c e d  
g r a n u l a r  f i l l .  The ec onomi c  v i a b i l i t y  of  
t h e  met hod w i l l  depend  on l o c a l  c o s t  and 
c i r c u m s t a n c e s  and t h e  s e l l i n g  p r i c e  o f  t h e  
p r o d u c t . I t  i s  b e l i e v e d  t h a t  a t  p r e s e n t  
t h e  me t hod  has  most  p r o m i s e  f o r  s p e c i a l i s t  
a p p l i c a t i o n s .  W a l l s ,  o r  rows o f  c o l u m n s , 
c o u l d  p r o v i d e  a r t i f i c i a l  b a r r i e r  p i l l a r s  
f o r  s t o o p i n g  o p e r a t i o n s  i n  b o r d - a n d - p i l l a r  
m i n e s  o r  f o r  t r a v e l w a y s  i n  l o n g w a l l  m i n e s . 
S p i r a l l y -  o r  m e s h - r e i n f o r c e d  p i l l a r s  c ou l d  
p r o v i d e  pe r manen t  o r  t e m p o r a r y  p o i n t  
s u p p o r t s  , o r  y i e l d i n g  s u p p o r t s . However , 
when t h e  s y s t e m i s  l i n k e d  t o  t h e  e x t r a c t i o n  
o f  a h i g h e r - p r i c e d  p r o d u c t  ( e . g .  i n  Sout h  
A f r i c a ,  e x p o r t  c o a l )  t h e  me t hod  may w e l l  
h a v e  w i d e r  a p p l i c a b i l i t y  i n  p r i ma r y  mi n i ng  
o p e r a t i o n s .
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