
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


25/9

Surface subsidence in southern Africa 

Affaissements de surface en Afrique du sud

F. VON M.WAGENER, Director, Jones and Wagener, Rivonia, South Africa 

J.N. VAN DER MERWE, Group Strata Control Engineer, Sasol Mining (Pty) Ltd, South Africa 

G.B.MATTHEWS, Partner, Matthews and Associates, Rivonia, South Africa

SYNOPSI S:  Th i s  p a p e r  d i s c u s s e s  and  e x a mi n e s  t h e  c a u s e s  and  d i s t r i b u t i o n  o f  l a r ge  s c a l e  s u r f a c e  s u b s i d e n c e  i n 

s o u t h e r n  Af r i c a .

Se v e r e  s u b s i d e n c e  p r o b l e ms  a r e  r e s t r i c t e d  t o  d o l o mi t i c  r o c k ma s s e s  and s h a l l o w c oa l  mi n i n g  i n I n c o mp e t e n t  

s e d i me n t a r y  r o c k ma s s e s .

Th e  s u b s i d e n c e  f e a t u r e s  a s s o c i a t e d  wi t h  d o l o mi t i c  r o c k s  a r e  s i n k h o l e s  and  d o l i n e s .  Th e  o c c u r r e n c e  o f  t h e s e  

f e a t u r e s  i s  d i f f i c u l t  t o  p r e d i c t  and,  i n t h e  c a s e  of  s i n k h o l e s ,  ma y  r e s u l t  i n l os s  o f  l i f e.  De v e l o p me n t  on  t h e s e  

s i t e s  i s  p r e c e d e d  by  d e t a i l e d  g e o t e c h n i c a l  i n v e s t i g a t i o n s  i n wh i c h  t h e  r i s k  o f  s i n k h o l e s  and  d o l i n e s  o c c u r r i n g  i s 

a s s e s s e d .  On  c e r t a i n  s i t e s  t h e  r i s k  c an  be  r e d u c e d  t o  a c c e p t a b l e  l i mi t s  by  t a k i n g  s e n s i b l e  p r e c a u t i o n a r y  

me a s u r e s .  Ho we v e r ,  t h i s  r i s k  c a n  n e v e r  be  e l i mi n a t e d .

Hi g h  e x t r a c t i o n  c oa l  mi n i n g  me t h o d s  at  s h a l l o w d e p t h  r e s u l t  i n i mn e d i a t e  s u b s i d e n c e  wh i c h  c a n  be  p r e d i c t e d  wi t h i n  

c e r t a i n  l i mi t s .  Ho we v e r ,  no t  mu c h  has  b e e n  p u b l i s h e d  a b o u t  t h e  l ong  t e r m s t a b i l i t y  o f  s u c h  a r e a s  and  r e s e a r c h  i s  

b e i n g  c o n d u c t e d  i n t h i s  r e g a r d .  Th i s  wi l l  e n a b l e  a r e a s  a f f e c t e d  by  t o t a l  e x t r a c t i o n  t o  be  r e s t o r e d  t o  b e n e f i c i a l  

o c c u p a t i o n  as  s o o n  as  p o s s i b l e  a f t e r  mi n i n g .

1 I NTRODUCTI ON

Su r f a c e  s u b s i d e n c e  c a n  c a u s e  wi d e s p r e a d  d a ma g e  t o 

i n f r a s t r u c t u r e  and  c an  a l s o  r e d u c e  t he  d e v e l o p me n t  

p o t e n t i a l  o f  an ar ea.

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

by  t h e  f o l l o wi n g :

-  Ch e mi c a l  s o l u t i o n i n g  o f  c a r b o n a t e  r o c k s  and 

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

c o mp r e s s i b l e  r e s i d u u m.  Th i s  l eads  t o  t h e  f o r ma t i o n  

o f  s i n k h o l e s  and  d o l i n e s .  *

-  Mi n e  o p e n i n g s  i n wh i c h  t he  s u p p o r t  i s  e i t h e r  r e mo v e d  

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

r o c k ma s s  and  u l t i ma t e l y  s u r f a c e  s u b s i d e n c e .

I f  t h e r e  i s  a r i s k  o f  s i n k h o l e  and d o l i n e  d e v e l o p me n t  on  

a s i t e  t h i s  r i s k  s h o u l d  be  a s s e s s e d  at  t h e  o u t s e t  o f  t he  

p r o j e c t .  Th e  p a r a me t e r s  wh i c h  a f f e c t  t h e  r i s k  s h o u l d  be  

l i s t ed ,  a s s e s s e d ,  and t he  p r e c a u t i o n a r y  me a s u r e s  

r e q u i r e d  t o  r e d u c e  t h e  r i s k  d e f i n e d .  I f  t h e  r i s k s  or  

p r e c a u t i o n a r y  me a s u r e s  a r e  u n a c c e p t a b l e  t he  p r o j e c t  ma y  

be d i s c o n t i n u e d .  Cl e a r l y  i t  i s  n e c e s s a r y  t h a t  t h i s  

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

I f  mi n i n g  i s t o  t a k e  p l a c e  i n an a r e a  i t  i s  p r u d e n t  t o  

e v a l u a t e  t he  n a t u r e  and  ma g n i t u d e  o f  p o s s i b l e  

s u b s i d e n c e .  I n t h i s  wa y  t he  e f f e c t  o f  s u b s i d e n c e  on 

e x i s t i n g  s t r u c t u r e s  c a n  be  e v a l u a t e d  and  t he  r e h a b i l i ­

t a t i o n  o f  t h e  s i t e  on  c e s s a t i o n  o f  mi n i n g  c a n  be  p l a n n e d  

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

I n t h i s  p a p e r  t he  ma i n  c a u s e s  o f  s u b s i d e n c e  e x p e r i e n c e d  

i n s o u t h e r n  Af r i c a  a r e  d e s c r i b e d  and  t h e i r  me c h a n i s ms  

i l l u s t r a t e d .

* See Appendix fo r d e fin it io n  o f terms.

2 SUBSI DENCE DUE TO THE SOL UTI ONI NG AND EROSI ON OF 

ROCKS

2. 1  St a t e me n t  o f  t he  p r o b l e m i n s o u t h e r n  Af r i c a

Th e  p r o b l e m i s r e s t r i c t e d  t o  c a r b o n a t e  r o c k s  ( e. g.  

d o l o mi t e )  s u s c e p t i b l e  t o  a c i d i c  a t t a c k  b y  p e r c o l a t i n g  

g r o u n d wa t e r  i n t h e  p h r e a t i c  z one .  Su b s e q u e n t  i n t e r na l  

e r o s i o n ,  o r  a l o we r i n g  o f  t he  wa t e r  t ab l e ,  c a n  l ead t o  

t he  f o r ma t i o n  o f  s i n k h o l e s  and  d o l i n e s .

I n p a r t i c u l a r  t he  p r o b l e m has  b e e n  a c c e n t u a t e d  wi t h i n  

t h o s e  u r b a n  and  mi n i n g  a r e a s  wh e r e  t he  wa t e r  t a b l e  has  

b e e n  a r t i f i c i a l l y  d e p r e s s e d  o r  wh e r e  t h e r e  has  b e e n  an 

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

t he  r e s i d u u m a b o v e  t h e  r o c k h e a d .

I n t h o s e  a r e a s  wh e r e  a r t i f i c i a l  d e wa t e r i n g  o f  t he  

d o l o mi t e  r o c k ma s s  has  o c c u r r e d ,  t h i r t y - e i g h t  p e o p l e  h a v e  

l os t  t h e i r  l i v es  b y  b e i n g  i n t e r r e d  i n s i n k h o l e s .  No t  so 

s p e c t a c u l a r  or  c a t a s t r o p h i c  a r e  l a r g e  s c a l e  f e a t u r e s  

c a u s e d  by  c o mp a c t i o n  s u b s i d e n c e  wh i c h  r e s u l t  i n t he  

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

h e c t a r e s .  Th e s e  f e a t u r e s  ( d o l i n e s )  h a v e  r e s u l t e d  i n 

e x t e n s i v e  s t r u c t u r a l  d a ma g e  bu t  no t  l os s  o f  l i f e.

I t  has  no t  b e e n  p o s s i b l e  t o  a s c e r t a i n  t h e  e x a c t  c o s t  o f  

d a ma g e  and d i s r u p t i o n  c a u s e d  b y  d o l o mi t i c  s u b s i d e n c e  bu t  

i t  r u n s  i n t o  h u n d r e d s  o f  mi l l i o n s  o f  Do l l a r s .

2 . 2  De v e l o p me n t  o f  t he  t y p i c a l  d o l o mi t e  p r o f i l e

2 . 2 . 1  So l u t i o n i n g

Wh e n  f r es h ,  t h e  d o l o mi t e  r oc k  ma t e r i a l  has  a h i gh  

c o mp r e s s i v e  s t r e n g t h  and  l ow p o r o s i t y .  I t  i s,  h o we v e r ,  a 

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

t o  a t t a c k  b y  we a k  a c i d i c  s o l u t i o n s .
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1 . N O T E S A N D  2  A S  F O R  F I G U R E  1 ( 1 1 )  

S I T E  I N  E Q U I L I B R I U M  W I T H  E N V I R O N ­
M E N T  W I T H  N O  A C T I V E  S I N K H O L E S .

A(1) U N D E V E L O P E D  S I T E  W I T H  
" S T A T I C "  W A T E R  T A B L E  
C O N D I T I O N S

N O T E S

1 .  C O V E R  O V E R  D O L O M I T E  M A V  
Z E R O  T O  O V E R  3 0 m .

V A R Y  F R O M

L I M I T E D  S I N K H O L E  D E V E L O P M E N T  D U E  
T O  S U B S U R F A C E  E R O S I O N  C A U S E O  B Y  
C O N C E N T R A T E D  A R T I F I C I A L  W A T E R  

I N G R E S S .

D E V E L O P E D  S I T E  
" S T A T I C "  W A T E R  
C O N O  I T I O N S

R A P I D  L O W E R I N G  O F  W A T E R  T A B L E  
A N D  S U B S U R F A C E  E R O S I O N  D U E  T O  
C O N C E N T R A T E D  A R T I F I C I A L  W A T E R  
I N G R E S S .

D E V E L O P E D  S I T E  W I T H  
R A P I D  L O W E R I N G  O F  
W A T E R  T A B L E

FI GURES 1 ( i )  TO 1 ( i i i ) TYPI CAL  PROFI L E ON DOL OMI TE WI TH 

DI FFERENT WATER TABL E CONDI TI ONS

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

c h a r g e d  wi t h  c a r b o n  d i o x i d e  t o  f o r m a we a k  c a r b o n i c  

ac i d.  I f  s o l i d  ( i . e.  u n j o i n t e d ) ,  t he  d o l o mi t e  r o c k ma s s  

wo u l d  r e s i s t  s u c h  ac i d  a t t ac k .  Ho we v e r ,  as  wi t h  mo s t  

r o c k ma s s e s ,  t h e r e  i s a we l l  d e v e l o p e d  n e t wo r k  o f  j o i n t s ,  

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

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

a c i d i c  g r o u n d wa t e r  wi t h i n  t h i s  s y s t e m I n t h e  p h r e a t i c  

z o n e  b e l o w t he  wa t e r  t a b l e  r e s u l t s  i n t he  wi d e n i n g  of  

v e r t i c a l  j o i n t s  ( t o  f o r m s l o t s )  and  i n t he  c r e a t i o n  of  

n e a r  h o r i z o n t a l  s o l u t i o n  c a v e r n s  i n t he  z o n e  i mme d i a t e l y  

b e l o w t he  wa t e r  t a b l e  wh e r e  a c i d  a t t a c k  i s  mo s t  s ev e r e .

2 . 2 . 2  De v e l o p me n t  o f  r e s i d u u m

A f a i r  p e r c e n t a g e  o f  t h e  d o l o mi t e  r oc k  ma t e r i a l  

c o mp r i s e s  o x i d e s  o f  i r on,  a l u mi n i u m and  ma n g a n e s e .  

Th e s e  o x i d e s  a r e  r e s i s t a n t  t o  ac i d  a t t a c k  and  r e ma i n  

wi t h i n  t he  r e s i d u u m a f t e r  s o l u t i o n i n g  o f  t he  d o l o mi t e  

h o s t  r oc k .  Of  t he s e ,  ma n g a n e s e  o x i d e  i s  t h e  mo s t  

i mp o r t a n t  b e i n g  r e p r e s e n t e d  by  a h i g h l y  e r o d i b l e ,  l ow 

d e n s i t y ,  b l a c k  s a n d y  s i l t  ( wad) .

Si l i c a  i s  a l s o  p r e s e n t  as  d i s t i n c t  h a r d  r oc k  b a n d s  o f  

c h e r t  ( Si 02) wh i c h  v a r y  f r o m mi l l i me t r e s  t o  me t r e s  i n 

t h i c k n e s s .  Th e  c he r t ,  b e i n g  r e s i s t a n t  t o  c h e mi c a l  

a t t a c k ,  r e ma i n s  b e h i n d  as  l a r g e  a n g u l a r  b o u l d e r s  and 

g r a v e l s  a l o n g  wi t h  t he  o x i d e s ,  c l a y s  and s a n d y  

i mp u r i t i e s  wh i c h  f o r m t he  d o l o mi t e  r e s i d u u m ( Fi g u r e  

1).

2 . 2 . 3  Th e  p r o f i l e

I n g e n e r a l ,  t h e  t y p i c a l  p r o f i l e  s h o wn  i n F i g u r e  1 c a n  be 

s u b - d i v i d e d  i n t o  t h r e e  b a s i c  un i t s :

-  A r e s i d u u m o f  b l o c k s  o f  c h e r t  s e t  i n a ma t r i x  o f  

o x i d e s ,  c l a y s  and s ands .  I n g e n e r a l  t he  r e s i d u u m i s 

h i g h l y  p e r me a b l e  and s u s c e p t i b l e  t o  i n t e r na l  e r o s i o n  

b y  p e r c o l a t i n g  wa t e r .  Th i s  e r o s i o n  ma y  r e s u l t  i n t he  

f o r ma t i o n  o f  c a v i t i e s  i n t he  r e s i d u u m a b o v e  t h e  wa t e r  

t ab l e .

A s e mi - s t a b l e  z o n e  wi t h i n  t he  d o l o mi t e  r o c k ma s s  a b o v e  

a nd  j u s t  b e l o w t h e  wa t e r  t a b l e  c h a r a c t e r i s e d  by  

s o l u t i o n  wi d e n e d  s l o t s ,  s o l u t i o n  c a v e r n s  and 

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

A d e e p e r  s t a b l e  z o n e  wi t h i n  t he  d o l o mi t e  r o c k ma s s  

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

t h i s  has  no r ea l  s i g n i f i c a n c e  i n t he  o v e r a l l  

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

2 . 3  Me c h a n i s ms  r e s p o n s i b l e  f o r  t he  f o r ma t i o n  of  

s i n k h o l e s  and d o l i n e s

Of  p a r t i c u l a r  i mp o r t a n c e  i n t he  d o l o mi t e  p r o f i l e  as

d e s c r i b e d  i s:

-  t he  o c c u r r e n c e  o f  l o o s e  ma t e r i a l  ( e . g .  wa d  and  s and)  

wi t h i n  t h e  r e s i d u u m.  Er o s i o n  o f  t h i s  ma t e r i a l  l eads  

t o  t he  r a p i d  f o r ma t i o n  o f  c a v i t i e s ,

-  t he  o c c u r r e n c e  o f  c h e r t  b l o c k s  i n  t h e  r e s i d u u m.  Th e s e  

b l o c k s  f o r m s e mi - s t a b l e  a r c h e s  and  a l l o w c a v i t i e s  

ma n y  me t r e s  i n d i a me t e r  t o  d e v e l o p ,

-  t h e  o c c u r r e n c e  o f  l a r g e  s o l u t i o n  c a v e r n s  i n t h e  z o n e  

i r me d i a t e l y  b e l o w t h e  wa t e r  t ab l e .  De p r e s s i o n  o f  t he  

wa t e r  t a b l e  r e s u l t s  i n t h e s e  c a v e r n s  f o r mi n g  

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

e r o d e d  d o wn wa r d s  f r o m t h e  o v e r l y i n g  r e s i d u u m.  Wi t h o u t  

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

ma t e l y  s i n k h o l e s ,  wo u l d  be  p r e v e n t e d .

Wh e n  s t u d y i n g  t h e  f o r ma t i o n  o f  s i n k h o l e s  and  d o l i n e s  i n

d o l o mi t e  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t wo  s i t u a t i o n s  v i z :

-  Th a t  i n wh i c h  t h e  wa t e r  t a b l e  has  b e e n  d e p r e s s e d  

n a t u r a l l y  on  a g e o l o g i c a l  t i me  s c a l e  i . e.  i s  " s t a t i c "  

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

-  Th a t  i n wh i c h  t h e r e  has  b e e n  a r a p i d  a r t i f i c i a l  

l o we r i n g  o f  t h e  wa t e r  t a b l e  i . e.  i s  " a c t i v e "  wi t h  

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

LEAKING 
pi PE 7

ORIGINAL
’w a t e r  t a b l e
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2 . 3 . 1  Do l o mi t e  wi t h i n  " s t a t i c "  wa t e r  t a b l e

I n r oost  u n d i s t u r b e d  d o l o mi t i c  e n v i r o n me n t s  t h e  wa t e r  

t a b l e  i s  " s t a t i c "  i n t h a t  l o we r i n g  o f  t he  o r i g i n a l  wa t e r  

t a b l e  ( p o s i t i o n  A t o  p o s i t i o n  B,  F i g u r e  1 ( i ) )  t a k e s  

p l a c e  o v e r  mi l l i o n s  o f  y e a r s .  S l o w s o l u t i o n i n g  and 

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

a b o v e  t h e  wa t e r  t a b l e ,  t h e  a r e a  i s  g e n e r a l l y  i n 

e q u i l i b r i u m wi t h  t h e  e n v i r o n me n t  and  l i t t l e  o r  no  

s u b s i d e n c e  oc c u r s .

Sh o u l d  d e v e l o p me n t  t a k e  p l a c e  i n s u c h  an ar ea,  

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

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

t h o s e  c a v e r n s  a b o v e  t h e  wa t e r  t ab l e .  Ca v i t i e s  c r e a t e d  

b y  e r o s i o n  i n t h e  r e s i d u u m c o u l d  t hen  mo v e  u p wa r d s  by  

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

s i n k h o l e s  as  s h o wn  i n  F i g u r e  l ( 1 i ) .  I f  t h e  ma t e r i a l  

f o r mi n g  t h e  r o o f  o v e r  a c a v i t y  i s  t oo  we a k  t o  a r c h  

c o mp a c t i o n  s u b s i d e n c e  r e s u l t s  a n d  d o l i n e s  a r e  f o r med .

2 . 3 . 2  Do l o mi t e  wi t h i n  " a c t i v e "  d e wa t e r i n g  c o n d i t i o n s

As s u me  an o r i g i n a l  wa t e r  t a b l e  at  p o s i t i o n  B i n F i g u r e  

l ( i i i ) .  Mo s t  c a v i t i e s  and  s o l u t i o n  c a v e r n s  a r e  f i l l e d  

wi t h  wa t e r  or  r e s i d u u m and  a r e  i n e q u i l i b r i u m wi t h  t he  

e n v i r o n me n t .  Th u s  o n l y  mi n o r  e r o s i o n  o c c u r s  wi t h i n  t he  

r e s i d u u m.

Sh o u l d  r a p i d  d e wa t e r i n g  t a k e  p l a c e  and  t he  wa t e r  t a b l e  

i s  l o we r e d  t o  p o s i t i o n  C,  t h e  e q u i l i b r i u m i s  u p s e t  and  

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

of  t h e  wa t e r  t a b l e  wi t h i n  t h e  r e s i d u u m d o e s  no t  a l l o w i t  

t o  c o n s o l i d a t e  a n d  t h u s  i n c r e a s e  i n s t r e n g t h  as  wo u l d  

o c c u r  u n d e r  u n d i s t u r b e d  c o n d i t i o n s .  Th e  r e s i d u u m i s  t h u s  

mo r e  s u s c e p t i b l e  t o  e r o s i o n .  Ra p i d  d e wa t e r i n g  e mp t i e s  

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

ma t e r i a l  and  i n d u c e s  g r e a t e r  h y d r a u l i c  g r a d i e n t s  and 

t h u s  i n t e r na l  e r o s i o n  and t h e  r e mov a l  o f  r e s i d u u m t o 

t h e s e  c a v e r n s .  Th e  n e t t  r e s u l t  i s  t he  c r e a t i o n  o f  l a r ge  

c a v i t i e s  wi t h i n  t h e  r e s i d u u m wh i c h  g e n e r a l l y ,  u n d e r  t he  

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

i n l a r g e  s i n k h o l e s .

A d o l i n e  d e v e l o p s  wh e r e  t h i c k  l a y e r s  o f  c o mp r e s s i b l e  

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

t ab l e .  No t e  t h a t  c h e r t  a r c h e s  do  no t  d e v e l o p  i n t he  

p r o f i l e .  Th i s  s i t u a t i o n  i s  s h o wn  i n F i g u r e  l ( i i i ) .  Th e  

c o mp r e s s i b l e  r e s i d u u m c o n s o l i d a t e s  d u e  t o an i n c r e a s e  i n 

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

at  t he  s u r f a c e  l e a d i n g  t o  t he  d e v e l o p me n t  o f  a d o l i ne .

2 . 4  Di s t r i b u t i o n

Th e  d i s t r i b u t i o n  o f  d o l o mi t e  i n So u t h  Af r i c a  i s  s h o wn  i n 

Fi g u r e  2.  Th i s  d o l o mi t e  r e p r e s e n t s  983!  o f  al l  s o l u b l e  

r oc k s  and  c o v e r s  a b o u t  3 *  o f  t he  t o t a l  a r e a  o f  t he  

c o u n t r y  ( v an  Sc h a l k wy k  1981) .

I n t h e  Tr a n s v a a l  d o l o mi t e  o u t c r o p s  o v e r  an  a r e a  o f  mo r e  

t han  15 0 0 0 k m . I t  I s  e s t i ma t e d  t h a t  14% o f  t he  

i n d u s t r i a l i s e d  PWV a r e a  i s  u n d e r l a i n  b y  n e a r - s u r f a c e  

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

r e s i d e n t i a l ,  i n d u s t r i a l  and  mi n i n g  d e v e l o p me n t  wh e r e  

mo s t  p r o b l e ms  h a v e  b e e n  e x p e r i e n c e d .

I n c e r t a i n  a r e a s  d o l o mi t e  i s  u n d e r l a i n  b y  g o l d  b e a r i n g  

r e e f s  o f  Wi t wa t e r s r a n d  r o c k s  ( Fi g u r e  3) .  Her e ,  

d e wa t e r i n g  d u r i n g  mi n i n g  o p e r a t i o n s  has  r e s u l t e d  i n s o me  

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

GROUND WATER COMPARTMENTS -----------

SINKHOLE DOLINE

L E G E N D

V O  O R I G I N A L  W A T E R  T A B L E  

V  D  D E P R E S S E D  W A T E R  T A B L E

F I G U R E  3  M I N I N G  O P E R A T I O N  T H R O U G H
D O L O M I T E  U N D E R L A I N  B Y  G O L D  
B E A R I N G  W I T W A T E R S R A N D  R O C K S

L i t t l e  o r  no  d e v e l o p me n t  on  d o l o mi t e  has  o c c u r r e d  e l s e ­

wh e r e  i n t h e  r e g i o n .  As  t h e s e  a r e a s  a r e  o n e s  i n wh i c h  

t h e  d o l o mi t e  i s  i n e q u i l i b r i u m wi t h  t he  e n v i r o n me n t  

( i . e .  a " s t a t i c "  wa t e r  t a b l e )  l es s  s e r i o u s  p r o b l e ms  h a v e  

b e e n  e x p e r i e n c e d  wi t h  s u b s i d e n c e .
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2 . 5  Ca s e  h i s t o r i e s

Wh e r e  a r e a s  o f  " s t a t i c "  wa t e r  t a b l e  a r e  p r e s e n t ,  

d e v e l o p me n t  on  d o l o mi t e  g e n e r a l l y  r e s u l t s  i n t he  

f o r ma t i o n  o f  mi n o r  s i n k h o l e s  and d o l i n e s  wh i c h  a r e  

a l mo s t  a l wa y s  t r i g g e r e d  by  t h e  c o n c e n t r a t e d  a r t i f i c i a l  

i n t r o d u c t i o n  o f  wa t e r  i n t o  t he  p r o f i l e .  Th e  d a ma g e  i s 

n o r ma l l y  o f  l i mi t e d  e x t e n t  ( Fi g u r e  4) .  Af t e r  b a c k f i l l i n g  

t he  s i n k h o l e  o r  d o l i n e  and  s e a l i n g  t he  i n me d i a t e  a r e a  t o 

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

s o l v ed .

Da ma g e  has  b e e n  f a r  mo r e  s e v e r e  on t he  Fa r  We s t  Rand ,  

6 0 k m we s t  o f  J o h a n n e s b u r g ,  wh e r e  d o l o mi t e  c o mp a r t me n t s  

we r e  d e wa t e r e d  by  l a r g e  s c a l e  p u mp i n g  ( Fi g u r e  3) .  A 

r a p i d  l o we r i n g  o f  t he  wa t e r  t a b l e  t ook  p l a c e  wh i c h  l ed 

t o  wi d e - s p r e a d  d a ma g e  as  a r e s u l t  o f  t h e  a c c e l e r a t e d  

d e v e l o p me n t  o f  s i n k h o l e s  and do l i n e s .

On  1 2 t h  De c e mb e r  1 9 6 2  t he  t h r e e  s t o r e y  c r u s h i n g  p l a n t  o f  

t he  We s t  Dr i e f o n t e l n  Mi n e  d i s a p p e a r e d  i n t o  a s t e e p - s i d e d  

s i n k h o l e  5 5 m i n d i a me t e r  and  3 0 m d e e p  ( Fi g u r e  5) .  Th e r e  

was  no wa r n i n g  o f  t he  i mp e n d i n g  d i s a s t e r  and t he  

s t r u c t u r e  and  t we n t y - n i n e  e mp l o y e e s  v a n i s h e d  wi t h o u t  

t r a c e  wi t h i n  mi n u t e s .  I n 1 9 6 4  a f a mi l y  o f  f i v e  was  

s wa l l o we d  b y  a s i n k h o l e  6 0 m i n d i a me t e r  and 3 0 m d e e p  at  

a n e i g h b o u r i n g  mi n i n g  t own.  Du r i n g  1 9 6 3  a d o l i n e  

d e v e l o p e d  at  L u p i n  Pl a c e  i n Ca r l e t o n v i l l e .  Twe n t y - t wo  

h o u s e s  we r e  a f f e c t e d  by  t h e  s u b s i d e n c e  wh i c h  e v e n t u a l l y  

r e a c h e d  a d e p t h  o f  5m.  Ho u s e s  s t r a d d l i n g  t he  e d g e  of  

t he  d o l i n e  b r o k e  up,  wh i l e  t h o s e  t o wa r d s  t he  c e n t r e  

s e t t l e d  u n i f o r ml y  and s u f f e r e d  l i t t l e  d a ma g e  ( F i g u r e  6) .  

As  t h i s  s u b s i d e n c e  t ook  mo n t h s  t o  d e v e l o p  t h e r e  wa s  no 

l os s  o f  l i f e.  Du e  t o  p r o b l e ms  wi t h  s t o r mwa t e r  and 

s e r v i c e s  t h e  h o u s e s  we r e  e v e n t u a l l y  e v a c u a t e d  and 

d e mo 1 i s hed.

Th e s e  o c c u r r e n c e s  we r e  wi t h o u t  p r e c e d e n c e  i n So u t h  

Af r i c a  ( Br i n k  1 9 7 9  and Wo l ma r a n s  1984) .  As  a d i r e c t  

r e s u l t  a n u mb e r  o f  r e s e a r c h  o r g a n i s a t i o n s  we r e  s e t  up  t o  

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

s a f e t y  me a s u r e s .  J e n n i n g s  ( 1966)  p r e s e n t e d  t h e o r i e s  on  

t he  d e v e l o p me n t  o f  s i n k h o l e s  and d o l i n e s .  I n a d d i t i o n  he  

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

i n s t a l l a t i o n s  on d o l o mi t e .  J e n n i n g s  and h i s  c o - wo r k e r s  

d i d  mu c h  t o  r e s t o r e  c o n f i d e n c e  i n t he  a r e a  and  t h e i r  

g u i d e l i n e s  h a v e  b e e n  wi d e l y  f o l l o we d .

Cu r r e n t l y  t h e r e  a r e  a n u mb e r  o f  p u b l i c a t i o n s  o u t l i n i n g  

me t h o d s  of  i n v e s t i g a t i o n ,  c l a s s i f i c a t i o n  and  e v a l u a t i o n  

( J e n n i n g s  1966 ,  Kl e y we g t  1981,  Wa g e n e r  1982 ,  Ro u x  1984)  

and me t h o d s  o f  c o n s t r u c t i o n  ( Wa g e n e r  and  Da y  1 9 8 4  and 

Wa g e n e r  1985) .  Ro u x  1984 ,  l i s t s  p r e c a u t i o n a r y  me a s u r e s  

t h a t  s h o u l d  be  i mp l e me n t e d  i n d o l o mi t i c  a r eas .

Al t h o u g h  t h e s e  g u i d e l i n e s  a r e  we l l  p r o v e n  t h e r e  wi l l  

a l wa y s  b e  a r i s k  wh e n  d e v e l o p i n g  on  d o l o mi t e .  Ho we v e r ,  

t h i s  r i s k  c an  be  r e d u c e d  t o a c c e p t a b l e  l i mi t s  by  

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

i mp l e me n t i n g  t h e  r ec or t mended p r e c a u t i o n a r y  me a s u r e s .

3 SUBSI DENCE DUE TO MI NI NG

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

Th e  e x p l o i t a t i o n  o f  mi n e r a l s  i n s o u t h e r n  Af r i c a  f o r ms  a 

v i t a l  p a r t  i n t h e  r e g i o n ' s  e c o n o my .  Th e s e  mi n e r a l s  

I n c l u d e  go l d ,  u r a n i u m,  b a s e  me t a l s  and  c oa l .

FI G.  4:  STATI C WATER TABL E -  DAMAGE TO ROAD DUE TO 

COMPACTI ON SUBSI DENCE AT NEW DEVEL OPMENT

FI G.  5:  ACTI VE WATER TABL E -  SI NKHOL E WHI CH ENGUL FED 

THE WEST DRI EFONTEI N CRUSHER PL ANT -  1962

FI G.  6:  ACTI VE WATER TABL E -  UNCRACKED HOUSE WI THI N 

DOL I NE AT L UPI N PL ACE CARL ETONVI L L E -  1963
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Cu r r e n t l y ,  g o l d  a n d  i t s  b y - p r o d u c t ,  u r a n i u m,  a r e  mi n e d  

at  d e p t h s  o f  mo r e  t h a n  2 0 0 0 m b e l o w s u r f a c e  i n a h i g h l y  

c o mp e t e n t  q u a r t z i t e  r o c k ma s s .  Mi n e d  o u t  s p a n s  a r e  

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

s u r f a c e .  Su r f a c e  s u b s i d e n c e  i s  n o t  a p r o b l e m a n d  i s  no t  

u s u a l l y  mo n i t o r e d .

Wh e n  mi n i n g  c o mme n c e d  s e v e r a l  d e c a d e s  ago,  e x t r a c t i o n  

was  mu c h  c l o s e r  t o  s u r f a c e .  Su b s i d e n c e  d u e  t o  c o l l a p s e  

of  wo r k i n g s  g a v e  r i s e  t o  s t r u c t u r a l  d a ma g e .  Ce r t a i n  

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

t o  t he  s h a l l o w mi n i n g  a r e a s  o f  b y g o n e  d a y s  and  s p e c i a l  

c o n s t r u c t i o n  p r e c a u t i o n s  h a v e  had  t o  b e  t a k e n  ( Ha mmo n d  

and Pl a n t  1986 ) .  Ge n e r a l  f a i l u r e  mo d e s  and  d e v e l o p me n t  

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

s h o wn  on F i g u r e  7.

3.1.1 Gold and uranium

3 . 1 . 2  Ba s e  me t a l s

Ba s e  me t a l s  a r e  u s u a l l y  mi n e d  at  s h a l l o w d e p t h  i n 

c o mp e t e n t  i g n e o u s  r o c k ma s s e s  b y  r o o m and  p i l l a r  me t h o d s .  

Ap a r t  f r o m t h e  e l a s t i c  c o mp r e s s i o n  o f  t he  p i l l a r s ,  wh i c h  

i s n e g l i g i b l e ,  s u b s i d e n c e  has  o n l y  b e e n  k n o wn  t o  o c c u r  

as  a r e s u l t  o f  b l o c k  f a i l u r e .  Ko t z e  1986 ,  d e s c r i b e d  

o c c u r r e n c e s  o f  s u b s i d e n c e  at  t h e  I mp a l a  Pl a t i n u m Mi n e s  

wh e r e  t he  f a i l u r e  o f  s u p p o r t  p i l l a r s  1 6 0 m u n d e r g r o u n d  

r e s u l t e d  i n s u d d e n  s u b s i d e n c e s  o f  2 0 0 mm t o  300mm.

3 . 1 . 3  Coa l

Coa l  i s  mi n e d  at  d e p t h s  o f  6 0 m t o  2 0 0 m b e l o w s u r f a c e  i n 

a h o r i z o n t a l l y  b e d d e d  s e d i me n t a r y  s e q u e n c e  c o mp r i s i n g  

b o t h  s a n d y  ( s a n d s t o n e )  and mu d d y  r o c k s  ( s i l t s t o n e s  and 

mu d s t o n e s ) .  I n t r u s i v e  d o l e r i t e  d y k e s  and  s i l l s  a r e  

p r e s e n t .  Th e  mi n i n g  e n v i r o n me n t ,  e v e n  t h o u g h  we a k  by  

So u t h  Af r i c a n  s t a n d a r d s ,  i s  s t r o n g  wh e n  c o mp a r e d  t o  

c o n d i t i o n s  i n Eu r o p e  and  Br i t a i n .  I n So u t h  Af r i c a  mo r e  

t h a n  7 0 % o f  t h e  o v e r b u r d e n  has  u n i a x i a l  c o mp r e s s i v e  

s t r e n g t h  i n e x c e s s  o f  50MPa .

F I G U R E  7  B L O C K  F A I L U R E  A N D
B U I L D I N G  R E S T R I C T I O N S  
O V E R  O U T C R O P  W O R K I N G S

Coa l  mi n i n g  me t h o d s  r a n g e  f r o m b o r d  and  p i l l a r  ( F i g u r e  

8)  t o  t h e  i n c r e a s i n g l y  p o p u l a r  h i g h  e x t r a c t i o n  mi n i n g  

me t h o d s  s u c h  as  me c h a n i s e d  l ong  wa l l i n g  and  p i l l a r  

e x t r a c t i o n  ( Fi g u r e s  9,  10  and  11) .  Wh e r e  h i g h  e x t r a c t i o n  

me t h o d s  a r e  e mp l o y e d  s u r f a c e  s u b s i d e n c e  i n v a r i a b l y  

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

a r e a s  wh e r e  e x t r a c t i o n  has  b e e n  c o mp l e t e d .  I n g e n e r a l ,  

l ong  wa l l i n g  s u b s i d e n c e  i s o f  a mo r e  p r e d i c t a b l e  and 

s mo o t h e r  n a t u r e  t h a n  t h a t  c a u s e d  by  t he  o t h e r  mi n i n g  

me t h o d s  wh e r e  c oa l  p i l l a r s  or  p a n e l s  ma y  be  l e f t  

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

3 . 2  Th e  s u b s i d e n c e  p r o c e s s

3 . 2 . 1  De e p  l ev e l ,  c o mp e t e n t  e n v i r o n me n t

Th i s  e n v i r o n me n t  i s  t y p i c a l  wi t h i n  t he  g o l d  mi n i n g  

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

o f  t he  o v e r b u r d e n .  El a s t i c  mo d e l l i n g  a s s u mi n g  a 

h o mo g e n e o u s ,  i s o t r o p i c  me d i u m has  i n d i c a t e d  t h a t  t he  

d e f o r ma t i o n s  r e s p o n s i b l e  f o r  d a ma g e  on  s u r f a c e ,  n a me l y  

i n d u c e d  s t r a i n  and  t i l t ,  a r e  v e r y  s ma l l .  Se v e r a l  

r e s i d e n t i a l  a r e a s  u n d e r mi n e d  b y  d e e p  l ev e l  g o l d  mi n i n g ,  

h a v e  s u f f e r e d  no a d v e r s e  e f f e c t s ,  d a ma g e  d u e  t o 

s e i s mi c i t y  e x c l u d e d .

3 . 2 . 2  Sh a l l o w,  c o mp e t e n t  e n v i r o n me n t

Th o s e  a r e a s  of  s h a l l o w g o l d  and b a s e  me t a l  mi n i n g  a r e  

r e p r e s e n t a t i v e  o f  t h i s  e n v i r o n me n t .  Th e  ma i n  me c h a n i s m 

i n s h a l l o w g o l d  mi n i n g  e n v i r o n me n t s  l e a d i n g  t o  

s u b s i d e n c e  wo u l d  a p p e a r  t o  be  b l o c k  c a v i n g  g e o me t r i c a l l y  

b o u n d e d  b y  g e o l o g i c a l  d i s c o n t i n u i t i e s  ( Fi g u r e  7) .  Th e  

a mo u n t  o f  s u b s i d e n c e  i s  d i f f i c u l t  t o p r e d i c t  bu t  wo u l d  

a p p e a r  t o  be  i n t he  r e g i o n  of  1 0 % t o  2 0 % of  t he  mi n i n g  

he i gh t .  As  n o t e d  f a i l u r e s  o f  b a s e  me t a l  o p e n i n g s  ar e  

r a r e  and a p p a r e n t l y  d u e  t o  p i l l a r  f a i l u r e .

3 . 2 . 3  Sh a l l o w,  i n c o mp e t e n t  e n v i r o n me n t

Th i s  i s  r e s t r i c t e d  l a r g e l y  t o  c oa l  e x t r a c t i o n .  Wh e r e  t he  

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

t o  t h e  c o mp r e s s i o n  o f  t h e  p i l l a r s .  Th i s  i s  g e n e r a l l y  

l es s  t h a n  a f e w mi l l i me t r e s .  Sh o u l d  t he  p i l l a r s  f a i l  

f u r t h e r  s u b s i d e n c e  r e s u l t s .  Th e  b u l k i n g  p h e n o me n o n ,  

e x p l a i n e d  i n t he  n e x t  p a r a g r a p h ,  i s a b s e n t  i n t h i s  c as e.

Wh e r e  h i g h  e x t r a c t i o n  me t h o d s  a r e  u s e d  t h e  r o o f  i s 

a l l o we d  t o  c o l l a p s e  as  s h o wn  on F i g u r e  12.  Du e  t o 

bu l k i n g ,  a s t a g e  wi l l  be  r e a c h e d  wh e n  t he  a v a i l a b l e  

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

wh e n  t he  r o c k ma s s  a b o v e  t he  r u b b l e  d e f l e c t s  and f a i l s  

and f o r ms  l a r ge  b l o c k s .  Th e s e  b l o c k s  r e s t  on  t he  r u b b l e  

and c o mp r e s s  i t  f u r t h e r .  Th i s  p r o c e s s  p r o c e e d s  u p wa r d s  

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

As  c oa l  mi n i n g  i s  c u r r e n t l y  t he  l a r g e s t  c a u s e  of  

s u b s i d e n c e  p r o b l e ms  t h e  f o l l o wi n g  s e c t i o n  i s d e v o t e d  t o  

t h i s  mi n i n g  me t h o d .

3 . 3  Ty p e s  o f  s u b s i d e n c e  c a u s e d  b y  c oa l  mi n i n g

Two  b r o a d  c l a s s e s ,  p l a n n e d  and  u n p l a n n e d  s u b s i d e n c e ,  c an  

be  d i s t i n g u i s h e d .  Un p l a n n e d  s u b s i d e n c e  i s  t he  r e s u l t  o f  

u n p l a n n e d  p i l l a r  f a i l u r e ,  wh i l s t  p l a n n e d  s u b s i d e n c e  i s 

t he  d i r e c t  c o n s e q u e n c e  o f  h i g h  e x t r a c t i o n  mi n i n g  me t h o d s
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N O T E S

1 )  D R A W I N G  N O T  T O  S C A L E .

N O T E S

1 .  D R A W I N G  N O T  T O  S C A L E .

2) T H E  P I L L A R  D I M E N S I O N S  A R E  
D E S I G N E D  T O  C O R R E S P O N D  T O  
A  S A F E T Y  F A C T O R  ( U S U A L L Y  
1 , 6 )  A T  T H E  S P E C I F I C  D E P T H  
B E L O W  S U R F A C E .

3 )  R O A D S  A R E  U S U A L L Y  5 m  T O  6 m  

W I D E .

F I G U R E  B  B O R D  A N D  P I L L A R  M I N I N G

2 )  P I L L A R S  A R E  I N D I V I D U A L L Y  
E X T R A C T E D  B Y  A  C O N T I N U O U S  
M I N E R .  O N  E X T R A C T I O N  T H E  
R O O F  C O L L A P S E S .  R E M N A N T S  
A R E  S O M E T I M E S  L E F T  B E H I N D  
D U E  T O  A D V E R S E  R O O F  C O N ­
D I T I O N S  D U R I N G  C U T T I N G .

F I G U R E  9 P L A N  V I E W  O F  P I L L A R  
E X T R A C T I O N

N O T E S

1 )  D R A W I N G  N O T  T O  S C A L E .

2 )  R I B S .  6 m  W I D E .  A R E  F O R M E D  B Y
M I N I N G  A  6 m  W I D E  R O A D W A Y  I N T O  
T H E  S O L I D  B L O C K  O F  C O A L ,  A N D  
A R E  I M M E D I A T E L Y  E X T R A C T E D  I N  
S L I C E S .  T H I S  I S  B U T  O N E  O F  
S E V E R A L  V A R I A T I O N S .  T H E  R O O F  
I S  A L L O W E D  T O  C O L L A P S E  W H E R E  
T H E  R I B S  H A V E  B E E N  E X T R A C T E D .

N O T E S

1 .  D R A W I N G  N O T  T O  S C A L E .

T H E  S H E A R E R  C U T S  T H E  C O A L  A S  
I T  M O V E S  F R O M  R I G H T  T O  L E F T  
A F T E R  W H I C H  T H E  S H I E L D S  W I L L  
A D V A N C E  T O  T H E  F A C E .  T H E  R O O F  
B E H I N D  T H E  S H I E L D S  I S  A L L O W E D  
T O  C O L L A P S E .

F I G U R E  1 1 P L A N  V I E W  O F  L O N G W A L L  
M I N I N G

F I G U R E  I O  P L A N  V I E W  O F  R I B  P I L L A R  
E X T R A C T  I O N
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TENSION COMPRESSION TENSION

I—  BULKED RUBBLE COMPRESSED 

BY OVERBURDEN

N O T E S

1 )  D R A W I N G  N O T  T O  S C A L E .

2 )  T H E  S K E T C H  I L L U S T R A T E S  T H E  
M E C H A N I S M  O F  C O M P R E S S I O N  O F  
T H E  R U B B L E  W H I C H  H A D  P R E V I O U S L Y  
U N D E R G O N E  V O L U M E T R I C  E X P A N S I O N .

F I G U R E  1 2  C R O S S  S E C T I O N  T H R O U G H  
F U L L Y  S U B S I D E D  A R E A

3 . 3 . 1  Un p l a n n e d  s u b s i d e n c e

Pi l l a r  f a i l u r e  i s  a r a r e  o c c u r r e n c e  and  i s  l a r g e l y  

c o n f i n e d  t o  a r e a s  t h a t  we r e  mi n e d  b e f o r e  t h e  s a f e t y  

f a c t o r  me t h o d  o f  mi n i n g  wa s  i n t r o d u c e d  ( Sa l a mo n  1967) .

The  Co a l b r o o k  d i s a s t e r  o f  1960 ,  i n wh i c h  f o u r  h u n d r e d  

and t h i r t y - s e v e n  me n  l os t  t h e i r  l i v es ,  i s  p r o b a b l y  t he  

bes t  k n o wn  e x a mp l e .  I n t h i s  p a r t i c u l a r  i n s t a n c e ,  t he  

u n d e r mi n e d  a r e a  wa s  o v e r l a i n  by  a d o l e r i t e  s i l l .  Th e  

g e o l o g i c a l  s t r u c t u r e  wa s  c o mp l i c a t e d  b y  t h e  p r e s e n c e  of  

dy k es  and  o p e n  j o i n t s  a s s o c i a t e d  wi t h  s t e e p  d i p  o f  t he  

coal  s e a m ( Br y a n  e t  al  1964) .  I t  a p p e a r s  t h a t  t he  

t r i g g e r i n g  me c h a n i s m wa s  d o wn  d i p  d i s p l a c e me n t  o f  t he  

o v e r b u r d e n  s t r a t a  on  a s t e e p l y  d i p p i n g  c oa l  s e a m wh i c h  

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

Ot h e r  me c h a n i s ms  c a u s i n g  p i l l a r  f a i l u r e  oc c u r .  Cu r r e n t l y  

wo r k i n g s  a r e  f a i l i n g  n e a r  t h e  t o wn  o f  Wi t b a n k  i n t he  

e a s t e r n  Tr a n s v a a l  wh e r e  s h a l l o w wo r k i n g s  f l o o d e d  at  t he  

t ur n  o f  t he  c e n t u r y  h a v e  n o w b e e n  d e wa t e r e d .  Th e  

s u b s e q u e n t  i n t r o d u c t i o n  o f  o x y g e n  has  r e s u l t e d  i n t he  

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

An a b u n d a n c e  o f  c r a c k s  t h r o u g h  t o  s u r f a c e  has  s o  f a r  

f r u s t a t e d  e f f o r t s  t o  s ea l  and  c o n t a i n  t he  f i r e .  Th i s  

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

of  wo r k i n g s  and  s i g n i f i c a n t  s u b s i d e n c e .

Re c e n t l y  mi n e d  a r e a s  i n t h e  Vaa l  Ri v e r  Ba s i n ,  8 0 k m s o u t h  

of  t he  c i t y  o f  J o h a n n e s b u r g ,  h a v e  a l s o  b e e n  s u b j e c t e d  t o  

p i l l a r  f a i l u r e .  Th e  a r e a  i s  c h a r a c t e r i s e d  b y  a v e r y  we a k  

r oof .  I n v e s t i g a t i o n s  h a v e  s h o wn  t h a t  p i l l a r  f a i l u r e  i s  

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

f o r e  we a k e r  p i l l a r s  wh i c h  t h e n  f a i l  and c a u s e  r o o f  

c o l l a p s e  and  s u b s i d e n c e .

Mc Co u r t  e t  al  1986 ,  c o n d u c t e d  an a n a l y s i s  o f  17 c a s e s  of  

s u b s i d e n c e  c a u s e d  b y  c o l l a p s e d  b o r d  and  p i l l a r  wo r k i n g s .

T h e y  s h o we d  t h a t  v e r t i c a l  s u b s i d e n c e ,  e x p r e s s e d  as  a 

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

t h a t  c a u s e d  b y  t o t a l  e x t r a c t i o n  mi n i n g  ( t he  e q u i v a l e n t  

mi n i n g  h e i g h t  i s a d i r e c t  f u n c t i o n  of  t he  p e r c e n t a g e  

c oa l  r e c o v e r e d . )  Th e  a u t h o r s  c o n c l u d e d  t h a t  t h i s  was  

d u e  t o  t h e  f a c t  t h a t  e x t e n s i v e  b u l k i n g  and  c a v i n g  o f  t he  

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

and  p i l l a r  wo r k i n g s .

3 . 3 . 2  Pl a n n e d  s u b s i d e n c e

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

mi n i n g .  Two  c l a s s e s ,  f u l l  s u b s i d e n c e  and a r r e s t e d  

s u b s i d e n c e ,  c an  be d e f i n e d .  De f i n i t i o n  i s  b a s e d  on  t he  

o c c u r r e n c e ,  g e o me t r y  and  p r o p e r t i e s  o f  d o l e r i t e  s i l l s  I n 

t he  o v e r b u r d e n .

( a)  Fu l l  s u b s i d e n c e

Th e  t e r m " f u l l  s u b s i d e n c e "  r e f e r s  t o  t he  c a s e  wh e r e  

d o l e r i t e  I s  e i t h e r  a b s e n t  or  wh e r e  t h e  mi n i n g  g e o me t r y  

wa s  s u c h  t h a t  s i l l s  f a i l  t o t a l l y .

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

e x t r a c t e d  h e i gh t .  Th e  s u b s i d e n c e  t r o u g h  1s  n o r ma l l y  

c o n t a i n e d  we l l  wi t h i n  t h e  p e r i me t e r  o f  t h e  u n d e r g r o u n d  

pane l .  Th i s  i s  a ma r k e d  d e p a r t u r e  f r o m e x p e r i e n c e  i n 

c o u n t r i e s  s u c h  as  t h e  Un i t e d  Ki n g d o m.

Th e s e  p h e n o me n a  a r e  p r o b a b l y  p a r t i a l l y  d u e  t o  t he  s t r o n g  

n a t u r e  o f  t h e  r o o f  r o c k ma s s .  Th e  c o mp r e s s i b i l i t y  o f  t he  

r u b b l e  ma t e r i a l  1s l owe r  t h a n  t h a t  f o u n d  I n a r e a s  wh e r e  

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

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

o v e r b u r d e n  r oc k ma s s .

A d e v i a t i o n  f r o m t h e  So u t h  Af r i c a n  n o r m wa s  r e c o r d e d  

wh e r e  d o u b l e  s e a m e x t r a c t i o n  wa s  d o n e  at  t h e  Si g ma  

Co l l i e r y  i n  t he  Vaa l  Ri v e r  Bas i n .  I n t h i s  c as e ,  t he  

v e r t i c a l  s u b s i d e n c e  wa s  2 , 6 m or  875J o f  t h e  e x t r a c t e d  

h e i g h t  o f  3m.  Ve r t i c a l  s u b s i d e n c e ,  t 1 1 t  and  t h e  e x t e n t  

o f  t h e  s u b s i d e d  a r e a  c o r r e s p o n d e d  e x t r e me l y  we l l  wi t h  

t he  c ont nonl y  o b s e r v e d  Br i t i s h  c a s e  ( v an  d e r  Me r we  1987) .  

Th i s  p h e n o me n o n  i s  p r o b a b l y  d u e  t o  p r i ma r y  mi n i n g  

" b r e a k i n g "  t he  o v e r l y i n g  s t r a t a  and  r e d u c i n g  I t ' s  

s t r e n g t h  t o  t h e  e x t e n t  wh e r e  t h e  b e h a v i o u r  of  t h e  s t r a t a  

wa s  s i mi l a r  t o  t h a t  o f  we a k e r  r o c k  t y pes .

Mo s t  of  t h e  a b o v e  o b s e r v a t i o n s  a r e  r e l e v a n t  t o  l ong  

wa l l i n g .  Ot h e r  h i g h  e x t r a c t i o n  me t h o d s ,  s u c h  as  p i l l a r  

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

e f f e c t s .  I n  p i l l a r  e x t r a c t i o n ,  c oa l  r e mn a n t s  s o me t i me s  

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

Th o u g h  s u b s i d e n c e  d o e s  oc c u r ,  l a r g e  r e mn a n t s  ma y  r e s u l t  

i n a n o t i c e a b l y  u n e v e n  s u b s i d e n c e  t r o ugh .  As  i t  1s 

v i r t u a l l y  i mp o s s i b l e  t o  p r e d i c t  t h e  l o c a l i t y  o f  s uc h  

r e mn a n t s  t he  p r e c i s e  c h a r a c t e r i s t i c s  of  a s u b s i d e n c e  

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

f o r e c a s t .

( b)  Ar r e s t e d  s u b s i d e n c e

Ar r e s t e d  s u b s i d e n c e  t a k e s  p l a c e  wh e n  h i g h  e x t r a c t i o n  

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

Th e  a mo u n t  o f  o b s e r v e d  s u b s i d e n c e  i s  a p p r e c i a b l y  l es s  

t h a n  t h a t  wh i c h  wo u l d  h a v e  o c c u r r e d  i n s t r a t a  wh e r e  t h e  

s i l l  i s  a b s en t .  Th e  f a i l u r e  o f  t he  s i l l  i s  g o v e r n e d  by  

t h e  mi n e  g e o me t r y  r e l a t i v e  t o  t he  g e o me t r y  and  s t r e n g t h  

of  t he  s i l l .
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I f  t he  mi n i n g  s p a n  i s  l es s  t han  t h e  s p a n  r e s u l t i n g  i n 

d o l e r i t e  f a i l u r e ,  t he  a mo u n t  o f  v e r t i c a l  s u b s i d e n c e  i s 

u s u a l l y  o f  t he  o r d e r  o f  2 0 % o f  t he  mi n i n g  h e i gh t .

I n v i e w o f  t h e  l i mi t e d  t i me  o v e r  wh i c h  c oa l  mi n i n g  s u b ­

s i d e n c e  has  b e e n  a c t i v e l y  s t u d i e d  i n So u t h  Af r i c a ,  no t  

mu c h  i s  k n o wn  o f  t he  l ong  t e r m s t a b i l i t y  o f  a r eas  

s u b j e c t e d  t o  a r r e s t e d  s u b s i d e n c e .  Va n  d e r  Me r we  1984,  

d e s c r i b e s  a c a s e  at  Co a l b r o o k  Co l l i e r i e s  wh e r e  a s e c o n d  

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

y e a r s .  Ho we v e r ,  e v e n  t h i s  s u b s i d e n c e  d i d  no t  b r i n g  t he  

t o t a l  a mo u n t  n e a r  t h e  c a l c u l a t e d  ma g n i t u d e  o f  f u l l  

s u b s i d e n c e .

3 . 4  Co mp a r i s o n  o f  s u r f a c e  s u b s i d e n c e  r e s u l t i n g  f r o m 

v a r i o u s  mi n i n g  me t h o d s

I n Ta b l e  1 t he  s u r f a c e  s u b s i d e n c e  e x p e c t e d  f r o m v a r i o u s  

mi n i n g  me t h o d s  i s g i v en .  A mi n i n g  d e p t h  o f  1 2 0 m b e l o w 

s u r f a c e  has  b e e n  a s s u me d ,  wi t h  a 3 m mi n i n g  h e i g h t  and 

2 0 0 m pane l  s pan.

TABL E 1 -  COMPARI SON OF L I KEL Y SUBSI DENCES CAUSED BY 

VARI OUS COAL  MI NI NG CONDI TI ONS

MI NI NG METHOO VERTI CAL

SUBSI DENCE

( ur n)

I NDUCED TI L T 

( r r ni / m)

St a b l e  b o r d  and  p i l l a r ,  

s a f e t y  f a c t o r  1 , 6 2 -

Fa i l e d  b o r d  and  p i l l a r ,  

s a f e t y  f a c t o r  1 , 6 750 5

L o n g  wa l l ,  u n f a i l e d  d o l e ­

r i t e ,  p r i ma r y  s u b s i d e n c e 300 4

L o n g  wa l l ,  u n f a i l e d  d o l e ­

r i t e ,  s e c o n d a r y  s u b s i d e n c e 750 5

L o n g  wa l l ,  f a i l e d  d o l e r i t e 1 500 37

L o n g  wa l l ,  d o u b l e  s eam,  

f a i l e d  d o l e r i t e 2 6 0 0 55

Br i t i s h  c oa l  mi n e ,  l ong 

wa l l ,  no  b a c k f i l l 2 700 58

4 DI SCUSSI ON

Th i s  p a p e r  e x a mi n e s  t he  t wo  c o mmo n  me c h a n i s ms  f o r  

s u b s i d e n c e  as  e x p e r i e n c e d  i n t he  s o u t h e r n  Af r i c a n  

c o n t ex t .

I t  i s e v i d e n t  t h a t  t h e s e  me c h a n i s ms  and  t h e i r  r e s u l t a n t  

e f f e c t s  a r e  wi d e l y  d i f f e r e n t  t hus :

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

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

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

de g r ee ,

-  wh i l s t  t ha t  r e s u l t i n g  f r o m s h a l l o w mi n i n g  i n 

i n c o mp e t e n t  r o c k ma s s e s  i s  p r e d i c t a b l e  ( i n  t he  c a s e  of  

t o t a l  e x t r a c t i o n ) ,  s a f e  and  c a n  be  c o n t r o l l e d  and 

p l a n n e d  wi t h i n  c e r t a i n  l i mi t s .

I n t he  c a s e  o f  d o l o mi t i c  s u b s i d e n c e  i t  i s  p o s s i b l e  u s i n g  

v a r i o u s  i n v e s t i g a t i v e  t e c h n i q u e s  t o  a s s e s s  t h e  r i s k  of  

s i n k h o l e  and  d o l i n e  d e v e l o p me n t  a n d  t o  r e d u c e  t h i s  r i s k  

b y  t a k i n g  s e n s i b l e  p r e c a u t i o n a r y  me a s u r e s .  Ho we v e r ,  t h i s  

r i s k  c a n  n e v e r  be  r e d u c e d  t o  z er o .

Wi t h  r e s p e c t  t o  s h a l l o w c oa l  mi n i n g ,  i n c r e a s i n g l y  l a r ge  

a r e a s  a r e  b e i n g  a f f e c t e d  b y  t o t a l  e x t r a c t i o n  me t h o d s .  

I t  i s p o s s i b l e  t o  p r e d i c t  t he  a mo u n t  o f  i n me d i a t e  

s e t t l e me n t  wi t h i n  c e r t a i n  l i mi t s .  Ho we v e r ,  n o t  mu c h  has  

b e e n  p u b l i s h e d  a b o u t  t he  l ong  t e r m s t a b i l i t y  o f  s uc h  

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

Th e  ma g n i t u d e  o f  s e c o n d a r y  s u b s i d e n c e  i n a r e a s  of  

a r r e s t e d  s u b s i d e n c e  i s  d i f f i c u l t  t o  as s es s .

At  p r e s e n t  d e v e l o p me n t  on  s h a l l o w u n d e r mi n e d  a r e a s  i s 

r e s t r i c t e d  ma i n l y  t o  f a r mi n g .  Ho we v e r ,  i t  ma y  s o o n  be  

n e c e s s a r y  t o  d e v e l o p  t o wn s h i p s  and  i n d u s t r i e s  on  t h e s e  

a r eas .  Fu r t h e r  r e s e a r c h  i s  r e q u i r e d  s o  t h a t  t h e  e x t e n t ,  

ma g n i t u d e  and r a t e  o f  s u b s i d e n c e  c a n  be  c a l c u l a t e d  t o  

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

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

a f t e r  mi n i n g .

5 APPENDI X

5 . 1  De s c r i p t i o n  o f  Te r ms

So l u t i o n  c a v e r n  -  a l a r g e  v o i d  wi t h i n  t h e  " s o l i d "  

d o l o mi t e  f o r me d  b y  t h e  s o l u t i o n  o f  c a r b o n a t e s  as  a 

r e s u l t  o f  c h e mi c a l  we a t h e r i n g  p r o c e s s e s  and  l e a c h i n g  by  

mi l d l y  a c i d i c  g r o u n d  wa t e r .

Ca v i t y  -  a v o i d  wi t h i n  t he  u n c o n s o l i d a t e d  o v e r b u r d e n  

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

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

Si n k h o l e  -  a c y l i n d r i c a l  and s t e e p - s i d e d  h o l e  i n t he  

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

ma t e r i a l  i n t o  a c a v i t y ,  s o me t i me s  wi t h  c a t a s t r o p h i c  

c o n s e q u e n c e s .

Do l i n e  ( o r  c o mp a c t i o n  s u b s i d e n c e )  -  a s u b s i d e n c e  o f  t he  

g r o u n d  s u r f a c e  wh i c h  o c c u r s  s l o wl y .  I t  ma y  be  c i r c u l a r ,  

ov a l  o r  l i n e a r  i n p l an .  Th e  f i na l  d e p t h  ma y  be  t h e  s a me  

as  t h a t  o f  a s i n k h o l e  b u t  d o l i n e s  a r e  g e n e r a l l y  no t  as  

s t e e p - s i d e d .  Da ma g e  t o  s t r u c t u r e s  c an  be s u b s t a n t i a l  

b u t  t h e r e  i s  no  d a n g e r  t o  l i f e.

Sl o t s  o r  g r i k e s  -  s o l u t i o n  wi d e n e d  j o i n t s  i n d o l o mi t e .

Ov e r b u r d e n  -  t h e  t r a n s p o r t e d  ma t e r i a l  and we a t h e r e d  

r e s i d u u m wh i c h  o v e r l i e s  t he  " s o l i d "  d o l o mi t e .

Re s i d u u m -  t h a t  p o r t i o n  o f  t h e  d o l o mi t e  wh i c h  r e ma i n s  

b e h i n d  wh e n  p a r t  o f  t he  r o c k  has  b e e n  r e mo v e d  by  

c h e mi c a l  we a t h e r i n g  p r o c e s s e s  and  l e a c h i n g .  I t  c o mp r i s e s  

c h e r t  g r a v e l ,  s and ,  wa d  and  s ma l l  q u a n t i t i e s  o f  c l ay .  

Th e  r e s i d u u m i s u s u a l l y  mi x e d  wi t h  t r a n s p o r t e d  ma t e r i a l  

wh i c h  f i l t e r s  f r o m abov e .

Wa d  ( or  ma n g a n i f e r o u s  e a r t h )  -  a b l a c k  r e s i d u u m,  

c o n s i s t i n g  o f  ma n g a n e s e  and  i r on  o x i d e s ,  wi t h  a l ow 

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