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ABSTRACT 

 

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

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

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

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

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

e n v i r o n m e n t a l  t h r e a t ,  w h e r e  u t i l i s a t i o n  o f  f l y  a s h e s  i s  n e g l i g i b l e .  T h e  

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

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

 

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

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

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

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

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

f l y  a s h  c h a r a c t e r i s t i c s .   

 

A  r e d u n d a n t  F i n e  A s h  D a m  ( F A D )  w a s  s t u d i e d  t o  e s t a b l i s h  w h a t  t r a n s p i r e s  

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

F A D  p o s s e s s e s  d i s t i n c t i v e  c h e m i c a l ,  m i n e r a l o g i c a l  a n d  p h y s i c a l  p r o p e r t i e s  

w h i c h  r e a c h  e q u i l i b r i u m  w i t h i n  4  y e a r s .  T h e  p r e s e n c e  o f  a p p r o x i m a t e l y  6 0 %  

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

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

p h a s e s  i n c l u d e  e t t r i n g i t e  ( C a 6 [ A l ( O H ) 6 ] 2 ( S O 4 ) 3 . 2 6 H 2 O ) ,  p y r r h o t i t e  ( F e 7 S 8 ) ,  

a n a l c i m e  ( N a A l S i 2 O 6 · H 2 O ) ,  C - S - H  g e l ,  m a g n e t i t e  ( F e 3 O 4 ) ,  S t r ä t l i n g i t e  

( C a 2 A l 2 S i O 2 ( O H ) 1 0 . 8 H 2 O ) ,  F r i e d e l ’ s  s a l t  ( C a 3 . A l 2 O 6 . C a C l 2 . 1 0 H 2 O ) ,  

s i l l i m a n i t e  ( A l 2 S i O 5 ) ,  p e r i c l a s e  ( M g O ) ,  c a l c i t e  ( C a C O 3 ) ,  g y p s u m  

( C a S O 4 . 2 H 2 O )  a n d  h a l i t e  ( N a C l ) .  

 

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

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

s a l i n i t y  e x i s t s  b e t w e e n  4 0  -  6 0  g / l  f o r  b o t h  s y n t h e t i c  a n d  i n d u s t r i a l  b r i n e s ,  

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



 

 

 

v

 

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

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

 

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

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

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

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

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

 

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

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

  

K e y w o r d s :  b r i n e s ,  s a l i n i t y ,  c o a l  f l y  a s h ,  f i n e  a s h  d a m,  p a s t e ,  w o r k a b i l i t y ,  

r h e o l o g y ,  s t r e n g t h  d e v e l o p m e n t ,  c h e m i c a l  w e a t h e r i n g ,  a n a l c i m e ,  C - S - H  g e l ,  

S t r ä t l i n g i t e ,  m i n e r a l o g y ,  l e a c h i n g ,  i m m o b i l i s a t i o n  
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CHAPTER 1  
 

                       INTRODUCTION 

 

1 .1  BAC KG R OUN D   

 

T h e  e c o n o m i c  d e v e l o p m e n t  o f  S o u t h  A f r i c a  w i l l  d e p e n d  u p o n  t h e  c o u n t r y ’ s  

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

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

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

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

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

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

2 0 0 7  a n d  2 0 0 8  h a d  a  d e t r i m e n t a l  e f f e c t  o n  S o u t h  A f r i c a ’ s  e c o n o m i c  g r o w t h .  

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

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

e n e r g y .  

 

T h e  p r o c e s s i n g  o f  c o a l  t o  g e n e r a t e  l i q u i d  f u e l s  ( g a s i f i c a t i o n )  a n d  e l e c t r i c i t y  

( c o m b u s t i o n )  m u s t  b e  s u s t a i n a b l e  i . e .  e c o n o m i c a l l y  v i a b l e  a n d  

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

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

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

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

( V e j a h a t i  e t  a l . ,  2 0 1 0 ;  A r v e l a k i s  a n d  F r a n d s e n ,  2 0 1 0 ;  v a n  D y k  e t  a l . ,  2 0 0 6 ,  

2 0 0 8 ;  J o r g e n s o n  e t  a l . ,  2 0 0 6 ;  L i t t o  e t  a l . ,  2 0 0 7 ;  A u n e r  a n d  H o l l ,  2 0 0 6 ;  

Y o u n g e r ,  2 0 0 4 ) .  M o s t  p o w e r  u t i l i t i e s  a n d  o t h e r  c o a l  c o n s u m i n g  i n d u s t r i e s  

a r e  t h e r e f o r e  r e g a r d e d  a s  m a j o r  p o l l u t e r s  ( Z h u  e t  a l . ,  2 0 0 7 ;  C o l l o t ,  2 0 0 6 ) .  

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

a s h ,  s a l t - l a d e n  w a s t e w a t e r s  ( b r i n e s ) ,  a s  w e l l  a s  g a s e o u s  e m i s s i o n s  t o  t h e  

a t m o s p h e r e  ( B a b a  e t  a l . ,  2 0 1 0 ;  F u  e t  a l . ,  2 0 1 0 ;  B e a l e y  e t  a l . ,  2 0 0 7 ;  A u n e r  

a n d  H o l l ,  2 0 0 6 ;  S t e r g a r š e k  e t  a l . ,  2 0 0 8 ;  Y o u n g e r ,  2 0 0 4 ) .   

 

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

h e a l t h y  e n v i r o n m e n t  a s  a  f u n d a m e n t a l  h u m a n  r i g h t  e n s h r i n e d  i n  t h e  
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c o u n t r y ’ s  c o n s t i t u t i o n .  C o m p l i a n c e  w i t h  t h i s  m a n d a t e  i s  t h e  l e g i s l a t e d  

r e s p o n s i b i l i t y  o f  s e v e r a l  g o v e r n m e n t a l  d e p a r t m e n t s ,  n a m e l y ,  D e p a r t m e n t  o f  

W a t e r  A f f a i r s  ( D W A ) ,  D e p a r t m e n t  o f  E n v i r o n m e n t a l  A f f a i r s  ( D E A ) ,  a n d  t h e  

D e p a r t m e n t  o f  M i n e r a l  R e s o u r c e s  ( D M R ) .  I n  a n  a t t e m p t  t o  c o m p l y  w i t h  t h e  

c o u n t r y ’ s  m a n d a t e ,  a  s t u d y  w a s  i n i t i a t e d  t o  i n v e s t i g a t e  t h e  p r o b l e m .  

   

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

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

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

S o u t h  A f r i c a ’ s  w a t e r  r e s o u r c e s  a n d  s u s t a i n a b i l i t y  o f  u s i n g  c o a l  a s  a  p r i m a r y  

e n e r g y  r e s o u r c e .  

 

“If knowledge can create problems, it is not through ignorance that we can solve them.” Isaac 
Asimov (American professor: 1920 - 1992) 
 

1 .2  OPE RATIONA L CHALL ENGES  

 

T h i s  i n v e s t i g a t i o n  i s  b a s e d  o n  t h e  o p e r a t i o n  o f  S A S O L  S y n t h e t i c  F u e l s  

( S y n f u e l s )  p l a n t  i n  S e c u n d a ,  1 2 0  k m  s o u t h - e a s t  o f  J o h a n n e s b u r g ,  S o u t h  

A f r i c a .  S A S O L  i s  a n  i n t e r n a t i o n a l l y  r e c o g n i s e d  p e t r o c h e m i c a l  c o m p a n y  

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

S o u t h  A f r i c a  d u r i n g  t h e  1 9 5 0 ’ s  t o  p r o d u c e  l i q u i d  f u e l s  a n d  c h e m i c a l s  f r o m  

l o w - g r a d e  c o a l .  T h e  S e c u n d a  p l a n t  i s  a  s e c o n d  p l a n t  o f  S A S O L  L i m i t e d  ( t h e  

f i r s t  b e i n g  t h e  S a s o l b u r g  p l a n t ) ,  w h i c h  h a s  b e e n  o p e r a t i o n a l  s i n c e  1 9 7 9 ,  

p r o d u c i n g  o v e r  1 5 0  0 0 0  b a r r e l s  o f  l i q u i d  f u e l s  a n d  c h e m i c a l s  p e r  d a y  

( S k h o n d e  e t  a l . ,  2 0 0 9 ) .  S A S O L  a l s o  h a s  p o w e r  p l a n t s  t o  g e n e r a t e  i t s  o w n  

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

a p p r o x i m a t e l y  4 5  m i l l i o n  t o n s  o f  l o w - g r a d e  b i t u m i n o u s  c o a l  c o n s e q u e n t l y  

y i e l d s  a p p r o x i m a t e l y  1 2  mi l l i o n  t o n s  o f  c o a l  a s h  p e r  a n n u m .  

 

F i g u r e  1 . 1  o u t l i n e s  t h e  c u r r e n t  w a s t e  h a n d l i n g  p r a c t i c e s  a t  t h e  S A S O L  

S y n f u e l s ’  f a c i l i t y .  A  h y d r a u l i c  a s h  r e m o v a l  s y s t e m i s  u s e d  b o t h  a t  t h e  

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

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

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

d i s p o s a l  s i t e .  T h e  r e m a i n i n g  a s h ,  a  c o m b i n a t i o n  o f  1 7 %  g a s i f i c a t i o n  f i n e s  

( p a r t i c l e s  <  2 5 0  μm )  a n d  8 3 %  f l y  a s h  h e r e a f t e r  r e f e r r e d  t o  a s  f i n e  a s h  i s  
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s l u r r i e d  t o  t h e  F i n e  A s h  D a m s  ( F A D s ) .  I n  e x c e s s  o f  4  m i l l i o n  t o n / a n n u m  o f  

f i n e  a s h  i s  d i s p o s e d  a l o n g  w i t h  o v e r  1 7  0 0 0  m 3 / a n n u m o f  s a l i n e  b r i n e s .  T h e  

c o n s i s t e n c y  o f  t h e  s l u r r y  i s  e n s u r e d  b y  m a i n t a i n i n g  a  s p e c i f i c  g r a v i t y  o f  1 . 3 .  

A l m o s t  2 0 0  o f  t h e  3 2 0  t o n / d a y  o f  s a l t s  o n  d r y  b a s i s  e n t e r i n g  S y n f u e l s  p l a n t  

r e p o r t  t o  t h e  F A D s  a s  b r i n e s  ( M a r e e ,  2 0 0 8 ) .  A p p r o x i m a t e l y  6 0 %  o f  t h e  s a l t s  

e n d i n g  u p  i n  t h e  F A D s  o r i g i n a t e  f r o m  r e g e n e r a t i o n  a n d  d e s a l i n a t i o n  

p r o c e s s e s  ( P r e t o r i u s  a n d  N i e u w e n h u i s ,  2 0 0 2 ;  M a r e e ,  2 0 0 8 ) .    
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F i g u r e  1 . 1  O v e r v i e w  o f  c u r r e n t  w a s t e  m a n a g e m e n t  a t  S y n f u e l s   

Note: CAE = Clear Ash Effluent, RO = Reverse Osmosis 

 

 

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

( H 2 S O 4 ) ,  s o d i u m  h y d r o x i d e  ( N a O H )  a n d  s o d i u m  c h l o r i d e  ( N a C l ) ,  a n d  y i e l d s  

r e g e n e r a t i o n  b r i n e  h e r e a f t e r  r e f e r r e d  t o  a s  r e g e n  b r i n e .  T h e  r e g e n  b r i n e  

c o n t r i b u t e s  a p p r o x i m a t e l y  h a l f  o f  t h e  s a l t s  t r a n s p o r t e d  t o  t h e  F A D s .   

 

C l e a r  A s h  E f f l u e n t  ( C A E )  r e f e r s  t o  t h e  s u p e r n a t a n t  t h a t  i s  r e c o v e r e d  f r o m  

t h e  F A D s .  T h i s  i s  s t o r e d  i n  t h e  C A E  r e t i c u l a t i o n  w a t e r  d a m  b e f o r e  f u r t h e r  

u t i l i s a t i o n  e i t h e r  a s  m a k e - u p  w a t e r  f o r  f r e s h  a s h  c o l l e c t i o n ,  t h e r m a l  
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e v a p o r a t i o n  o r  d e s a l i n a t i o n  b y  R e v e r s e  O s m o s i s  ( R O ) .  T h i s  r e s u l t s  i n  a  R O  

b r i n e  e f f l u e n t .  T h e r m a l  e v a p o r a t i o n  o f  C A E  t o  r e c o v e r  g o o d  q u a l i t y  w a t e r  

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

h e n c e  i t s  n a m e ;  s a l t y  w a t e r  e f f l u e n t .  

 

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

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

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

 

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

b r i n e s  i s  i n e v i t a b l e  ( A r n a l  e t  a l . ,  2 0 0 5 ;  B l o e t s c h e r  e t  a l . ,  2 0 0 5 ;  G o r d o n ,  

2 0 0 1 ;  A l - F a i f i  e t  a l . ,  2 0 1 0 ) .  F u r t h e r  p r o c e s s i n g  a n d  t r e a t m e n t  t o  r e c o v e r  

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

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

a n d  s h o r t a g e  o f  m a r k e t s  f o r  t h e  p r o d u c t s .  

 

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

d i s s o l v e d  s a l t s  i n  t h e  r e t i c u l a t i n g  w a t e r  ( C A E )  a n d  t h e  a c c u m u l a t i o n  o f  

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

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

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

p r o c e s s  i s  a  p r e - r e q u i s i t e  f o r  a n  a c c e p t a b l e  c o a l  p r o c e s s i n g  f a c i l i t y .   

 

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

f r o m  t h e  p o w e r  p l a n t  a t  S A S O L  S y n f u e l s .  F o r  o p e r a t i o n a l  r e a s o n s  a t  S A S O L  

S y n f u e l s ,  d r y  f i n e  a s h  i s  n o t  a v a i l a b l e .  T h e  l a t t e r  i s  a  c o m b i n a t i o n  o f  

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

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

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

s i m i l a r  c h e m i c a l  c o m p o s i t i o n s  i n  g a s i f i c a t i o n  a s h  a n d  f l y  a s h  ( M a t j i e  e t  a l . ,  

2 0 0 8 ) .  T h e  m i n e r a l o g y  o f  g a s i f i c a t i o n  a s h  ( M a t j i e  a n d  v a n  A l p h e n ,  2 0 0 8 )  i s  

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

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

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

t h e i r  c o - d i s p o s a l  b y  e i t h e r  u s i n g  t h e  p a s t e  t o  b a c k f i l l  v o i d s  w i t h i n  t h e  c o a l  
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m i n e s  a d j a c e n t  t o  S A S O L  o r  p l a c e d  a b o v e  g r o u n d  a t  s u i t a b l y  d e s i g n e d  

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

 

C o - d i s p o s a l  i n  t h i s  m a n n e r  ( i . e .  m i x i n g  b r i n e  w i t h  f l y  a s h  t o  f o r m  p a s t e )  

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

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

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

( B o u z a l a k o s  e t  a l . ,  2 0 0 8 ;  K i m ,  2 0 0 5 ;  C i c c u  e t  a l . ,  2 0 0 1 ;  P a n d i a n ,  2 0 0 4 ;  

C o h e n  e t  a l . ,  2 0 0 3 ;  T h e s c h a m p s  e t  a l . ,  2 0 0 8 ;  M e a w a d  e t  a l . ,  2 0 1 0 ) .   

 

P a s t e  d i s p o s a l  i s  a  p r o v e n  t e c h n o l o g y  d e v e l o p e d  i n  t h e  e a r l y  1 9 7 0 ’ s  w i t h  

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

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

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

p h y s i c a l  a n d  c h e m i c a l  p h e n o m e n a  ( J e w e l l  a n d  F o u r i e ,  2 0 0 6 ;  S t r o p n i k  a n d  

J u ž n i č ,  1 9 8 8 ;  J o s h i  e t  a l . ,  1 9 9 4 ;  K a n e k o  e t  a l . ,  2 0 0 1 ;  C h i n d a p r a s i r t  e t  a l . ,  

2 0 0 5 ) .  A n  e x a m p l e  o f  a  g o o d  p a s t e  i s  d e p i c t e d  i n  F i g u r e  1 . 2 .  

 

 

 

F i g u r e  1 . 2    T y p i c a l  c o n s i s t e n c y  o f  a  g o o d  p a s t e  ( S o u r c e :  u n k n o w n )  
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T h e  r e g i o n  i n  w h i c h  a  p a s t e  r a t h e r  t h a n  a  s l u r r y  e x i s t s  v a r i e s  a c c o r d i n g  t o  

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

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

p a r a m e t e r s  d e f i n i n g  a  p a s t e .  F i g u r e  1 . 3  p r o v i d e s ,  a n  i n d i c a t i v e  w a y  o f  

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

( K w a k  e t  a l . ,  2 0 0 5 ;  K e s i m a l  e t  a l . ,  2 0 0 5 ;  J e w e l l  a n d  F o u r i e ,  2 0 0 6 ) .  T h e  

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

 

 

 

F i g u r e  1 . 3  G r a p h i c a l  r e p r e s e n t a t i o n  o f  s o l i d s  c o n c e n t r a t i o n  f o r  a  p a s t e  

( J e w e l l  a n d  F o u r i e ,  2 0 0 6 )  

 

 

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

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

f o r  F A D s  a n d  p a s t e  f a c i l i t i e s .  

 

T h e  U n i t e d  S t a t e s  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y  ( U S  E P A )  ( 1 9 8 9 )  

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

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

s u r r o u n d i n g  l a n d  ( P a r i a  a n d  Y u e t ,  2 0 0 6 ;  A s a v a p i s i t  a n d  R u e n g r i t ,  2 0 0 5 ) .  

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

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

c o m p r e s s i v e  s t r e n g t h  f o r  p a s t e  b a c k f i l l .  A n  U n c o n f i n e d  C o m p r e s s i v e  

S t r e n g t h  ( U C S )  o f  5 0 0  k P a  i s  u s e d  i n  t h i s  w o r k  a s  t h e  l o w e r  l i m i t  o f  

s t r e n g t h  a p p l i c a b l e  t o  p a s t e ,  w h i c h  i s  h i g h e r  t h a n  t h e  m i n i m u m  U C S  v a l u e s  

r e c o m m e n d e d  b y  o t h e r  r e s e a r c h e r s  ( P o t v i n  e t  a l . ,  2 0 0 5 ;  L a u g e s e n  a n d  

E r i c k s o n ,  2 0 0 6 ;  B o u z a l a k o s  e t  a l . ,  2 0 0 8 ) .  T h e  y i e l d  s t r e s s  o f  a  t y p i c a l  p a s t e  

i s  a p p r o x i m a t e l y  2 0 0  P a  ( B o g e r  e t  a l . ,  2 0 0 6 ;  H a l l b o m ,  2 0 1 0 ) .  T h e  d e s i g n  

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

p u m p  s i z e s  a n d  e n e r g y  r e q u i r e m e n t s .  S o m e  o f  t h e  a b o v e - m e n t i o n e d  

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

i n  a d d i t i o n  t o  l e a c h a b i l i t y .   

 

“Engineering is the art of modelling materials we do not wholly understand, into shapes we cannot 
precisely analyse so as to withstand forces we cannot properly assess, in such a way that the public 
has no reason to suspect the extent of our ignorance.” A R Dykes 
 

1 .3  OBJE CTI VES   

 

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

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

s o l u t i o n  t o  S A S O L ’ s  p r o b l e m  o f  d i s p o s i n g  s a l i n e  b r i n e s  a n d  f l y  a s h  i n  a  

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

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

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

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

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

 

1 .4  H YP OT H E S IS  

 

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

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

m i x e d  w i t h  t h e  a l k a l i n e  f l y  a s h .  T h e  h y p o t h e s i s  i s  b a s e d  o n  t h e  k n o w l e d g e  

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

b y  c e m e n t  ( B o u z a l a k o s  e t  a l . ,  2 0 0 8 ;  B i n - S h a f i q u e  e t  a l . ,  2 0 0 2 ;  J o s h i  e t  a l . ,  

1 9 9 4 ;  T i s h m a c k  e t  a l . ,  2 0 0 1 ;  M c M u r p h y  e t  a l . ,  1 9 9 6 ;  B a l t a k y s  e t  a l . ,  2 0 0 7 ;  

K r o l o  e t  a l . ,  2 0 0 3 ;  P a c e w s k a  e t  a l . ,  2 0 0 6 ) .  T h e s e  a r e  k n o w n  t o  i m m o b i l i s e  
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s e v e r a l  t o x i c  s p e c i e s  i n c l u d i n g  a n y  h e a v y  m e t a l s  p r e s e n t .  I t  i s  p o s t u l a t e d  

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

s t a b i l i s e d  w a s t e .   

 

1 .5  SCOPE OF  RESEA RCH 

 

T o  r e s t r i c t  v a r i a b i l i t y  w i t h i n  c e r t a i n  b o u n d a r i e s ,  t h e  r e s e a r c h  w a s  l i m i t e d  t o  

m a t e r i a l s  f r o m  t h e  S A S O L  S y n f u e l s  p l a n t  a t  S e c u n d a .  T h e  b r i n e s ,  f l y  a s h ,  

a n d  s a m p l e s  d r i l l e d  f r o m  t h e  F A D  w e r e  i n v e s t i g a t e d .  I n  a d d i t i o n  f l y  a s h  

f r o m  M a t i m b a  p o w e r  s t a t i o n  ( E S K O M )  w a s  u s e d  t o  c o m p a r e  t h e  i n f l u e n c e  o f  

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

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

 

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

( P a r t i c l e  S i z e  D i s t r i b u t i o n ,  p o r e  w a t e r  q u a l i t y ,  mo i s t u r e  c o n t e n t ,  a n d  

s p e c i f i c  g r a v i t y )  i n  c o n j u n c t i o n  w i t h  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 y ,  X - r a y  

F l u o r e s c e n c e ,  X - r a y  D i f f r a c t i o n ,  a n d  D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  

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

s a m p l e s ) .  L e a c h  t e s t s  w e r e  c a r r i e d  o u t  t o  a s s e s s  t h e  c h e m i c a l  b e h a v i o u r  o f  

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

 

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

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

 

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

b a s i c  i n f o r m a t i o n .  

 S a m p l e s  d r i l l e d  a t  v a r i o u s  l o c a t i o n s  w i t h i n  a  r e d u n d a n t  F A D  w e r e  u s e d  

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

f i n e  a s h .  

 T w o  i n d u s t r i a l  b r i n e s  ( r e g e n  b r i n e  a n d  s a l t y  w a t e r )  w e r e  s a m p l e d  a t  

t h e  S e c u n d a  s i t e .  T h e s e  w e r e  u s e d  t o  d e t e r m i n e  t h e  c h e m i c a l  

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

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

 R e p r e s e n t a t i v e  s a m p l e s  o f  f l y  a s h e s  f r o m  t w o  p o w e r  s t a t i o n s  ( S y n f u e l s  

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

c o l l e c t e d .   
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 B o t h  s y n t h e t i c  a n d  i n d u s t r i a l  b r i n e s  w e r e  u s e d  t o  i n v e s t i g a t e  t h e  

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

 

T h e  s t u d y  d o e s  n o t  i n c l u d e  t h e  f o l l o w i n g :  

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

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

 L e a c h i n g  b e h a v i o u r  o f  t o x i c  a n d  t r a c e  e l e m e n t s .  

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

 

1 .6  M ET HO D OL O GY  

 

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

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

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

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

T h e  t e s t e d  h y p o t h e s i s  s t a t e s  t h a t  a n y  a l k a l i n e  f l y  a s h  c a n  i m m o b i l i s e  s a l i n e  

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

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

W e a t h e r e d  F i n e  A s h .  T h e  f o l l o w i n g  a p p r o a c h  w a s  u s e d  t o  v a l i d a t e  t h e  

h y p o t h e s e s :   

 

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

t h o s e  p e r t i n e n t  t o  t h i s  i n v e s t i g a t i o n .  

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

( C a 2 + ,  N a + ,  C l -  a n d  S O 4
2 - )  o n  p a s t e  b e h a v i o u r  a n d  d e v e l o p  a  s i m p l i f i e d  

b r i n e  m o d e l  t o  p r e d i c t  t h e  i n f l u e n c e .   

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

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

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

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

t h o s e  f o u n d  i n  p a s t e s .  

 G e t  a n  i n s i g h t  t o  t h e  r e l e v a n t  h y d r a t i o n  k i n e t i c s .  

 

 

 

 



1-10 

 

  

1 .6  STRU CTURE OF  THE THESIS  

 

C h a p t e r  1  

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

 

C h a p t e r  2  

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

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

s u m m a r i s e d .   

 

C h a p t e r  3  

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

w o r k a b i l i t y  t e s t i n g  a r e  p r e s e n t e d .  

 

C h a p t e r  4  

P r e s e n t s  t h e  d r i l l i n g  a n d  d e t a i l e d  c h a r a c t e r i s a t i o n  o f  W e a t h e r e d  F i n e  A s h  

f r o m  a  d i s u s e d  F i n e  A s h  D a m ;  a n d  t h e  e f f e c t  o f  c u r i n g  t i m e  i s  d i s c u s s e d .  

 

C h a p t e r  5  

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

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

 

C h a p t e r  6  

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

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

 

C h a p t e r  7  

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

q u e s t i o n s  a n d  r e c o m m e n d s  f u t u r e  w o r k  t h a t  s h o u l d  e m a n a t e  f r o m  t h i s  P h D  

t h e s i s .  

 



 

CHAPTER 2  
 

L ITERATURE REVIEW AND HYPOTHESIS 

 

2 .1  INTRODUCTION 

 

T h e  p u r p o s e  o f  t h i s  C h a p t e r  i s  t o  r e v i e w  t h e  g e n e r a t i o n  o f  s a l t - l a d e n  

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

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

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

 
“Discovery consists of seeing what everybody has seen and thinking what nobody has thought.” 
Albert Szent-Gorgyi (Hungarian biochemist: 1893 – 1986)  
 

A  p o t e n t i a l  s o l u t i o n  t o  t h e  p r o b l e m s  p r e s e n t e d  i s  p r o p o s e d .  T h e  h y d r a t i o n  o f  

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

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

i n t e r a c t i o n  w i t h  t h e  b r i n e s .  

 

2 .2  B RI N E 

 

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

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

c l i m a t i c  c o n d i t i o n s  ( Y i d a n a  e t  a l . ,  2 0 0 8 ;  B a r w a n i  a n d  P u r n a m a ,  2 0 0 8 ;  

H a l d e n w a n g ,  2 0 0 5 ;  H a r t t e r  a n d  B o s t o n ,  2 0 0 7 ;  B h a n d a r i  a n d  G r a n t ,  2 0 0 7 ) .  

T h i s  i s  e x a c e r b a t e d  b y  t h e  i n t e n s i v e  w a t e r  r e q u i r e m e n t s  o f  t h e  m i n e r a l  

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

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

i n t a k e ;  h e n c e  a  c o n c e r t e d  e f f o r t  i s  r e q u i r e d  t o  r e u s e  e f f l u e n t s  ( M a d w a r  a n d  

T a r a z i ,  2 0 0 2 ;  S c h u t t e  e t  a l . ,  1 9 8 7 ) .   

 

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

l o s s e s  ( A q i l  e t  a l . ,  2 0 0 7 ;  G e m i t z i  e t  a l . ,  2 0 0 7 )  a s  w e l l  a s  m a x i mi s e  t h e  r e u s e  

o f  e f f l u e n t s  ( G o r d o n ,  2 0 0 1 ;  M c P h a i l  e t  a l . ,  2 0 0 4 ;  G l a t e r  a n d  C o h e n ,  2 0 0 3 ;  

L y n c h  e t  a l . ,  2 0 0 5 ;  S v e n s s o n ,  2 0 0 5 ;  A h m e d  e t  a l . ,  2 0 0 3 ) .  E f f l u e n t  r e u s e  i s  

c o n v e n t i o n a l l y  a c h i e v e d  t h r o u g h  t h e  u t i l i s a t i o n  o f  d e s a l i n a t i o n  a n d  i o n -
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e x c h a n g e  d e m i n e r a l i s a t i o n  t e c h n o l o g i e s  ( A l - K u d s i  a n d  W a r i n g ,  2 0 0 0 ;  

G o r d o n ,  2 0 0 1 ;  G l a t e r  a n d  C o h e n ,  2 0 0 3 ;  W a l t o n  e t  a l . ,  1 9 9 9 ;  L y n c h  e t  a l . ,  

2 0 0 5 ;  D o w n w a r d  a n d  T a y l o r ,  2 0 0 7 ;  S o u i l a h  e t  a l . ,  2 0 0 4 ;  C o l l a r e s - P a r e i r a  e t  

a l . ,  2 0 0 3 ;  M o o k e t s i  e t  a l . ,  2 0 0 7 ;  M a d w a r  a n d  T a r a z i ,  2 0 0 2 ;  S c h u t t e  e t  a l . ,  

1 9 8 7 ) .   

 

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

s u l p h a t e s  a n d  c h l o r i d e s  ( A h m e d  e t  a l . ,  2 0 0 3 ;  R a v i z k y  a n d  N a d a v ,  2 0 0 7 ;  

M o o k e t s i  e t  a l . ,  2 0 0 7 ;  K o c h ,  2 0 0 2 )  a r e  t h e  m a j o r  c o n s t i t u e n t s .  T h e  

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

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

p r a c t i s e d  a t  c o a s t a l  f a c i l i t i e s  ( V o u t c h k o v ,  2 0 1 0 ;  D e l  B e n e  e t  a l . ,  1 9 9 4 ;  

R a v i z k y  a n d  N a d a v ,  2 0 0 7 ) .   

 

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

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

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

m a i n t e n a n c e  c o s t s  ( Z o d i  e t  a l . ,  2 0 1 0 ;  N a s s a r  e t  a l . ,  2 0 0 8 ;  S w i f t  a n d  B e c e r r a ,  

2 0 0 2 ;  A r n a l  e t  a l . ,  2 0 0 5 ;  K h o u r y  e t  a l . ,  2 0 0 4 ) .  M o r e o v e r ,  o c e a n i c  d i s p o s a l  

m a y  h a v e  d e t r i m e n t a l  e f f e c t s  o n  m a r i n e  l i f e  o v e r  t h e  l o n g - t e r m  ( H a l e y  e t  

a l . ,  2 0 0 8 ;  A h m e d  e t  a l . ,  2 0 0 3 ;  N a s s a r  e t  a l . ,  2 0 0 8 ;  K o r n g o l d  e t  a l . ,  2 0 0 9 ;  

F e r n á n d e z - T o r q u e m a d a  e t  a l . ,  2 0 0 5 ) .   

 

T h e r e  a r e  s e v e r a l  o p t i o n s  f o r  b r i n e  d i s p o s a l  a n d / o r  m a n a g e m e n t  a s  

t h o r o u g h l y  d i s c u s s e d  ( G l a t e r  a n d  C o h e n ,  2 0 0 3 ;  S m i t h ,  1 9 9 0 ;  K o r n g o l d  e t  

a l . ,  2 0 0 9 ;  S w a n e p o e l ,  2 0 0 1 ) .  T h e s e  i n c l u d e  s o l a r  p o n d s ,  c r y s t a l l i s a t i o n  o f  

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

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

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

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

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

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

 

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

S A S O L  S y n f u e l s  c o m p l e x  b e i n g  i n v e s t i g a t e d  i n  t h i s  t h e s i s .  D e e p  w e l l  

i n j e c t i o n  i s  u n d e s i r a b l e  b e c a u s e  S A S O L  S y n f u e l s  p l a n t  i s  l o c a t e d  o n  t h e  
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w a t e r  d i v i d e  o f  t h e  V a a l  a n d  O l i f a n t  r i v e r s .  T h e  h i g h  s a l i n i t y  o f  t h e  b r i n e  

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

 

2 .3  F L Y  AS H  

 

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

a t  a  l o w  c o s t ,  m o r e  s o  b e c a u s e  e n v i r o n m e n t a l  i m p a c t s  a r e  n o t  p r o p e r l y  c o s t .  

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

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

 

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

c o a l s  w e r e  s t u d i e d  b y  a  f e w  r e s e a r c h e r s  ( v a n  D y k  e t  a l . ,  2 0 0 6 ;  M o i t s h e k i  e t  

a l . ,  2 0 1 0 ;  M a t j i e  e t  a l . ,  2 0 0 8 ) .  M a t j i e  e t  a l .  ( 2 0 0 6 )  a n d  V a n  A l p h e n  ( 2 0 0 5 )  

r e p o r t  t h a t  b i t u m i n o u s  c o a l  h a s  k a o l i n i t e  ( A l 2 S i 2 O 5 ( O H ) 4 )  a n d  q u a r t z  ( S i O 2 )  

a s  t h e  m a j o r  m i n e r a l s  w h i l e  m i n o r  m i n e r a l s  a r e  c a l c i t e  ( C a C O 3 ) ,  d o l o m i t e  

( C a M g ( C O 3 ) 2 )  a n d  p y r i t e  ( F e S 2 ) .  A c c o r d i n g  t o  G l a s s e r  ( 2 0 0 4 )  q u a r t z ,  

f e l d s p a r s  ( ( K , N a ) A l S i 3 O 8 )  a n d  c l a y  m i n e r a l s  a r e  a l s o  t y p i c a l  c o n s t i t u e n t s  o f  

c o a l .   

 

K a o l i n i t e  i s  t h e  m o s t  a b u n d a n t  c l a y  m i n e r a l  ( G l a s s e r ,  2 0 0 4 ;  V a n  A l p h e n ,  

2 0 0 5 )  w h i c h  d u r i n g  c o m b u s t i o n  c o n v e r t s  t o  m e t a k a o l i n  ( d e h y d r o x y l a t e d  

p h a s e )  a n d  e v e n t u a l l y  t r a n s f o r m s  t o  m u l l i t e  ( A l 6 S i 2 O 1 3 ) .  M u l l i t e  c a n  b e  

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

K r u g e r  ( 2 0 1 0 ) .  D u r i n g  c o m b u s t i o n  c a l c i t e  a n d  d o l o m i t e  a l t e r  i n t o  l i m e  

( C a O )  a n d  a  m i x t u r e  o f  l i m e  a n d  p e r i c l a s e  ( M g O ) ,  r e s p e c t i v e l y  w i t h  t h e  

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

m a r c a s i t e  i s  o x i d i s e d  t o  f o r m  h e m a t i t e  ( F e 2 O 3 )  a n d / o r  m a g n e t i t e  ( F e 3 O 4 )  i n  

f l y  a s h  ( T i s h m a c k  a n d  B u r n s ,  2 0 0 4 ;  F a n  e t  a l . ,  2 0 0 5 ) .  V a n  A l p h e n  ( 2 0 0 5 )  i n  

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

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

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

   

2 .3 .1  Format ion  o f  F l y  Ash  

 

T h e r e  a r e  t w o  m a j o r  t e c h n o l o g i e s  t h a t  c a n  b e  u s e d  t o  c o m b u s t  c o a l ,  n a m e l y ,  

f l u i d i s e d  b e d  c o m b u s t i o n  ( F B C )  a n d  p u l v e r i s e d  c o a l  c o m b u s t i o n  ( P C C ) .  T h e  
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p r i n c i p a l  d i f f e r e n c e  b e t w e e n  F B C  a n d  P C C  t e c h n o l o g i e s  l i e s  i n  t h e  

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

f o r m e r  o p e r a t e s  a t  t e m p e r a t u r e s  b e t w e e n  8 0 0  a n d  9 0 0  º C  i n  t h e  p r e s e n c e  o f  

a n  a b s o r b e n t  s u c h  a s  l i m e s t o n e  t o  c a p t u r e  o v e r  9 0 %  o f  s u l p h u r  ( H a y n e s ,  

2 0 0 9 ) .  T h i s  t e m p e r a t u r e  r a n g e  i s  b e l o w  t h e  f u s i o n  t e m p e r a t u r e  f o r  m o s t  

s i l i c a t e  m i n e r a l s  h e n c e  F B C  f l y  a s h  c o n t a i n s  a  h i g h  c o n c e n t r a t i o n  o f  

c r y s t a l l i n e  p h a s e s ,  i r o n  o x i d e  a n d  a n h y d r i t e  ( H a y n e s ,  2 0 0 9 ;  T i s h m a c k  a n d  

B u r n s ,  2 0 0 4 ;  G l a s s e r ,  2 0 0 4 ) .  I n  t h e  c i r c u l a t i n g  c o n f i g u r a t i o n ,  t h e  c o a l  

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

r e s i d e n c e  t i m e  i s  a b o u t  4  –  7  s e c o n d s  i n  t h e  c a s e  o f  P C C  ( K r u g e r ,  2 0 1 0 ) .  

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

a n d  n i t r o g e n  o x i d e s  e m i s s i o n s  ( B a b a  e t  a l . ,  2 0 1 0 ;  G l i n i c k i  a n d  Z i e l iń s k i ,  

2 0 0 8 )  a s  w e l l  a s  t h e  a b i l i t y  t o  c o m b u s t  l o w - q u a l i t y  c o a l .   

 

O n  t h e  o t h e r  h a n d  P C C  o p e r a t e s  b e t w e e n  1  3 0 0  a n d  1  7 0 0  º C  w h i c h  i s  a b o v e  

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

o f  h i g h  c o n t e n t  o f  a m o r p h o u s  o r  n o n - c r y s t a l l i n e  ( g l a s s y )  p h a s e ;  d u r i n g  r a p i d  

c o o l i n g  ( K u t c h k o  a n d  K i m ,  2 0 0 6 ;  G l a s s e r ,  2 0 0 4 ;  H a y n e s ,  2 0 0 9 ;  F o n t  e t  a l . ,  

2 0 1 0 ) .  F r o m  t h e i r  o r i g i n  i t  i s  e v i d e n t  t h a t  t h e s e  f l y  a s h e s  d i f f e r  i n  m a n y  

a s p e c t s  ( S u l o v s k ý ,  2 0 0 2 ) .  A t  p r e s e n t  n o  p o w e r  s t a t i o n  u s e s  F B C  t e c h n o l o g y  

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

P C C  f l y  a s h .   

 

2 .3 .2  P roduc t ion  Ra tes  o f  F l y  Ash  

 

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

w h i c h  a p p r o x i m a t e l y  7 5 %  i s  f l y  a s h .  A h m a r u z z a m a n  ( 2 0 1 0 )  a n d  C h e n  e t  a l .  

( 2 0 1 0 )  e s t i m a t e  t h e  w o r l d ’ s  a n n u a l  p r o d u c t i o n  o f  f l y  a s h  t o  b e  5 0 0  m i l l i o n  

t o n s .  D u e  t o  t h e  r a p i d  i n d u s t r i a l  e x p a n s i o n  i n  C h i n a  a n d  I n d i a  t h e r e  h a s  

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

a p p r o x i m a t e l y  3 7 0  m i l l i o n  t o n / a n n u m  i n  1 9 9 2  ( O z d e m i r  e t  a l . ,  2 0 0 1 ;  D u t t a  

e t  a l . ,  2 0 0 9 ) .   

 

T h e  w o r l d ’ s  a v e r a g e  u t i l i s a t i o n  o f  f l y  a s h  i s  1 6 %  ( A h m a r u z z a m a n ,  2 0 1 0 ) .  

T h i s  i s  i n a d e q u a t e  a n d  r a i s e s  c o n c e r n  a b o u t  t h e  e x c e s s  o f  4 2 0  m i l l i o n  t o n s  

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



2-5 

 

  

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

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

 

2 .3 .3  Ph ys i ca l  P rope r t i e s  o f  F l y  As h  

 

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

p o w e r  s t a t i o n  ( N o c h a i y a  e t  a l . ,  2 0 0 9 ;  J o s h i  e t  a l . ,  1 9 9 9 ;  R a g h a v e n d r a  e t  a l . ,  

2 0 0 2 ;  F e r n á n d e z - J i m é n e z  e t  a l . ,  2 0 0 6 ;  F a n  e t  a l . ,  2 0 0 5 ) .  T h e  p h y s i c a l  

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

e x t e n s i o n  ( K e s i m a l  e t  a l . ,  2 0 0 5 ;  S e a r ,  2 0 0 1 ;  J o z i ć  a n d  Z e l i ć ,  2 0 0 6 ) .  F l y  a s h  

p a r t i c l e s  r a n g e  f r o m  0 . 0 1  µ m  t o  1 0 0  µ m ,  w i t h  5 0  µ m  b e i n g  a  c h a r a c t e r i s t i c  

m e a n  p a r t i c l e  s i z e  ( P a n d o  a n d  H w a n g ,  2 0 0 6 ;  M i s h r a  a n d  P a t e l ,  2 0 0 4 ;  C o h e n  

e t  a l . ,  2 0 0 3 ) .  I t  i s  r e p o r t e d  i n  l i t e r a t u r e  t h a t  t h e  f i n e s t  p a r t i c l e s  a r e  r i c h e r  i n  

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

c o a r s e  p a r t i c l e s  ( C a m p b e l l ,  1 9 9 9 ;  P a y á  e t  a l . ,  1 9 9 5 ) .   

 

T h e  u s e  o f  h i g h  q u a l i t y  s p h e r i c a l  f l y  a s h  a l l o w s  f o r  a  r e d u c t i o n  i n  t h e  w a t e r  

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

( K r u g e r ,  2 0 1 0 ) .  F u r t h e r m o r e ,  t h e  s p h e r i c i t y  o f  f l y  a s h  p r o m o t e s  w o r k a b i l i t y  

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

m a k i n g  i t  e a s i e r  t o  p u m p  a n d  p l a c e  ( F e r r a r i s  e t  a l . ,  2 0 0 1 ;  C h i n d a p r a s i r t  e t  

a l . ,  2 0 0 5 ;  Y i j i n  e t  a l . ,  2 0 0 4 ;  M a h l a b a  a n d  P r e t o r i u s ,  2 0 0 6 ) .   

 

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

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

p a s t e  ( P a g é  a n d  S p i r a t o s ,  2 0 0 0 ;  B e r g e s o n  e t  a l . ,  1 9 8 8 ;  C h i n d a p r a s i r t  e t  a l . ,  

2 0 0 5 ;  S h i ,  1 9 9 6 ) .  T y p i c a l  m o r p h o l o g y  o f  f l y  a s h  i s  s h o w n  i n  F i g u r e  2 . 1 .   
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F i g u r e  2 . 1  T y p i c a l  m o r p h o l o g y  o f  S y n f u e l s  f l y  a s h  

 

 

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

s p e c i f i c  g r a v i t y  o r  r e l a t i v e  d e n s i t y ,  s u r f a c e  a r e a ,  a n d  P a r t i c l e  S i z e  

D i s t r i b u t i o n  ( P S D ) .  A  r a n g e  o f  t y p i c a l  p h y s i c a l  p r o p e r t i e s  o f  f l y  a s h  i s  

p r e s e n t e d  i n  T a b l e  2 . 1  ( T i s c h m a c k  a n d  B u r n s ,  2 0 0 4 ;  K o c h ,  2 0 0 2 ) .  

 

T a b l e  2 . 1  T y p i c a l  p h y s i c a l  p r o p e r t i e s  o f  c o a l  f l y  a s h  ( T i s c h m a c k  a n d  B u r n s ,  

2 0 0 4 ;  K o c h ,  2 0 0 2 ;  H a e r i n g  a n d  D a n i e l s ,  1 9 9 1 )  

 

Physical Property Fly Ash 

Specific gravity 1.59 – 3.10 

Surface area (m2/g) 0.20 – 3.06 

Mean particle diameter (μm) 20 – 80 

Hydraulic conductivity (cm/s) 5x10-8 – 1x10-6 

Dry bulk density (g/cm3) 1.0 – 1.6 
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2 .3 .4  Chemica l  Compos i t ion  o f  F ly  Ash  

 

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

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

( D i a z  e t  a l . ,  2 0 1 0 ;  N o c h a i y a  e t  a l . ,  2 0 0 9 ;  C h a n c e y  e t  a l . ,  2 0 1 0 ;  R a g h a v e n d r a  

e t  a l . ,  2 0 0 2 ;  M o b a s h e r  e t  a l . ,  1 9 9 6 ;  T h o m a s  e t  a l . ,  2 0 0 1 ;  D u t t a  e t  a l . ,  2 0 0 9 ;  

W i l l i a m s  a n d  v a n  R i e s s e n ,  2 0 1 0 ) .  B o t h  t h e  c o a l  t y p e  a n d  m e t h o d  o f  

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

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

p r e s e n t e d  i n  T a b l e  2 . 2  ( M a h l a b a  e t  a l . ,  2 0 1 1 ) .  T h e s e  r e s u l t s  a r e  s i m i l a r  t o  

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

t h a t  f l y  a s h  c o m p o s i t i o n  r e m a i n s  r a t h e r  c o n s t a n t  o v e r  t i m e  ( S w a n e p o e l ,  

2 0 0 1 ;  M a t j i e  e t  a l . ,  2 0 0 4 ;  M a h l a b a ,  2 0 0 7 ;  Wi l l i a m s  a n d  v a n  R i e s s e n ,  2 0 1 0 ) .   

 

T a b l e  2 . 2  T y p i c a l  e l e m e n t a l  c o m p o s i t i o n  o f  S y n f u e l s  f l y  a s h  ( M a h l a b a  e t  

a l . ,  2 0 1 1 )  

 

Chemical Species  Synfuels Fly Ash (%)   

SiO2 49.7 

Al2O3 26.2 

Fe2O3 2.7 

CaO 10.5 

MgO 2.1 

K2O 0.9 

Na2O 0.7 

TiO2 1.5 

SO3 0.5 
#LOI 4.1 

Other 
 

0.4 

#LOI = Loss on ignition 

 

 

T h e  m i n e r a l o g y  o f  S y n f u e l s  f l y  a s h  i s  p r e s e n t e d  i n  T a b l e  2 . 3  s h o w i n g  a n  

a p p r e c i a b l e  c o n t e n t  o f  6 6 %  a m o r p h o u s  p h a s e ,  w h i c h  f a l l s  w i t h i n  t h e  6 0  –  

9 0 %  r a n g e  s u g g e s t e d  b y  C h a n c e y  e t  a l .  ( 2 0 1 0 ) .  T h e r e  i s  n o  m a j o r  c h a n g e  i n  

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

r e s e a r c h e r s  ( M a t j i e  e t  a l . ,  2 0 0 4 ;  M a h l a b a ,  2 0 0 7 ) .  T h e  s i g n i f i c a n c e  o f  
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a m o r p h o u s  p h a s e  l i e s  i n  i t s  c h e m i c a l  r e a c t i v i t y  d u r i n g  u t i l i s a t i o n .  T h i s  i s  

s i m i l a r  t o  v o l c a n i c  r o c k s  w h i c h  a l s o  c o n t a i n  a n  a m o r p h o u s  p h a s e  ( W a r d  a n d  

F r e n c h ,  2 0 0 6 ;  F o n t  e t  a l . ,  2 0 1 0 ;  N o c h a i y a  e t  a l . ,  2 0 0 9 ) .  

 

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

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

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

c o m e s  i n t o  d i r e c t  c o n t a c t  w i t h  s o i l  o r  w a t e r .   

 

T a b l e  2 . 3  M i n e r a l o g y  ( X R D )  o f  S y n f u e l s  f l y  a s h  ( M a h l a b a  e t  a l . ,  2 0 1 1 )  

 

Minerals   
 

Chemical Formulae Synfuels Fly Ash (%) 

Mullite   Al6Si2O13 
 

20.5 

Quartz  
  

SiO2 
 

10.2 

Hematite  
 

Fe2O3 
 

0.7 

Lime  CaO 
 

2.2 

Glass Amorphous phases 66.3 
 

Total N/A 99.9 
 

 

 

( a )  C lass i f i ca t ion  o f  F l y  Ash  

 

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

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

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

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

 

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

a n t h r a c i t e  o r  b i t u m i n o u s  c o a l  a n d  c o n t a i n s  l e s s  c a l c i u m  ( N o c h a i y a  e t  a l . ,  

2 0 0 9 ;  B i n - S h a f i q u e ,  2 0 0 2 ;  J o z ić  a n d  Z e l i ć ,  2 0 0 6 ) .  C l a s s  F  i s  r e f e r r e d  t o  a s  

p o z z o l a n i c  o r  s i l i c e o u s .   

 

F l y  a s h  i s  c a t e g o r i s e d  a s  e i t h e r  c l a s s  C  o r  c l a s s  F  i n  a c c o r d a n c e  w i t h  A S T M  

C  6 1 8 ,  s e e  T a b l e  2 . 4 .  D i a m o n d  ( 1 9 8 3 )  e l a b o r a t e s  o n  t h e  d i f f e r e n c e s  b e t w e e n  
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t h e  t w o  f l y  a s h  c l a s s e s  w i t h  r e g a r d s  t o  r e a c t i v i t y  a n d  c h e m i c a l  c o m p o s i t i o n  

o f  t h e i r  g l a s s y  p h a s e .   

 

T a b l e  2 . 4  A S T M  s t a n d a r d  c l a s s i f i c a t i o n  o f  f l y  a s h  ( A S T M  C  6 1 8 -  0 3 )  

 

Components Class C Class F Synfuels fly ash 

SiO2 + Al2O3 + Fe2O3, min (%) 50.0 70.0 78.6 

SO3, max (%) 5.0 5.0 0.5 

Moisture content, max (%) 3.0 3.0 N/A 

LOI, max (%) 6.0 6.0 4.1 

 

 

T h e  s u m m a t i o n  o f  S i O 2  +  A l 2 O 3  +  F e 2 O 3  c o m p o n e n t s  i n  S y n f u e l s  f l y  a s h  

g a v e  7 8 . 6 %  w h i c h  i s  g r e a t e r  t h a n  t h e  m i n i m u m  o f  7 0 %  f o r  c l a s s  F  ( T a b l e  

2 . 4 ) .  T h u s  S y n f u e l s  f l y  a s h  i s  a  c l a s s  F  a c c o r d i n g  t o  A S T M  C  6 1 8  –  0 3 ,  

w h i c h  a g r e e s  w i t h  t h e  r e p o r t  b y  B e z u i d e n h o u t  ( 1 9 9 5 )  t h a t  S o u t h  A f r i c a n  f l y  

a s h e s  a r e  g e n e r a l l y  c l a s s  F .   

 

(b )  Poz zo lan ic i t y  

 

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

p o z z o l a n i c  p r o p e r t i e s .  A  p o z z o l a n  i s  d e f i n e d  a s  a  “ s i l i c e o u s  o r  s i l i c e o u s  a n d  

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

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

t o  f o r m  c o m p o u n d s  p o s s e s s i n g  c e m e n t i t i o u s  p r o p e r t i e s ” ( A S T M  E  2 2 0 1  –  

0 2 a ) .  C o n c u r r e n t l y ,  p o z z o l a n i c  a c t i v i t y  i s  d e f i n e d  a s  “ t h e  p h e n o m e n o n  o f  

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

r e a c t  a t  a m b i e n t  t e m p e r a t u r e s  i n  t h e  p r e s e n c e  o f  w a t e r ”  ( A S T M  E  2 2 0 1  –  

0 2 a ) .  P o z z o l a n i c  m a t e r i a l s  h a v e  b e e n  s t u d i e d  b y  s e v e r a l  r e s e a r c h e r s  w h o  

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

m o r t a r s ,  g r o u t ,  a n d  r o a d  s t a b i l i s a t i o n  ( D o n a t e l l o  e t  a l . ,  2 0 1 0 ;  P a n d o  a n d  

H w a n g ,  2 0 0 6 ;  O z y i l d i r i m ,  1 9 9 8 ;  S t e e n a r i  e t  a l . ,  1 9 9 8 ;  C o h e n  e t  a l . ,  2 0 0 3 ;  

N o c h a i y a  e t  a l . ,  2 0 0 9 ;  G i e r g i c z n y ,  2 0 0 4 ) .  
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2 .3 .5  S ta tu s  Quo 

 

S o u t h  A f r i c a  a n d  m a n y  o t h e r  c o u n t r i e s  s u c h  a s  P o l a n d ,  U n i t e d  S t a t e s  o f  

A m e r i c a ,  I n d i a  a n d  C h i n a  r e l y  o n  c o a l  a s  a  p r i m a r y  s o u r c e  o f  e n e r g y  

( V e j a h a t i  e t  a l . ,  2 0 1 0 ;  M e a w a d  e t  a l . ,  2 0 1 0 ) .  T h e  c o a l  c o m b u s t i o n  p r o c e s s  

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

r e s p o n s i b l e  m a n n e r  ( B a b a  e t  a l . ,  2 0 1 0 ;  P a n d i a n ,  2 0 0 4 ;  W i s z n i o w s k i  e t  a l . ,  

2 0 0 7 ;  K u m a r ,  2 0 0 4 ;  D o n a h o e  e t  a l . ,  2 0 0 7 ;  K o s t a k i s ,  2 0 0 9 ) .  S o m e  c o u n t r i e s  

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

e t  a l . ,  2 0 1 0 ;  F o n g s a t i t k u l  e t  a l . ,  2 0 0 9 ) .  E n v i r o n m e n t a l i s t s  a n d  t h e  p u b l i c  

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

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

w a s t e  s t a b i l i s a t i o n  ( A h m a r u z z a m a n ,  2 0 1 0 ;  C h e n g ,  2 0 0 5 ;  M a h l a b a  a n d  

P r e t o r i u s ,  2 0 0 6 ;  F e r n á n d e z - P e r e i r a  e t  a l . ,  2 0 0 2 ;  S h a n g  a n d  W a n g ,  2 0 0 5 ;  

I l g n e r ,  2 0 0 2 ;  K r u g e r  a n d  K r u e g e r ,  2 0 0 5 ;  P a n d i a n ,  2 0 0 4 ;  G i t a r i  e t  a l . ,  2 0 0 8 ;  

K e a r s l e y  a n d  W a i n w r i g h t ,  2 0 0 3 ;  K r u g e r  a n d  S u r r i d g e ,  2 0 0 9 ;  H a y n e s ,  2 0 0 9 ;  

P e n g t h a m k e e r a t i  e t  a l . ,  2 0 1 0 ;  T r u t e r  e t  a l . ,  2 0 0 1 ) .   

 

S A S O L  ( p e t r o c h e m i c a l )  a n d  E S K O M  ( p o w e r  u t i l i t y )  a r e  t h e  l a r g e s t  c o a l  

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

i n l a n d  ( v a n  D y k  e t  a l . ,  2 0 0 6 ;  F e e l e y ,  2 0 0 3 ;  S h e n g  e t  a l . ,  2 0 0 3 ) .  S o u t h  

A f r i c a  p r o d u c e s  i n  e x c e s s  o f  3 0  m i l l i o n  t o n s  o f  f l y  a s h  p e r  a n n u m  o f  w h i c h  

o n l y  5 %  i s  u t i l i s e d  ( B a d a  a n d  P o t g i e t e r - V e r m a a k ,  2 0 0 8 ;  G i t a r i  e t  a l . ,  2 0 0 9 ) .   

 

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

p r o d u c t i o n  ( A n t i o h o s  a n d  T s i m a s ,  2 0 0 4 ;  A h m a r u z z a m a n ,  2 0 1 0 )  l e a v i n g  t h e  

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

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

s i t e s  i s  r e q u i r e d  b e f o r e  c l o s u r e  ( H a y n e s ,  2 0 0 9 ;  A h m a r u z z a m a n ,  2 0 1 0 ) .  

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

( C i c c u  e t  a l . ,  2 0 0 3 ) .   
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2 .4  A S H  D I S P O S A L  S Y S T E M S   

 

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

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

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

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

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

p r a c t i s e d  o v e r  s e v e n  d e c a d e s  ( T u  e t  a l . ,  2 0 0 7 ;  J a k k a  e t  a l . ,  2 0 1 0 ) .      

 

2 .4 .1  H yd ra u l i c  As h  D i sp o sa l  

 

S A S O L  S y n f u e l s  i s  a n  e x a m p l e  o f  a  f a c i l i t y  u s i n g  h y d r a u l i c  a s h  d i s p o s a l  

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

D a m  ( F A D )  a s  s h o w n  i n  F i g u r e  2 . 2 .  T h e  s a m e  s l u r r y  d i s p o s a l  m e t h o d  i s  

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

d i s p o s a l  ( N e n g o v h e l a  e t  a l . ,  2 0 0 6 ) .  T a i l i n g s  e s s e n t i a l l y  p o s e  h i g h e r  

e n v i r o n m e n t a l  r i s k s  t h a n  c o a l  a s h  s u c h  a s  l i q u e f a c t i o n  ( s t a b i l i t y )  a n d  

u b i q u i t o u s  a c i d  g e n e r a t i o n  ( S r a c e k  e t  a l . ,  2 0 1 0 ;  V e r m e u l e n ,  2 0 0 1 ;  

H e i k k i n e n ,  2 0 0 9 ;  M c P h a i l  e t  a l . ,  2 0 0 4 ;  F o u r i e ,  2 0 0 6 ;  C h a n g ,  2 0 0 9 ;  

N e n g o v h e l a  e t  a l . ,  2 0 0 6 ;  N e h d i  a n d  T a r i q ,  2 0 0 7 ;  M e n d e z  a n d  M a i e r ,  2 0 0 8 ;  

D e y  a n d  G a n d h i ,  2 0 0 8 ) .    

 

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

t a i l i n g s  ( S t e p h e n o n  a n d  O d i r i l e ,  2 0 0 8 ;  J e w e l l  a n d  F o u r i e ,  2 0 0 6 )  a n d  i t s  

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

r e t i c u l a t i n g  e f f l u e n t s  ( S c h u t t e  e t  a l . ,  1 9 8 7 ;  S i m p s o n  a n d  B u c k l e y ,  1 9 8 7 ) .  

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

c o a l  a s h  w h i c h  u l t i m a t e l y  n e c e s s i t a t e s  r e h a b i l i t a t i o n  o f  t h e  F A D s .  
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F i g u r e  2 . 2  D e p o s i t i o n  o f  f i n e  a s h - b r i n e  s l u r r y  o n t o  a  F i n e  A s h  D a m  

 

 

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

a n d  s t e a m  p l a n t s .  T h e  s l u i c e d  1 7 %  g a s i f i c a t i o n  f i n e s  ( p a r t i c l e s  <  2 5 0  μm )  

a n d  8 3 %  f l y  a s h  a r e  t h i c k e n e d  t o  y i e l d  f i n e  a s h  s l u r r y ,  p u m p e d  a n d  

d e p o s i t e d  a t  t h e  F A D s .  A f t e r  d e p o s i t i o n  t h e  s l u r r y  f l o w s  t o w a r d s  t h e  

p e n s t o c k .  T h e  c o a r s e  p a r t i c l e s  a r e  e x p e c t e d  t o  s e t t l e  n e a r  t h e  d i s c h a r g e  

p o i n t s  w h e r e a s  t h e  f i n e  a s h  p a r t i c l e s  a r e  t r a n s p o r t e d  c l o s e r  t o  t h e  p e n s t o c k  

( J a k k a  e t  a l . ,  2 0 1 0 ;  V e r m e u l e n ,  2 0 0 1 ) .  T h i s  p h e n o m e n o n  i s  t e r m e d  h y d r a u l i c  

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

h y d r a u l i c  c o n d u c t i v i t y  a n d  d e n s i t y  i n  t h e  d a m  ( C h a n g ,  2 0 0 9 ) .   

 

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

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

d e s i c c a t e  t h e r e b y  r e s u l t i n g  i n  a  l a y e r e d  v e r t i c a l  p r o f i l e  ( C h a n g ,  2 0 0 9 ) .  

V e r m e u l e n  ( 2 0 0 1 )  r e p o r t e d  t h a t  l a y e r s  i n  a  t a i l i n g s  d a m  v a r y  b e t w e e n  1  a n d  

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

t h e  h y d r a u l i c  a s h  d i s p o s a l  m e t h o d  a r e  d i s c u s s e d  i n  C h a p t e r  4 .    
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2 .4 .2  Dry  Ash  D i spos a l  

 

S o m e  E S K O M  p o w e r  s t a t i o n s  ( T u t u k a ,  L e t h a b o ,  M a t i m b a  a n d  K e n d a l )  

e m p l o y  a  d r y  a s h  r e m o v a l  s y s t e m  w h e r e  f l y  a s h  i s  c o n d i t i o n e d  w i t h  1 0  -  1 5 %  

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

( s e e  F i g u r e  2 . 3 ) .  T h i s  p r a c t i c e  s i g n i f i c a n t l y  r e d u c e s  w a t e r  l o s s e s  

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

 

 

 

F i g u r e  2 . 3  D i s p o s a l  o f  d r y  f l y  a s h  a t  E S K O M ’ s  T u t u k a  p l a n t   

 

 

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

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

l i mi t  o r  p r e v e n t  h y d r a t i o n  a n d  c o n s e q u e n t l y  t h e  f o r m a t i o n  o f  s e c o n d a r y  

p h a s e s  ( D o n a h o e ,  2 0 0 4 ) .  T h e  f i n d i n g s  o f  a  s t u d y  c o n d u c t e d  b y  G i t a r i  e t  a l .  

( 2 0 0 9 )  a t  t h e  T u t u k a  d i s p o s a l  s i t e  a r e  s u m m a r i s e d  l a t e r  i n  t h e  C h a p t e r  

( s e c t i o n  2 . 7 . 2 ) .  

 

2 .4 .3  Se a  D i spos a l  o f  As h   

 

S o m e  c o u n t r i e s  ( J a p a n ,  I n d i a  a n d  I s r a e l )  h a v e  t h e  o p t i o n  t o  d i s p o s e  o f  c o a l  

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

i s  t h e  s h o r t a g e  o f  s p a c e  f o r  l a n d f i l l i n g  o r  s t o r a g e  ( J a k k a  e t  a l . ,  2 0 1 0 ;  

H o r i u c h i  e t  a l . ,  2 0 0 0 ;  S h o h a m - F r i d e r  e t  a l . ,  2 0 0 3 ) .  T h e r e  a r e  o b v i o u s l y  

e n v i r o n m e n t a l  t h r e a t s  p o s e d  t o  t h e  m a r i n e  l i f e  a n d  e v e n t u a l l y  t h e  f o o d  c h a i n  
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( S h o h a m - F r i d e r  e t  a l . ,  2 0 0 3 ) .  N o  s e a  d i s p o s a l  o f  a s h  t a k e s  p l a c e  i n  S o u t h  

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

 

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

a s s o c i a t e d  h y d r a t i o n  a n d  w e a t h e r i n g  p r o c e s s e s  n e c e s s i t a t e  a  d e d i c a t e d  

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

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

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

f a c i l i t i e s .   

 

2 .5  WE ATHERIN G  

 

2 .5 .1  Background  

 

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

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

a f f e c t s  t h e  b e h a v i o u r  o f  a  m a t e r i a l  ( B a r t h  e t  a l . ,  1 9 9 0 ;  M o o n  a n d  

J a y a w a r d a n e ,  2 0 0 4 ) .  I t  c a n  b e  b r o a d l y  c a t e g o r i s e d  i n t o  p h y s i c a l  a n d  

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

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

c o m p o s i t i o n .   

 

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

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

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

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

( Z e v e n b e r g e n  e t  a l . ,  1 9 9 9 ) .  

 

2 .5 .2  We ather ing  o f  Coa l  Ash  

 

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

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

( D o n a h o e ,  2 0 0 4 ;  Z e v e n b e r g e n  e t  a l . ,  1 9 9 6 ,  1 9 9 9 ) .  R e s e a r c h  s u g g e s t s  t h a t  

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

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

c l a y  mi n e r a l s  d u r i n g  w e a t h e r i n g  ( Z e v e n b e r g e n  e t  a l . ,  1 9 9 6 ,  1 9 9 9 ) .  
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Z e v e n b e r g e n  e t  a l .  ( 1 9 9 9 )  d i s c o v e r e d  t h a t  t h e  i n i t i a l  h i g h  p H  o f  a l k a l i n e  

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

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

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

w e a t h e r e d  a s h .  I t  i s  a l s o  f o u n d  t h a t  w e a t h e r i n g  o f  c o a l  f l y  a s h  f o r  1 0  y e a r s  

p r o d u c e s  a n  a m o r p h o u s  c l a y  c o n t e n t  e x c e e d i n g  t h a t  o f  a  2 5 0  y e a r - o l d  

v o l c a n i c  a s h  ( Z e v e n b e r g e n  e t  a l . ,  1 9 9 9 ) .   

 

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

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

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

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

t h a t  c o u l d  s u p p o r t  a g r i c u l t u r e  ( Z e v e n b e r g e n  e t  a l . ,  1 9 9 9 ) .   

 

D o n a h o e  ( 2 0 0 4 )  d e f i n e s  s e c o n d a r y  p h a s e s  a s  t h e  p h a s e s  w h i c h  f o r m  w h e n  

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

f l y  a s h  a n d  w a t e r - b a s e d  s o l u t i o n s .  T a b l e  2 . 5  p r e s e n t s  a  d e t a i l e d  l i s t  o f  b o t h  

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

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

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

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

f o r  i d e n t i f i c a t i o n  w i t h  c u r r e n t  X R D  t e c h n i q u e s .  I t  i s  t h e r e f o r e  i m p o r t a n t  t o  

c a r e f u l l y  s e l e c t  a n a l y t i c a l  t e c h n i q u e s  f o r  s t u d y i n g  mi n e r a l o g y .   
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T a b l e  2 . 5  O b s e r v e d  a n d  p r e d i c t e d  p h a s e s  i n  o l d  c o a l  a s h e s  ( D o n a h o e ,  2 0 0 4 )  
Phase Composition Observed in 

references*  
Predicted in 
references* 

Böhmite AlO(OH) - 1 
Gibbsite Al(OH)3 - 7 
Al-hydroxide (amorphous) Al(OH)3 1 7 
Hydrous Al-sulphate Al(OH)SO4 - 3 
Imogolite/allophone Hydrous aluminate silicate 2 - 
Halloysite Al2Si2O5(OH)4 - 1 
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 - 1 
Smectite (Ca,Na)0.3Al2Si4O10(OH)2.nH2O - 2 
Arsenolite As2O3 1 - 
Barite BaSO4 1 5 
Witherite BaCO3 1 1 
Ba-arsenate Ba3(AsO4)2 - 2 
Ba-chromate/sulphate Ba(Cr,S)O4 - 2 
Ba/Sr-sulphate (Ba,Sr)SO4 - 3 
Gypsum CaSO4.2H2O 13 2 
Calcite (aragonite) CaCO3 10 2 
Dolomite CaMg(CO3)2 1 2 
Ca-aluminate Ca3Al2O6 2 - 
Ca-silicate CaSiO3 1 1 
Portlandite Ca(OH)2 7 1 
Ettringite Ca6Si2(SO4)3 (OH)12.26H2O 10 1 
Thaumasite Ca6Si2(SO4)2(CO3)2(OH)12.24H2O 4 - 
Anhydrite CaSO4 1 3 
Hannebachite CaSO3.0.5H2O 5 1 
Tobermorite Ca9Si12O30(OH)6.4H2O 2 - 
Whitlockite Ca9(Mg,Fe)H(PO4)7 - 1 
Apatite Ca5(PO4)3OH - 1 
Powellite CaMoO4 - 2 
Fe-(oxy)hydroxide Fe(OH)3, FeOOH 3 4 
Maghemite Fe2O3 1 - 
Hematite Fe2O3 1 1 
Fe-sulphate FeSO4 1 - 
Ferric arsenate FeAsO4 - 1 
Fe/Cr-hydroxide (Fe,Cr)(OH)3 - 4 
Fe-vanadate FeVO4 - 1 
Magnesio-ferrite MgFe2O4 - 1 
Magnesite MgCO3 - 1 
Talc Mg3Si4O10(OH)2 1 - 
Brucite Mg(OH)2 2 2 
Mg-sulphates MgSO4 etc 1 - 
Zeolite Na-P1 Na6Al6Si10O32.12H2O 2 - 
Phillipsite NaKAl2SiO16.6H2O - 1 
Laumontite CaAl2Si4O12.4H2O - 2 
Wairakite CaAl2Si4O12.2H2O - 3 
Nosean-haüyne (Na,Ca)8Al6Si4O24(SO4)1-2.H2O 2 - 
Thernadite Na2SO4 1 - 
Na/K,Ca-sulphates e.g. Na2Ca5(SO4)6.3H2O  3 - 
Amorphous silica SiO2 - 2 
Al-Si amorphous phase Undetermined 1 - 
Mg-Ca-Na-K-Al-Si phase 
(amorphous) 

Undetermined 1 - 

Strontianite SrCO3 - 3 
Celestine SrO4 - 4 
Willemite Zn2SiO4 - 2 

* The numbers represent references which either predicted and/or identified a phase 
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2 . 6  C E M E N T  C H E M I S T R Y  

 

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

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

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

( i n d u s t r i a l  p r o c e s s ) .  T h e  l i t e r a t u r e  s u r v e y  w a s  l i m i t e d  t o  C a ,  N a ,  M g ,  F e ,  

A l ,  S i ,  C l - ,  a n d  S O 4
2 -  w h i c h  a r e  t h e  d o m i n a n t  c o n s t i t u e n t s  i n  b r i n e s  a n d  f l y  

a s h e s .   

 

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

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

e x t e n s i o n  o f  b l e n d e d  c e m e n t s .  D i f f e r e n t  o p i n i o n s  n o n e t h e l e s s ,  e x i s t  o n  t h e  

k n o w l e d g e  a n d  u n d e r s t a n d i n g  o f  c e m e n t  h y d r a t i o n  ( P a g é  a n d  S p i r a t o s ,  2 0 0 0 ;  

T o m m a s e o  a n d  K e r s t e n ,  2 0 0 2 ;  M e h t a  a n d  M o n t e i r o ,  2 0 0 6 ) .   

 

T h e  m a j o r  m i n e r a l s  i n  P o r t l a n d  c e m e n t  a r e  t r i c a l c i u m  s i l i c a t e ,  d i c a l c i u m  

s i l i c a t e ,  t r i c a l c i u m  a l u m i n a t e  a n d  t e t r a c a l c i u m  a l u m i n o f e r r i t e  ( G a r c í a -

G o n z á l e z  e t  a l . ,  2 0 0 7 ;  M e d v e š č e k  e t  a l . ,  2 0 0 6 ;  D o u b l e ,  1 9 8 3 ) .  T h e  

t r i c a l c i u m  s i l i c a t e  a n d  d i c a l c i u m  s i l i c a t e  c o n t e n t  m a k e s  u p  t o  7 5  –  8 0 %  o f  

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

f r o m  4  –  1 1 %  a n d  8  –  1 3 % ,  r e s p e c t i v e l y  ( R a m a c h a n d r a n  e t  a l . ,  2 0 0 2 ) .  T a b l e  

2 . 6  p r o v i d e s  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  P o r t l a n d  c e m e n t .    

 

T a b l e  2 . 6  T y p i c a l  e l e m e n t a l  c o m p o s i t i o n  o f  o r d i n a r y  P o r t l a n d  c e m e n t  

( M e h t a  a n d  M o n t e i r o ,  2 0 0 6 ;  L a m  e t  a l . ,  2 0 0 0 )  

Component Weight (%) 

CaO 63.0 

SiO2 20.7 

Al2O3 4.0 

Fe2O3 3.0 

Na2O 0.5 

MgO 4.0 

LOI 1.5 

Other 3.3 

Sum 100.0 

 



2-18 

 

  

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

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

P o r t l a n d  c e m e n t  i s  n o  l o n g e r  r e a d i l y  a v a i l a b l e  c o m m e r c i a l l y  ( R a ma c h a n d r a n  

e t  a l . ,  2 0 0 2 ;  G a b r o v š e k  e t  a l . ,  2 0 0 6 ) ,  b u t  i t s  c l a s s i c  c h e m i s t r y  i s  s t i l l  u s e d  

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

  

2 .6 .1  H yd ra t ion  o f  Cement  

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

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

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

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

r e a c t i v e  c o m p o n e n t s  ( W a r d  a n d  F r e n c h ,  2 0 0 6 ) .  F o r  i n s t a n c e ,  m a t e r i a l s  m a y  

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

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

a v a i l a b i l i t y .   

 

C e m e n t  c o n t a i n s  a p p r o x i m a t e l y  5 0 %  t r i c a l c i u m  s i l i c a t e  ( C a 3 S i O 5 ) ,  w h i c h  h a s  

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

c a l c i u m  s i l i c a t e  h y d r a t e  ( C - S - H )  a s  s h o w n  i n  e q u a t i o n  2 . 1 :  

C a 3 S i O 5  +  n H 2 O  →   C - S - H  +  C a ( O H ) 2 … … … … … … … … … . . . . . . . . . . . . . . . … . . . ( 2 . 1 )  

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

p r o v i d e s  s t r e n g t h  a n d  d u r a b i l i t y  ( Y l m é n  e t  a l . ,  2 0 0 9 ;  C o l e m a n  a n d  

M c w h i n n i e ,  2 0 0 0 ;  L e  B e l l é g o  e t  a l . ,  2 0 0 0 ;  C h e n  e t  a l . ,  2 0 0 4 ;  M e m o n  e t  a l . ,  

2 0 0 2 ;  R i c h a r d s o n ,  2 0 0 8 ) .  I t  i s  a  g e l  w i t h  t h e  v a r i a b l e  c o m p o s i t i o n  

x C a O . y S i O 2 . z H 2 O ;  w h e r e  x ,  y  a n d  z ,  a r e  t h e  c o e f f i c i e n t s  ( C h a t v e e r a  a n d  

L e r t w a t t a n a r u k ,  2 0 0 9 ;  C h e n  e t  a l . ,  2 0 0 4 ;  K l e m m ,  1 9 9 8 ;  R a m a c h a n d r a n  e t  a l . ,  

2 0 0 2 ;  O d l e r ,  2 0 0 4 ) .  T h e  C - S - H  g e l  i s  a n  e x t r e m e l y  f i n e  a n d  a m o r p h o u s  o r  

p o o r l y  c r y s t a l l i n e  m a t e r i a l  c o n t r i b u t i n g  o v e r  6 0 %  ( m / m )  o f  h y d r a t e d  c e m e n t  

p a s t e  ( B a u r  e t  a l . ,  2 0 0 4 ;  B e n s t e d ,  1 9 8 3 ;  C h e n  e t  a l . ,  2 0 0 4 ;  T h o m a s  e t  a l . ,  

2 0 0 1 ) .  

 

D i c a l c i u m  s i l i c a t e  ( C a 2 S i O 4 )  o n  t h e  o t h e r  h a n d ,  c o n t r i b u t e s  t o  l o n g - t e r m  

s t r e n g t h  ( Y l m é n  e t  a l . ,  2 0 0 9 ;  T h o m a s  e t  a l . ,  2 0 0 1 )  b y  f o r m i n g  c a l c i u m  

s i l i c a t e  h y d r a t e  a s  s h o w n  i n  e q u a t i o n  2 . 2 :  

C a 2 S i O 4  +  n H 2 O  →  C - S - H  +  C a ( O H ) 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 . 2 )  
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T h e  C - S - H  p h a s e  c a n  a c t  a s  a  c e n t r e  o f  a d s o r p t i o n  f o r  h a z a r d o u s  i o n s  

i n c l u d i n g  h e a v y  m e t a l s  ( J o h n s o n ,  2 0 0 4 ;  P l a n k  a n d  H i r s c h ,  2 0 0 7 ;  K l e m m ,  

1 9 9 8 ;  D e l a g r a v e  e t  a l . ,  1 9 9 7 ) .  G o u g a r  e t  a l .  ( 1 9 9 6 )  c o m p i l e d  a  l i s t  s h o w n  i n  

T a b l e  2 . 7  f r o m  l i t e r a t u r e  o f  c o n t a m i n a n t s  t h a t  c a n  b e  i m m o b i l i s e d  i n  C - S - H .   

 

T a b l e  2 . 7  A  l i s t  o f  c o n t a m i n a n t s  i m m o b i l i s e d  b y  C - S - H  ( G o u g a r  e t  a l . ,  

1 9 9 6 ;  O d l e r ,  2 0 0 4 )  

 

Description Typical elements 

Monovalent cations Li, Na, K, Rb, Cs 

Divalent cations Mg, Ni, Co, Hg, Zn, Cd, Pb 

Trivalent cations Al, Fe, Cr 

Actinide U 

Anions Cl-, I-, OH-, CO3
2-, SO4

2- 

 

 

T h e  C - S - H  g e l  i s  n o t  r e a d i l y  i d e n t i f i a b l e  w i t h  X R D  b e c a u s e  o f  i t s  l o w  

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

o t h e r  t e c h n i q u e s  f o r  i d e n t i f i c a t i o n  o f  C - S - H  g e l  ( M u r a t ,  1 9 8 3 ;  C o l e m a n  a n d  

M c w h i n n i e ,  2 0 0 0 ;  B a l o n i s  e t  a l . ,  2 0 1 0 ;  N o c h a i y a  e t  a l . ,  2 0 0 9 ) .  A c c o r d i n g  t o  

C h e n  e t  a l .  ( 2 0 0 4 )  m o r e  t h a n  3 0  p h a s e s  o f  C - S - H  h a v e  b e e n  i d e n t i f i e d .  

 

T r i c a l c i u m  a l u mi n a t e  ( C a 3 A l 2 O 6 )  h a s  a  s i g n i f i c a n t  i n f l u e n c e  o n  t h e  e a r l y  

r e a c t i o n s  d e s p i t e  i t s  e x i s t e n c e  i n  r e l a t i v e l y  s ma l l  q u a n t i t i e s .  I t  u n d e r g o e s  

h y d r a t i o n  q u i c k e r  t h a n  b o t h  d i c a l c i u m  s i l i c a t e  a n d  t r i c a l c i u m  s i l i c a t e  t o  

f o r m  t r i c a l c i u m  a l u m i n a t e  h y d r a t e  ( C - A - H ) ,  a c c o r d i n g  t o  e q u a t i o n  2 . 3 :   

C a 3 A l 2 O 6  +  n H 2 O  →  C - A - H  +  C a ( O H ) 2 … … … … … … … … … . . . . . . . . . . . . . . . … . ( 2 . 3 )  

T h e  f o r m a t i o n  o f  C - A - H  p h a s e  l i b e r a t e s  m o r e  h e a t  b u t  h a s  l e s s  c o n t r i b u t i o n  

t o  s t r e n g t h  d e v e l o p m e n t .  T h e  f o r m a t i o n  o f  C - A - H  i s  f a v o u r e d  u n d e r  s u l p h a t e  

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

( R a d w a n  a n d  H e i k a l ,  2 0 0 5 ;  H a r t m a n  e t  a l . ,  2 0 0 6 ) .  G y p s u m  a d d i t i o n  c a n  b e  

u s e d  t o  c o n t r o l  t h e  s e t t i n g  o f  c e m e n t i t i o u s  m a t e r i a l s  ( D o u b l e ,  1 9 8 3 ;  

M e d v e š č e k  e t  a l . ,  2 0 0 6 ) .   

 

T e t r a c a l c i u m  a l u m i n o f e r r i t e  ( C a 4 A l 2 F e 2 O 1 0 )  r e a c t s  w i t h  l i m e  a n d  w a t e r  t o  

f o r m  h y d r o g a r n e t  ( C a 6 A l 2 F e 2 O 1 2 . 1 2 H 2 O )  a c c o r d i n g  t o  e q u a t i o n  2 . 4 :  
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C a 4 A l 2 F e 2 O 1 0  +  2 C a ( O H ) 2   +  1 0 H 2 O  →   C a 6 A l 2 F e 2 O 1 2 . 1 2 H 2 O  … … … … … ( 2 . 4 )  

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

f i r s t  t h r e e .   

 

2 .6 .2  E f f e c t  o f  Pozzo l an s  

 

I t  i s  o b s e r v e d  t h a t  p o r t l a n d i t e  ( C a ( O H ) 2 )  f o r m s  a s  a  b y - p r o d u c t  d u r i n g  

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

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

C - S - H  ( Y l m é n  e t  a l . ,  2 0 0 9 ;  L i v i n g s t o n  a n d  B u m r o n g j a r o e n ,  2 0 0 5 ;  E l - A l f i  e t  

a l . ,  2 0 0 4 ;  H e k a l ,  2 0 0 0 ) ,  a c c o r d i n g  t o  e q u a t i o n  2 . 5 :   

S i O 2  +  C a ( O H ) 2  →  C - S - H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 . 5 )  

F o r m a t i o n  o f  t h e  a d d i t i o n a l  C - S - H  g e l  r e d u c e s  p o r o s i t y  a n d  h y d r a u l i c  

c o n d u c t i v i t y  o f  t h e  h a r d e n e d  m a t e r i a l  ( M e m o n  e t  a l . ,  2 0 0 2 ;  D o n a t e l l o  e t  a l . ,  

2 0 1 0 ) .  

 

M e h t a  a n d  M o n t e i r o  ( 2 0 0 6 )  d i s t i n g u i s h  b e t w e e n  t h e  h y d r a t i o n  o f  c e m e n t  a n d  

t h e  p o z z o l a n i c  r e a c t i o n .  T h e  f o r m e r  i s  e x p l a i n e d  i n  t h e  a b o v e  d i s c u s s i o n  

u s i n g  e q u a t i o n s  2 . 1  t o  2 . 3 ,  w h e r e  p o r t l a n d i t e  f o r m s  a s  a  b y - p r o d u c t .  T h e  

p o z z o l a n i c  r e a c t i o n  o n  t h e  o t h e r  h a n d  i s  a  s l o w  r e a c t i o n  w h e r e  p o r t l a n d i t e  i s  

c o n s u m e d  i n  t h e  p r e s e n c e  o f  w a t e r  a s  i l l u s t r a t e d  i n  e q u a t i o n  2 . 6 :   

P o z z o l a n  +  C a ( O H ) 2   +  n H 2 O  →   C - S - H   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 . 6 )  

T h e  c o n s u m p t i o n  o f  l i m e  s h o w n  i n  e q u a t i o n  2 . 6  i s  v i t a l  f o r  t h e  d u r a b i l i t y  o f  

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

 

T h e  r e p l a c e m e n t  o f  P o r t l a n d  c e m e n t  w i t h  f l y  a s h  ( p o z z o l a n )  i n  h i g h  v o l u m e s  

r e d u c e d  t h e  e a r l y  s t r e n g t h  d e v e l o p m e n t  i n  c o n c r e t e  ( S h i ,  1 9 9 6 ;  S h e h a t a ,  

2 0 0 1 ) .  T h i s  a t t r a c t e d  a  r e s e a r c h  f o c u s  o n  e v a l u a t i n g  t h e  a c c e l e r a t o r s  s u c h  a s  

C a C l 2 ,  N a 2 S O 4  a n d  s i l i c a  f u m e  t o  a c c e l e r a t e  p o z z o l a n i c  r e a c t i o n s  ( N o c h a i y a  

e t  a l . ,  2 0 0 9 ;  S h i ,  1 9 9 6 ;  S h i  a n d  D a y ,  2 0 0 0 ;  S h e h a t a ,  2 0 0 1 ) .  T h e s e  

a d m i x t u r e s  r e d u c e  t h e  s e t t i n g  t i m e  a n d  a c c e l e r a t e  e a r l y  s t r e n g t h  

d e v e l o p m e n t  o f  c o n c r e t e  e s s e n t i a l  i n  c o m m e r c i a l  a p p l i c a t i o n  ( R a m a c h a n d r a n  

e t  a l . ,  2 0 0 2 ) .   
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2 .6 .3  E f f e c t  o f  G yp s u m  

 

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

( C a S O 4 . 2 H 2 O )  t o  f o r m  a  s p a r i n g l y  s o l u b l e  m i n e r a l ,  e t t r i n g i t e  a c c o r d i n g  t o  

e q u a t i o n  2 . 7  ( Y u a n  e t  a l . ,  2 0 0 9 ;  B l a c k  e t  a l . ,  2 0 0 6 ) .     

C a 3 A l 2 O 6  +  C a S O 4 . 2 H 2 O  +  n H 2 O  →  E t t r i n g i t e  … … … … … . . . . . . . . . . . . . . . . . . .  ( 2 . 7 )  

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

t h e  c h e m i c a l  f o r m u l a  C a 6 [ A l ( O H ) 6 ] 2 ( S O 4 ) 3 . x H 2 O  w h e r e  x  =  2 6  o r  3 2  ( B a u r  e t  

a l . ,  2 0 0 4 ;  P r a s a d  e t  a l . ,  1 9 9 9 ) .  I t s  o c c u r r e n c e  i s  v e r y  r a r e  i n  n a t u r e  b u t  

p r e v a l e n t  i n  c e m e n t i t i o u s  s y s t e m s  u n d e r  s p e c i f i c  c o n d i t i o n s  ( H a r t m a n  e t  a l . ,  

2 0 0 6 ) .   

 

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

b e c a u s e  i t  c a u s e s  e x p a n s i o n  w h i c h  l e a d s  t o  s t r u c t u r a l  d a m a g e  ( P r a s a d  e t  a l . ,  

1 9 9 9 ) .  H o w e v e r ,  r e s e a r c h  h a s  r e v e a l e d  t h a t  o n l y  t h e  d e l a y e d  e t t r i n g i t e  

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

i m m e d i a t e l y  i n  f r e s h  c o n c r e t e  w i t h  s u f f i c i e n t  s u l p h a t e s  ( C o l l e p a r d i ,  2 0 0 3 ) .  

  

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

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

a t t a c k  o c c u r s  w h e n  h a r d e n e d  c e m e n t  p a s t e  ( o r  c o n c r e t e )  i s  e x p o s e d  t o  a  

s u l p h a t e - r i c h  e n v i r o n m e n t .  O v e r  t i m e  t h i s  f a c i l i t a t e s  t h e  c o n v e r s i o n  o f  

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

f o r m a t i o n  ( C o l l e p a r d i ,  2 0 0 3 ;  K l e m m ,  1 9 9 8 ) ,  s e e  e q u a t i o n  2 . 8 .   

C a 4 . A l 2 O 3 . S O 4 . 1 2 H 2 O  +  g y p s u m  +  1 6 H 2 O  →  E t t r i n g i t e . . .................................. (2 . 8 ) 

 

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

a n  e n v i r o n m e n t a l  p e r s p e c t i v e .  E t t r i n g i t e  i s  a  v e r y  i n s o l u b l e  mi n e r a l  ( d e t a i l s  

i n  s e c t i o n  2 . 6 . 5 )  w h i c h  s e r v e s  a s  a  “ s i n k ”  f o r  s u l p h a t e s ,  c a l c i u m  i o n s  a n d  

w a t e r  m o l e c u l e s  b y  v i r t u e  o f  i t s  c h e m i c a l  s t r u c t u r e  s h o w n  i n  F i g u r e  2 . 4  

( B a u r  e t  a l . ,  2 0 0 4 ;  K l e m m ,  1 9 9 8 ;  T i s h m a c k  e t  a l . ,  2 0 0 1 ) .   

 

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

f r o m  h e a v y  me t a l s  i n  i t s  s t r u c t u r e  ( B a u r  e t  a l . ,  2 0 0 4 ;  K l e m m ,  1 9 9 8 ;  K l e m m  

a n d  B h a t t y ,  2 0 0 2 ;  T i s h m a c k  e t  a l . ,  2 0 0 1 ) .  O x y a n i o n s  t h a t  c a n  r e p l a c e  

s u l p h a t e s  i n c l u d e  A s O 4
3 - ,  B ( O H ) 4

- ,  S e O 4
2 -  a n d  V O 4

3 -  ( B a u r  e t  a l . ,  2 0 0 4 ;  
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J o h n s o n ,  2 0 0 4 )  o f  w h i c h  B ( O H ) 4
-  h a s  t h e  h i g h e s t  a f f i n i t y  ( C h r y s o c h o o u  a n d  

D e r m a t a s ,  2 0 0 6 ) .  G o u g a r  e t  a l .  ( 1 9 9 6 )  c o m p i l e d  a  c o m p r e h e n s i v e  l i s t  o f  

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

T a b l e  2 . 8 .  M o r e o v e r ,  e t t r i n g i t e  a d d s  s t r e n g t h  a n d  r e d u c e s  h y d r a u l i c  

c o n d u c t i v i t y  ( H e e b i n k  a n d  H a s s e t t ,  2 0 0 1 ) .  

 

 

 

 

`   

 

 

 

 

 

 

 

  

 

 

F i g u r e  2 . 4  C r y s t a l  s t r u c t u r e  o f  e t t r i n g i t e ,  s h o w i n g  a  p r o j e c t i o n  o f  t h e  p a r t i a l  

s t r u c t u r e  o f  o n e  c o l u m n  ( K l e m m ,  1 9 9 8 )  

 

 

A c c o r d i n g  t o  C h r y s o c h o o u  a n d  D e r m a t a s  ( 2 0 0 6 )  t h e  f o r m a t i o n  o f  e t t r i n g i t e  

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

b e l o w  5 0  ° C  w h i l e  t h e  p H  s t a b i l i t y  o f  e t t r i n g i t e  g e n e r a l l y  l i e s  b e t w e e n  1 0 . 5  

a n d  1 3 .  T h e s e  m i n e r a l s  w i t h  m a n y  mo l e c u l e s  o f  w a t e r  o f  c r y s t a l l i s a t i o n  c a n  

d r y  w e t  s i t e s  b y  b i n d i n g  l a r g e  v o l u m e s  o f  w a t e r  i n  t h e i r  s t r u c t u r e s  ( H e e b i n k  

a n d  H a s s e t t ,  2 0 0 1 ) .  
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T a b l e  2 . 8  A  s u m m a r y  o f  p o l l u t a n t  s u b s t i t u t i o n s  i n  t h e  e t t r i n g i t e  s t r u c t u r e  

( G o u g a r  e t  a l . ,  1 9 9 6 )  

 

Ca2+ site Al3+ site SO4
2- site OH- site 

Sr2+ Cr3+ B(OH)4
- O2- 

Ba2+ Si4+ CO3
2-  

Pb2+ Fe3+ Cl-  

Cd2+ Mn3+ OH-  

Co2+ Ni3+ CrO4
2-  

Ni2+ Co3+ AsO4
3-  

Zn2+ Ti3+ SeO4
2-  

  VO4
2-  

  BrO3
-  

  NO3
-  

  MoO4
2-  

  ClO3
-  

  SO3
2-  

  IO3
-  

 

 

2 .6 .4  Immobi l i sa t ion  o f  Ch lo r ides   

 

C a l c i u m  c h l o r i d e  ( C a C l 2 )  i s  c o m m o n l y  u s e d  i n  r e l a t i v e l y  s m a l l  q u a n t i t i e s  t o  

a c c e l e r a t e  h y d r a t i o n  r e a c t i o n s  i n  c e m e n t  p a s t e s  ( A l l e n  a n d  T h o m a s ,  2 0 0 7 ;  

V a l l s  a n d  V à z q u e z ,  2 0 0 0 ;  A n t h o n y  e t  a l . ,  2 0 0 3 ) .  H o w e v e r ,  t h e  p r e s e n c e  o f  

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

r e i n f o r c e d  c o n c r e t e  ( B e a u d o i n  e t  a l . ,  1 9 9 0 ;  A b d e l - W a h a b  a n d  B a t c h e l o r ,  

2 0 0 2 ;  S u m r a n w a n i c h  a n d  T a n g t e r m s i r i k u l ,  2 0 0 4 ;  A r y a  e t  a l . ,  1 9 9 0 ) .  T h i s  i s  

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

s t e e l .  

 

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

i m m o b i l i s e d  b y  t h e  f o r m a t i o n  o f  F r i e d e l ’ s  s a l t  ( C a 3 . A l 2 O 6 . C a C l 2 . 1 0 H 2 O )  o r  

b e  p h y s i c a l l y  a d s o r b e d  o n t o  C - S - H  g e l  ( B a l o n i s  e t  a l . ,  2 0 1 0 ;  P a g é  a n d  

S p i r a t o s ,  2 0 0 4 ;  J u s t n e s ,  2 0 0 4 ;  W a l c a r i u s  e t  a l . ,  2 0 0 1 ;  S u g i y a ma  e t  a l . ,  2 0 0 3 ;  

Z i b a r a  e t  a l . ,  2 0 0 8 ) .  T h e  f o r m a t i o n  o f  F r i e d e l ’ s  s a l t  ( c h l o r o a l u m i n a t e )  i s  

s u b j e c t  t o  t h e  a v a i l a b i l i t y  o f  c a l c i u m  a l u m i n a t e  ( C a 3 A l 2 O 6 )  o r  
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a l u m i n o f e r r i t e  ( C a 4 A l 2 F e 2 O 1 0 ) ,  s o l u b l e  c h l o r i d e  a n d  s u f f i c i e n t  c u r i n g  t i m e  

( S u m r a n w a n i c h  a n d  T a n g t e r m s i r i k u l ,  2 0 0 4 ;  D h i r  a n d  J o n e s ,  1 9 9 9 ;  P r u c k n e r  

a n d  G j ø r v ,  2 0 0 4 ;  Z u q u a n  e t  a l . ,  2 0 0 7 ) .  T h e  c h e m i c a l  r e a c t i o n  o f  i t s  

f o r m a t i o n  i s  g i v e n  i n  e q u a t i o n  2 . 9 .    

C a C l 2  +  C a 3 A l 2 O 6  →  C a 3 . A l 2 O 6 . C a C l 2 . 1 0 H 2 O  … … … … …...............………….. ( 2 . 9 )  

 

F r i e d e l ’ s  s a l t  p r o v i d e s  a  s i n k  f o r  c h l o r i d e s  a n d  c a l c i u m  a n d  h a s  t h e  a b i l i t y  

t o  a t t r a c t  a n i o n s  b y  i o n  e x c h a n g e  ( W a l c a r i u s  e t  a l . ,  2 0 0 1 ;  B a l o n i s  e t  a l . ,  

2 0 1 0 ) .  F r i e d e l ’ s  s a l t  i s  h o w e v e r  o n l y  s t a b l e  u n d e r  h i g h  p H  c o n d i t i o n s  ( p H  >  

1 2 )  b e l o w  w h i c h  i t  i s  d e s t r o y e d  ( C s i z m a d i a  e t  a l . ,  2 0 0 0 ) .   

 

B e s i d e s  t h e  f o r m a t i o n  o f  F r i e d e l ’ s  s a l t  o t h e r  m e c h a n i s m s  b y  w h i c h  c h l o r i d e s  

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

o x y c h l o r i d e ,  a n d  t h r o u g h  b o n d i n g  w i t h  C - S - H  g e l  ( C s i z m a d i a  e t  a l . ,  2 0 0 0 ;  

D h i r  a n d  J o n e s ,  1 9 9 9 ;  D e l a g r a v e  e t  a l . ,  1 9 9 7 ;  B e a u d o i n  e t  a l . ,  1 9 9 0 ) .  I t  i s  

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

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

o b t a i n e d  f r o m  p a s t e s  c o n t a i n i n g  C a S O 4  t h a n  t h o s e  w i t h  N a 2 S O 4 ,  f o r  

e q u i v a l e n t  s u l p h a t e  c o n c e n t r a t i o n s  ( C s i z m a d i a  e t  a l . ,  2 0 0 0 ) .  

 

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

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

p o o r l y  u n d e r s t o o d  ( N i e l s e n  e t  a l . ,  2 0 0 5 ;  P r u c k n e r  a n d  G j ø r v ,  2 0 0 4 ;  A r y a  e t  

a l . ,  1 9 9 0 ;  T r i t t h a r t ,  1 9 8 9 ;  H u s s a i n  e t  a l . ,  1 9 9 4 ) .  Y u a n  e t  a l .  ( 2 0 0 9 )  r e p o r t e d  

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

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

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

 

N a k a m u r a  e t  a l .  ( 1 9 9 9 )  d i s c o v e r e d  t h a t  o n l y  1 5 %  o f  c h l o r i d e  a d s o r b e d  o n t o  

t h e  C - S - H  g e l  l e a c h e s  w h e r e a s  a s  m u c h  a s  6 5 %  l e a c h e d  f r o m  F r i e d e l ’ s  s a l t .  

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

t h a n  t h e  l a t t e r  w h i c h  i s  o n l y  s t a b l e  a t  p H  >  1 2 .  T o  m a i n t a i n  a  h i g h l y  

a l k a l i n e  e n v i r o n m e n t  i s  d i f f i c u l t  b e c a u s e  c a r b o n a t i o n  r e d u c e s  p H  ( C h i  e t  a l . ,  

2 0 0 2 ;  K l e m m ,  1 9 9 8 ;  D o n a h o e ,  2 0 0 4 ) .   

 

 



2-25 

 

  

2 .6 .5  L im i t ing  Fac t o rs  o f  Hydra t ion  

 

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

s e c o n d a r y  p h a s e s  a r e  f r e e  l i m e  a n d  t i m e  (Ćo j b a š i ć  e t  a l . ,  2 0 0 5 ;  L a m  e t  a l . ,  

2 0 0 0 ;  B e n - H a h a  e t  a l . ,  2 0 1 0 ) .  A d d i t i o n a l l y ,  t h e  a v a i l a b i l i t y  o f  a l u m i n a t e s  

c o n t r o l  t h e  f o r m a t i o n  o f  e t t r i n g i t e  a n d  F r i e d e l ’ s  s a l t .  S u l p h a t e s  h a v e  a  

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

c a l c i u m  m o n o s u l p h o a l u mi n a t e  h y d r a t e  w i l l  b e  f o r m e d  b e f o r e  F r i e d e l ’ s  s a l t  

( C s i z m a d i a  e t  a l . ,  2 0 0 0 ) .  T h e  l a t t e r  w i l l  o n l y  f o r m  u p o n  d e p l e t i o n  o f  

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

 

2 .6 .6  So lub i l i t y  o f  Secondary  Phases  

 

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

o n e  i n d i c a t i v e  w a y  o f  s t a b i l i t y  o f  i m m o b i l i s a t i o n .  E b b i n g  ( 1 9 9 6 )  d e f i n e s  

s o l u b i l i t y  p r o d u c t  ( K s p )  a s  “ t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  s o l u b i l i t y  

e q u i l i b r i u m  o f  a  s l i g h t l y  s o l u b l e  ( o r  n e a r l y  i n s o l u b l e )  i o n i c  c o m p o u n d . ”  T h e  

l o w e r  t h e  K s p  v a l u e  t h e  m o r e  i n s o l u b l e  t h e  c o m p o u n d  ( T a b l e  2 . 9 ) .  A  

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

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

p o l l u t a n t s .   

 

T h e  K s p  v a l u e s  o f  s e l e c t e d  c o m p o u n d s  a r e  i l l u s t r a t e d  i n  T a b l e  2 . 9 .  B e i n g  

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

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

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

i m m o b i l i s e d  c o n t a m i n a n t s  ( K l e m m ,  1 9 9 8 ) .   
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T a b l e  2 . 9  K s p  v a l u e s  o f  c o m m o n  s e c o n d a r y  p h a s e s  ( K l e m m ,  1 9 9 8 ;  E b b i n g ,  

1 9 9 6 )  

 

Compound  Chemical Formula Ksp value at 25 °C 

Calcite CaCO3 3.8 x 10-5 

Gypsum CaSO4.2H2O 3.7 x 10-5 

Portlandite Ca(OH)2 8.9 x 10-6 

Gibbsite Al(OH)3 4.6 x 10-33 

Ettringite Ca6[Al(OH)6]2(SO4)3.26H2O 2.8 x 10-45 

Friedel’s salt Ca3.Al2O6.CaCl2.10H2O 1.0 x 10-30 

Calcium monosulphoaluminate hydrate Ca4. Al2O3. SO4.12H2O 3.7 x 10-30 

 

 

2 .6 .7  De te r io ra t i on  Me cha n is ms  

 

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

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

p h a s e s ) ,  s o m e  o f  w h i c h  a r e  p H  s e n s i t i v e .  I t  i s  i m p e r a t i v e  t o  u n d e r s t a n d  t h a t  

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

m e c h a n i s m s  s u c h  a s  c a r b o n a t i o n ,  s u l p h a t e  a n d  m a g n e s i u m  a t t a c k .  T h i s  

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

p h a s e s  i n  c e m e n t i t i o u s  p a s t e s .  

 

2 .6 .7 .1  Carbona t ion   

 

C a r b o n a t i o n  i s  o n e  o f  t h e  m a j o r  c a u s e s  o f  r e i n f o r c e d  c o n c r e t e  d e t e r i o r a t i o n .  

I t  i n v o l v e s  t h e  r e a c t i o n  o f  c a r b o n  d i o x i d e  ( c a r b o n a t e s )  w i t h  t h e  h y d r a t i o n  

p r o d u c t s ,  w h i c h  r e d u c e s  t h e  p H  o f  p o r e  w a t e r  ( S o n g  a n d  K w o n ,  2 0 0 7 ;  C h i  e t  

a l . ,  2 0 0 2 ;  R a m a c h a n d r a n  e t  a l . ,  2 0 0 2 ;  K l e m m ,  1 9 9 8 ;  B o r g e s  e t  a l . ,  2 0 1 0 ) .  

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

c a r b o n a t i o n  a l s o  k n o w n  a s  d e c a l c i f i c a t i o n  ( K l e m m ,  1 9 9 8 ;  Y u a n  e t  a l . ,  2 0 0 9 ;  

B o r g e s  e t  a l . ,  2 0 1 0 ) .  T h e  C - S - H  i s  d e c a l c i f i e d  i n  t h e  p r e s e n c e  o f  c a r b o n i c  

a c i d  ( H 2 C O 3 )  t o  f o r m  c a l c i t e  ( C a C O 3 ) ,  s i l i c a  g e l  a n d  w a t e r  ( Y u a n  e t  a l . ,  

2 0 0 9 ;  B o r g e s  e t  a l . ,  2 0 1 0 ) ,  s e e  e q u a t i o n  2 . 1 0 .   

C - S - H  +  H 2 C O 3  →  C a C O 3  +  S i O 2 ( g e l )  +  H 2 O … … … … … … … … … … … … . . ( 2 . 1 0 )  
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C a r b o n a t i o n  h a s  a d v e r s e  c o n s e q u e n c e s  o n  t h e  s t a b i l i t y  o f  a d s o r b e d  

c o n t a m i n a n t s .  H u i j g e n  e t  a l .  ( 2 0 0 5 )  p o s t u l a t e  t h e  c a r b o n a t i o n  o f  e t t r i n g i t e  

a c c o r d i n g  t o  e q u a t i o n  2 . 1 1  t o  f o r m  c a l c i t e ,  g y p s u m  a n d  a l u m i n a t e  g e l  

( A l 2 O 3 . x H 2 O )  a s  d i s i n t e g r a t i o n  p r o d u c t s .   

E t t r ing i t e  +  CO 2  →  CaCO 3  +  CaSO 4 .2H 2 O +  Al 2 O 3 .xH 2 O +  (26 -x)H 2 O ….(2 .11)  

G i b b s i t e  ( A l ( O H ) 3 )  h a s  r e p o r t e d l y  f o r m e d  i n s t e a d  o f  a l u m i n a t e  g e l  i n  s o m e  

c a s e s  ( C a m p b e l l ,  1 9 9 9 ;  L a n g e  e t  a l . ,  1 9 9 7 ) .  

 

O t h e r  r e s e a r c h e r s  h a v e  s u c c e e d e d  t o  a m e l i o r a t e  p a s t e  p r o p e r t i e s  t h r o u g h  

a c c e l e r a t e d  c a r b o n a t i o n  ( K a s h e f - H a g h i g h i  a n d  G h o s h a l ,  2 0 1 0 ;  G a r c í a -

G o n z á l e z  e t  a l .  2 0 0 7 ) .  L a n g e  e t  a l .  ( 1 9 9 6 ;  1 9 9 7 )  r e p o r t e d  t h a t  c a r b o n a t i o n  

o f  C - S - H  c a n  b e  a d v a n t a g e o u s  i n  l i g h t  o f  a c i d - s t a b l e  s i l i c a  g e l  f o r m a t i o n  

w i t h  t h e  s a m e  m o r p h o l o g y  a s  C - S - H ;  t h e r e b y  i m p r o v i n g  b o n d i n g  o f  c e r t a i n  

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

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

 
2 .6 .7 . 2  Ma g n es iu m  a t t ac k   

 

P r a s a d  e t  a l .  ( 2 0 0 6 )  f o u nd  t h a t  M g - b e a r i n g  c o m p o u n d s  c a n  r e a c t  w i t h  C - S - H  

t o  f o r m  m a g n e s i u m  s i l i c a t e  h y d r a t e  ( M - S - H )  a n d  g y p s u m ,  i l l u s t r a t e d  i n  

e q u a t i o n  2 . 1 2 .     

M g S O 4  +  C - S - H  →  M - S - H  +  g y p s u m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 . 1 2 )   

 

M - S - H  i s  s o f t e r  t h a n  C - S - H  h e n c e  i t s  f o r m a t i o n  r e d u c e s  s t r u c t u r a l  i n t e g r i t y  

a n d  h a s  l o w e r  b i n d i n g  c a p a c i t y  ( C h a t v e e r a  a n d  L e r t w a t t a n a r u k ,  2 0 0 9 ) .  T h e  

t r a n s i t i o n  r e a c t i o n  b e t w e e n  M g S O 4  a n d  p o r t l a n d i t e  p r o d u c e s  b r u c i t e  

( M g ( O H ) 2 )  w h i c h  i s  s t a b l e  a t  a  p H  o f  1 0 . 5  t h e r e b y  d e s t a b i l i s i n g  e t t r i n g i t e  

a n d  C - S - H  ( E g l i n t o n ,  2 0 0 4 ) .  

 

2 . 6 .7 .3  Format ion  o f  thaumas i te   

 

F o r m a t i o n  o f  t h a u m a s i t e  ( C a 6 [ S i ( O H ) 6 ] 2 ( S O 4 ) 2 ( C O 3 ) 2 . 2 4 . H 2 O )  i s  o n e  o f  t h e  

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

c o n c r e t e  ( M u l e n g a  e t  a l . ,  2 0 0 3 ;  A r a n d i g o y e n  e t  a l . ,  2 0 0 6 ;  K l e m m ,  1 9 9 8 ) .  

T h a u m a s i t e  i s  a  s o f t  n o n - c o h e s i v e  m a s s  w h i c h  c a u s e s  a  s i g n i f i c a n t  ( o v e r  
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9 0 % )  r e d u c t i o n  i n  c o m p r e s s i v e  s t r e n g t h  a n d  a n  i n c r e a s e  i n  t h e  h y d r a u l i c  

c o n d u c t i v i t y  o f  p a s t e s  ( K ö h l e r  e t  a l . ,  2 0 0 6 ) .   

 

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

e t t r i n g i t e  o r  C - S - H  ( I r a s s a r  e t  a l . ,  2 0 0 5 ) .  T h e  A l 3 +  i o n s  a n d  [ ( S O 4
2 - ) 3  

( H 2 O ) 2 ]  i n  e t t r i n g i t e  a r e  r e p l a c e d  b y  S i 4 +  i o n s  a n d  [ ( S O 4
2 - ) 2  ( C O 3

2 - ) 2 ]  i n  

t h a u m a s i t e  w i t h  l o n g  e x p o s u r e  t o  v e r y  c o l d  c o n d i t i o n s  ( K ö h l e r  e t  a l . ,  2 0 0 6 ;  

I r a s s a r  e t  a l . ,  2 0 0 5 ;  K l e m m ,  1 9 9 8 ;  L a c h o w s k i  e t  a l . ,  2 0 0 3 ) .  P a j a r e s  e t  a l .  

( 2 0 0 3 )  s u g g e s t  a  t e m p e r a t u r e  r a n g e  o f  1  –  5  ° C  w h e r e a s  K ö h l e r  e t  a l .  ( 2 0 0 6 )  

b e l i e v e  a  t e m p e r a t u r e  b e l o w  1 5  ° C  i s  r e q u i r e d .   

 

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

f o r m a t i o n  ( M u l e n g a  e t  a l . ,  2 0 0 3 ;  M c C a r t h y  e t  a l . ,  2 0 0 9 ) .  T h e  f o r m a t i o n  o f  

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

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

S e c u n d a .  

 

2 .6 .7 . 4  A lk a l i  S i l i c a  R ea c t i on   

 

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

S A S O L  S y n f u e l s  c o u l d  c a u s e  t h e  o c c u r r e n c e  o f  a l k a l i  s i l i c a  r e a c t i o n  ( a l s o  

k n o w n  a s  a l k a l i  a g g r e g a t e  r e a c t i o n ) .  A l k a l i  s i l i c a  r e a c t i o n  ( A S R )  i s  a  s l o w  

r e a c t i o n  w h i c h  o c c u r s  i n  c o n c r e t e  b e t w e e n  d i s s o l v e d  a l k a l i s  ( s o d i u m  a n d  

p o t a s s i u m )  a n d  r e a c t i v e  s i l i c a  o r  s i l i c a t e  p r e s e n t  i n  t h e  a g g r e g a t e  ( O w s i a k ,  

2 0 0 3 ;  H i c k s ,  2 0 0 7 ) .  T h e  a l k a l i s  o r i g i n a t e  f r o m  e i t h e r  t h e  c e m e n t  c o n t e n t  o r  

t h e  s u r r o u n d i n g  e n v i r o n m e n t  s u c h  a s  b r i n e s  a n d  s e a w a t e r  ( K u r t i s  a n d  

M o n t e i r o ,  2 0 0 3 ) .  T h e  A S R  f o r m s  a  g e l  w h i c h  a b s o r b s  w a t e r ,  e x p a n d s  a n d  

e v e n t u a l l y  c r a c k s  t h e  h a r d e n e d  s t r u c t u r e  ( H i c k s ,  2 0 0 7 ;  K u r t i s  a n d  M o n t e i r o ,  

2 0 0 3 ) .  H i c k s  ( 2 0 0 7 )  a n d  J u s t i c e  ( 2 0 0 5 )  p o i n t  o u t  t h a t  A S R  l e a d s  t o  

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

c o n d u c t i v i t y .   

 

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

o f  a g g r e g a t e  i n  h a r d e n e d  c o n c r e t e .  A  p o z z o l a n i c  f l y  a s h  a n d  a b s e n c e  o f  

a g g r e g a t e s  m a k e  t h e  o c c u r r e n c e  o f  A S R  h i g h l y  u n l i k e l y  i n  b r i n e - f l y  a s h  

p a s t e s .  M o r e o v e r ,  f l y  a s h  i s  o n e  o f  t h e  i m p o r t a n t  a d m i x t u r e s  u s e d  t o  
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m i t i g a t e  d e t e r i o r a t i o n  o f  c o n c r e t e  d u e  t o  A S R  g e l  ( C h e n g z h i  a n d  A i q i n ,  

2 0 0 7 ;  K u r t i s  a n d  M o n t e i r o ,  2 0 0 3 ;  M c C a r t h y  e t  a l . ,  2 0 0 9 ;  S h e h a t a ,  2 0 0 1 ) .  

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

i t s  c o n v e r s i o n  t o  C - S - H .    

 

2 .6 .8  Conc lud ing  Remarks  on  Ce ment  Chemis t r y  

 

I t  i s  a p p r e c i a t e d  t h a t  t h e  t e r m s  “ c e m e n t i t i o u s ”  a n d  “ p o z z o l a n i c ”  h a v e  

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

w i l l  b e  u s e d  t o  i n d i c a t e  e i t h e r  o r  b o t h  o f  t h e s e  t e r m s .  O t h e r  t h a n  t h a t ,  t h e r e  

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

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

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

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

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

 

2 .7  C AS E  S T UDI E S ON A S H  D IS P O SAL  M ET H ODS   

 

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

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

a n d  i d e n t i f i c a t i o n  o f  a n y  s h o r t c o mi n g s .  

 

2 .7 .1  H yd ra u l i c  As h  D a m  

 

A  c l o s e l y  r e l a t e d  s t u d y  w a s  c o n d u c t e d  a t  t w o  F A D s  o f  S A S O L  S y n f u e l s  

w h e r e  t h r e e  b o r e h o l e s  w e r e  d r i l l e d  u s i n g  a  r o t a r y  c o r e  d r i l l  ( K o c h ,  2 0 0 2 ) .  

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

i n  a  5 : 1  r a t i o .  T w o  b o r e h o l e s  w e r e  d r i l l e d  i n  a n  o p e r a t i o n a l  F A D ,  o n e  n e a r  

t h e  c e n t r e  ( 2 4  m  d e e p )  a n d  a n o t h e r  c l o s e r  t o  t h e  e d g e  ( 2 7  m  d e e p ) .  T h e  3 3  m  

d e e p  b o r e h o l e  w a s  d r i l l e d  n e a r  t h e  c e n t r e  o f  a  r e d u n d a n t  F A D .  T h e  f i n d i n g s  

o f  t h i s  s t u d y  a r e  s u m m a r i s e d  a s  f o l l o w s :  

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

u n c h a n g e d  f r o m t o p  t o  b o t t o m .  U s i n g  X R D ;  e t t r i n g i t e ,  c a l c i t e ,  

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

o n l y  e x i s t e d  i n  c e r t a i n  d e p t h s .  

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

o u t e r  b o r e h o l e  o f  t h e  o p e r a t i o n a l  F A D  w h i l e  t h a t  o f  t h e  c e n t r a l  

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

b o r e h o l e  w e r e  c a l c i t e  a n d  s i l l i m a n i t e  ( A l 2 S i O 5 ) .  C o n v e r s e l y  t h e  

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

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

d e p t h s .  T h e  r e d u n d a n t  F A D  c o n t a i n e d  e t t r i n g i t e  w h i l e  t h e  o p e r a t i o n a l  

F A D  h a d  s i l l i m a n i t e  b u t  n o  F e - b e a r i n g  m i n e r a l s .   

 T h e  r e d u n d a n t  F A D  p o s s e s s e d  m i n e r a l  p h a s e s  n o t  d e t e c t e d  i n  t h e  

o p e r a t i o n a l  F A D  e . g .  e t t r i n g i t e .  T h i s  m i n e r a l o g i c a l  d i f f e r e n c e  w a s  

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

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

 K o c h  ( 2 0 0 2 )  f u r t h e r  p e r f o r m e d  l a b o r a t o r y  c o l u m n  s i m u l a t i o n s  w h e r e  

s h e  i d e n t i f i e d  s i l l i m a n i t e  a n d  l o w  c o n c e n t r a t i o n s  o f  F e - b e a r i n g  

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

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

 

T h e  t h r e e  b o r e h o l e s  i n v e s t i g a t e d  b y  K o c h  ( 2 0 0 2 )  w e r e  i m p o r t a n t  i n  

h i g h l i g h t i n g  t h e  b a s i c  d i f f e r e n c e  b e t w e e n  o p e r a t i o n a l  a n d  d i s u s e d  F A D s .  

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

w e r e  n o t  i n v e s t i g a t e d .   

 

T h e  d r i l l i n g  d e s c r i b e d  i n  C h a p t e r  4  o f  t h i s  w o r k  a d v a n c e s  f r o m  K o c h  ( 2 0 0 2 )  

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

c h a r a c t e r i s t i c s  a c r o s s  a  s p e c i f i c  d i s u s e d  F A D .  T h i s  l e d  t o  a  b e t t e r  

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

o c c u r r e d  o v e r  t i m e  ( M a h l a b a  e t  a l . ,  2 0 1 1 ) .    

 

2 .7 .2  Dry  Ash  D i sposa l   

 

A n  i n v e s t i g a t i o n  w a s  p e r f o r m e d  b y  t h e  U n i v e r s i t y  o f  W e s t e r n  C a p e  o n  t h e  

d r y  a s h  d i s p o s a l  o f  T u t u k a  p o w e r  s t a t i o n  n e a r  S e c u n d a .  F l y  a s h  i s  

c o n d i t i o n e d  w i t h  b r i n e  b e f o r e  c o n v e y a n c e  t o  t h e  a s h  d i s p o s a l .  G i t a r i  e t  a l .  
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( 2 0 0 9 )  c o n d u c t e d  a  s t u d y  t o  a s c e r t a i n  w h e t h e r  t h e  c o n d i t i o n i n g  o f  f l y  a s h  

w i t h  b r i n e s  c o u l d  b e  u s e d  t o  p r o v i d e  a  s a l t  s i n k .   

 

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

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

w h a t  t r a n s p i r e s  w h e n  f l y  a s h  i n t e r a c t s  w i t h  b r i n e s .  A  f e w  b o r e h o l e s  w e r e  

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

d e t e r m i n e d .  

 

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

 T h e  p r e d o m i n a n t  s o l u b l e  c o n s t i t u e n t s  w e r e  f o u n d  t o  b e  C a ,  K ,  N a  a n d  

S O 4
2 -  a c c o r d i n g  t o  s t a n d a r d  l e a c h  t e s t s .   

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

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

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

 T h e  h i g h e s t  d e g r e e  o f  w e a t h e r i n g  w a s  f o u n d  i n  t h e  o l d e s t  p a r t  ( 1 5  

y e a r s )  o f  t h e  d i s p o s a l  s i t e .  

 T h e  p H  o f  v a r i o u s  c o r e s  c o l l e c t e d  a t  t h e  t o p  o f  t h e  d a m  s t a b i l i s e d  a t  a  

p H  o f  8  -  9 .  T h i s  w a s  a t t r i b u t e d  t o  t h e  d i s s o l u t i o n  o f  a l u m i n o s i l i c a t e  

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

 N o  m a j o r  m i n e r a l o g i c a l  d i f f e r e n c e s  w e r e  o b s e r v e d  a m o n g  t h e  c o r e s .  

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

m u l l i t e ,  q u a r t z  a n d  c a l c i t e  w e r e  o b s e r v e d  i n  a l l  s a m p l e s .   

 O n  t h e  c o n t r a r y ,  S E M  i m a g e s  i n d i c a t e d  d i f f e r e n t  p a r t i c l e  

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

d i s p o s a l  s i t e .  

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

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

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

i n  t h e  l a t t e r  c a s e .     

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

s u s t a i n a b l e  s a l t  s i n k .        

 

W h e n  a s s e s s i n g  w e a t h e r i n g ,  l e s s  a t t e n t i o n  w a s  g i v e n  t o  t h e  f a c t  t h a t  c o a l  f l y  

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

p h a s e s .  T h e  l i m i t a t i o n s  o f  X R D  w e r e  o v e r l o o k e d .  N o  c o m m e n t  w a s  m a d e  o n  
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w h e t h e r  t h e  d i s p o s a l  s i t e  i s  h e t e r o g e n e o u s  o r  n o t  b y  f o r  i n s t a n c e  c o m p a r i n g  

p r o p e r t i e s  o f  t h e  c o r e s  t a k e n  a t  d i f f e r e n t  l a t e r a l  l o c a t i o n s .   

 

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

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

t h e  c o n t r a d i c t i o n  b e t w e e n  X R D  a n d  S E M  r e s u l t s  c a n  b e  r e s o l v e d  b y  u s i n g  

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

c o r e s .   

 
2 .7 .3  Landf i l l  o f  F l y  Ash  

 
A  s t u d y  w a s  c o n d u c t e d  b y  Y e h e y i s  e t  a l .  ( 2 0 0 9 )  t o  c h a r a c t e r i s e  l a n d f i l l e d  

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

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

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

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

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

 S E M  m i c r o g r a p h s  d e m o n s t r a t e d  c h a n g e s  i n  t h e  s u r f a c e  m o r p h o l o g y  

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

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

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

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

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

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

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

l a n d f i l l .  

 N o  a p p r e c i a b l e  a l t e r a t i o n  w a s  o b s e r v e d  i n  t h e  c o n c e n t r a t i o n  o f  m a j o r  

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

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

t h e  d e p l e t i o n  o f  a l k a l i n e  o x i d e s  s u c h  a s  C a O  a n d  N a 2 O  d u r i n g  

c h e m i c a l  w e a t h e r i n g .     

 
Y e h e y i s  e t  a l .  ( 2 0 0 9 )  a t t r i b u t e d  t h e  i n c r e a s e  i n  l o s s  o n  i g n i t i o n  ( L O I )  o f  t h e  

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

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

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

H o w e v e r ,  n o  a t t e n t i o n  w a s  g i v e n  t o  p h y s i c a l  c h a r a c t e r i s t i c s  a n d  v a r i a b i l i t y  

a c r o s s  t h e  l a n d f i l l .   

 

2 .7 .4  C o ns o l i d a t i o n  o f  C as e  S tu d ie s  

 

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

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

i m m o b i l i s a t i o n  o f  p o l l u t a n t s .  T h e  f i n d i n g s  ( K o c h ,  2 0 0 2 ;  Y e h e y i s  e t  a l . ,  

2 0 0 9 ;  M a h l a b a  e t  a l . ,  2 0 1 1 a )  d e m o n s t r a t e  t h a t  d i s p o s a l  o f  f l y  a s h  r e s u l t s  i n  

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

a n d  S p e a r s  ( 1 9 9 4 )  c o n c l u d e d  f r o m  c o r e  d r i l l i n g  i n  a n  a l m o s t  2 0  y e a r s  o l d  f l y  

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

S u r e s h  e t  a l .  ( 1 9 9 8 ) .  I t  w a s  a l s o  c o n c l u d e d  f r o m  t h e  w o r k  o f  G i t a r i  e t  a l .  

( 2 0 0 9 )  t h a t  d r y  a s h  d u m p i n g  i s  n o t  s u s t a i n a b l e  d u e  t o  h i g h  h y d r a u l i c  

c o n d u c t i v i t y  a n d  l e a c h i n g .   

 

T h e r e  a r e  a l s o  d i f f e r e n t  o p i n i o n s  o n  w h e t h e r  f l y  a s h  i s  h a z a r d o u s  o r  n o t .  

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

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

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

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

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

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

 

2 .8  PAST E AS A  P ROP OS E D SOL UT ION  

 

2 .8 .1  Background   

 

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

b l e e d  n o r  s e g r e g a t e ,  w i t h  t h e  a b i l i t y  t o  h a r d e n .  B o u z a l a k o s  e t  a l .  ( 2 0 0 8 )  

s u g g e s t  a  m a x i m u m  o f  2 %  b l e e d 1 f o r m a t i o n .   

 

                                                 
1 Bleed refers to the supernatant effluent that forms after ash settling, requiring further management   
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T h e r e  a r e  a  f e w  p a r a m e t e r s  t h a t  c a n  b e  u s e d  t o  d e f i n e  a  p a s t e  s u c h  a s  s o l i d s  

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

l e a s t  1 5 %  b y  w e i g h t  o f  p a r t i c l e s  s m a l l e r  t h a n  2 0  μm  ( J e w e l l  a n d  F o u r i e ,  

2 0 0 6 ;  K w a k  e t  a l . ,  2 0 0 5 ) .  N o n e t h e l e s s  p a s t e  p r o p e r t i e s  p r i n c i p a l l y  d e p e n d  

o n  t h e  c h a r a c t e r i s t i c s  o f  b o t h  s o l i d  a n d  l i q u i d  m a t e r i a l s  ( J e w e l l  e t  a l . ,  2 0 0 2 ;  

V e r b u r g ,  2 0 0 1 ;  K w a k  e t  a l . ,  2 0 0 5 ) .  

 

P a s t e  t e c h n o l o g y  c a n  e s s e n t i a l l y  b e  d e f i n e d  a s  o n e  o f  t h e  

s o l i d i f i c a t i o n / s t a b i l i s a t i o n  ( S / S )  p r o c e s s e s  u s e d  t o  i m m o b i l i s e  h a z a r d o u s  

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

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

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

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

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

m a t e r i a l  i n t o  a  c h e m i c a l l y  m o r e  s t a b l e  f o r m  ( C h e n  e t  a l . ,  2 0 0 9 ;  L i  e t  a l . ,  

2 0 0 1 ;  P a r i a  a n d  Y u e t ,  2 0 0 6 ;  L a u g e s e n  a n d  E r i k s s o n ,  2 0 0 6 ) .   

 

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

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

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

w i t h  b r i n e s  a s  a  p a s t e  ( M a h l a b a  a n d  P r e t o r i u s ,  2 0 0 6 ;  M u n t i n g h  e t  a l . ,  2 0 0 9 ;  

I l g n e r ,  2 0 0 2 ,  2 0 0 6 ;  M a h l a b a  e t  a l . ,  2 0 0 8 ) .   

 

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

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

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

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

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

 

2 .8 .2  H is to ry  o f  P a s te  

 

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

w a s  m a d e  i n  C a n a d a  i n  1 9 7 3 .  A  d i f f e r e n t  a p p r o a c h  w a s  i n d e p e n d e n t l y  

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

t h i c k e n e d  t a i l i n g s  ( p a s t e )  w a s  t h e  o b j e c t i v e  ( J e w e l l  e t  a l . ,  2 0 0 2 ) .  B a c k f i l l  
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a p p l i c a t i o n  o f  p a s t e  r e q u i r e s  m e c h a n i c a l  p r o p e r t i e s  w h i c h  a r e  m u c h  h i g h e r  

t h a n  t h o s e  a s s o c i a t e d  w i t h  s u r f a c e  d i s p o s a l  ( J e w e l l  a n d  F o u r i e ,  2 0 0 6 ) .  

 

2 .8 .3  Adva nta ges  a nd  D is adv antage s  o f  Pa s te  

 

T h e  m a i n  h y d r a t i o n  p r o d u c t s  o f  c e m e n t i t i o u s  p a s t e s  a r e  p o r t l a n d i t e ,  C - S - H  

a n d  e t t r i n g i t e  w h e r e  t h e  i m m o b i l i s a t i o n  o f  p o l l u t a n t s  s u c h  a s  C a ,  N a ,  C l -  

a n d  S O 4
2 -  i s  a c h i e v e d  b y  p h y s i c a l  a n d / o r  c h e m i c a l  p h e n o m e n a  i . e .  S / S  

( K l e m m  a n d  B h a t t y ,  2 0 0 2 ;  V e r b u r g ,  2 0 0 1 ;  Q u e r o l  e t  a l . ,  1 9 9 7 ) .    

 

S o m e  o f  t h e  a d v a n t a g e s  o f  p a s t e  o v e r  s l u r r y  ( o r  t a i l i n g s )  i n c l u d e :   

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

l o s s .  

 M i n i m i s a t i o n  o f  b l e e d  e l i m i n a t e s  t h e  n e e d  f o r  f u r t h e r  e f f l u e n t  

t r e a t m e n t .  

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

i n f i l t r a t i o n  a n d  l e a c h i n g .   

 H i g h  s t r e n g t h  e n a b l e s  m i n e  b a c k f i l l  a n d  i m p r o v e d  o r e  e x t r a c t i o n .  

 B a c k f i l l i n g  a l s o  a v a i l s  d i s p o s a l  l a n d  f o r  m o r e  b e n e f i c i a l  u t i l i s a t i o n .  

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

 L e s s  o r  n o  r e h a b i l i t a t i o n  e f f o r t  i s  r e q u i r e d .  

 

A  g o o d  q u a l i t y  c e m e n t i t i o u s  p a s t e  i s  k n o w n  t o  h a v e  a  l o w  h y d r a u l i c  

c o n d u c t i v i t y  a n d  t h e  a b i l i t y  t o  h a r d e n  a s  c o n c r e t e  ( S t r o p n i k  a n d  J u ž n i č ,  

1 9 8 8 ;  J o s h i  e t  a l . ,  1 9 9 4 ;  K a n e k o  e t  a l . ,  2 0 0 1 ;  C h i n d a p r a s i r t  e t  a l . ,  2 0 0 5 ) .  

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

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

s e c o n d a r y  m i n e r a l s  s u c h  a s  c e r t a i n  m o n o v a l e n t  s p e c i e s  ( L i  e t  a l . ,  2 0 0 1 ;  

P a r i a  a n d  Y u e t ,  2 0 0 6 ) .  

 

S o m e  o f  t h e  f e w  d i s a d v a n t a g e s  o f  p a s t e  a r e :  

 P a s t e  i s  a  h i g h l y  s p e c i a l i s e d  f i e l d  r e q u i r i n g  s k i l l e d  p e r s o n n e l .  

 P a s t e  p r o p e r t i e s  a r e  s i t e - s p e c i f i c  a n d  o r e  r e l a t e d .  

 P u m p i n g  o f  p a s t e  r e q u i r e s  i n s t a l l a t i o n  o f  e x p e n s i v e  e q u i p m e n t  e . g .  

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

c o m p a n i e s .  



2-36 

 

  

2 .8 .4  App l ic ab i l i t y  o f  Pa s t e  

 

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

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

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

 

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

w a s t e  i m m o b i l i s a t i o n  u s i n g  c e m e n t i t i o u s  m a t e r i a l s  f o r  m i n e  b a c k f i l l  ( B a u r  

e t  a l . ,  2 0 0 4 ;  P a r i a  a n d  Y u e t ,  2 0 0 6 ;  R o j a s ,  2 0 0 6 ;  P o t v i n  e t  a l . ,  2 0 0 5 ;  O u e l l e t  

e t  a l . ,  2 0 0 8 ) .  T h i s  a p p l i c a t i o n  i m p l i e s  a  t h i c k e n i n g  s t e p  o f  t h e  t a i l i n g s  

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

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

o f  e f f i c i e n t  t h i c k e n e r s  a n d  p o w e r f u l  p u m p s  ( F o u r i e ,  2 0 0 9 ) .   

 

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

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

t h e  t a i l i n g s  t o  f i l l  v o i d s  i n  t h e  m i n e d  o u t  a r e a s  ( S i v a k u g a n  e t  a l . ,  2 0 0 6 ;  

H u y n h  e t  a l . ,  2 0 0 6 ;  B e n z a a z o u a  e t  a l . ,  2 0 0 4 b ,  2 0 0 8 ;  J e w e l l  a n d  F o u r i e ,  

2 0 0 6 ) .  A s  a  r e s u l t  p a s t e  b a c k f i l l  h a s  b e e n  s u c c e s s f u l l y  p r a c t i s e d  b y  t h e  

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

 

2 .8 .5  C as e  S tu d ie s  o n  Pa s te  

 

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

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

v a r i o u s  o p e r a t i o n s  ( B e n z a a z o u a  e t  a l . ,  2 0 0 2 ,  2 0 0 4 a ;  G i t a r i  e t  a l . ,  2 0 0 8 ;  

S h e o r a n  a n d  S h e o r a n ,  2 0 0 6 ) .  

 

( a )  Iow a  pow er  p lan t  

 

A  c o a l - f i r e d  p o w e r  p l a n t  i n  I o w a  ( U S A )  n e e d e d  t o  d i s p o s e  o f  l a r g e  t o n n a g e s  

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

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

p o s s i b i l i t y  o f  e x t e n d i n g  i t s  a p p l i c a t i o n s  ( B e r g e s o n  e t  a l . ,  1 9 8 8 ) .  P o t e n t i a l  

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

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

( A h m a r u z z a m a n ,  2 0 1 0 ;  B e r g e s o n  e t  a l . ,  1 9 8 8 ;  B a b a  e t  a l . ,  2 0 1 0 ;  P a n d i a n ,  

2 0 0 4 ;  Wi s z n i o w s k i  e t  a l . ,  2 0 0 7 ) .  T h e  s t u d y  e v a l u a t e d  t h e  i n f l u e n c e  o f  f l y  

a s h  p r o p e r t i e s  s u c h  a s  L O I  a n d  c h e m i c a l  c o m p o s i t i o n  o n  t h e  p a s t e  

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

m i n e r a l o g y .   

 

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

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

c h e m i s t r y  o f  t h e  p a s t e  w e r e  d e p e n d e n t  o n  t h e  P S D  o f  f l y  a s h .  T h e  s o d i u m ,  

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

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

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

( C a 2 A l 2 S i O 2 ( O H ) 1 0 . 8 H 2 O )  f o r  w h i c h  p r e l i m i n a r y  c o r r e l a t i o n  w i t h  

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

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

i n v e s t i g a t e d .  

 

B e r g e s o n  e t  a l .  ( 1 9 8 8 )  c o v e r e d  m o s t  a s p e c t s  o f  t h e  p a s t e  c h a r a c t e r i s a t i o n  

e x c e p t  t h e  e v a l u a t i o n  o f  e n v i r o n m e n t a l  i m p a c t  a n d  w o r k a b i l i t y .  T h e  

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

e f f e c t  o f  b r i n e  p r o p e r t i e s ,  w h i c h  i s  m o r e  c o m p l e x  t h a n  t h e  w a t e r  u s e d .  T h e  

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

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

p a s t e s  c a n  b e  e x p e c t e d  i n  t h e  p r e s e n t  s t u d y .    

  

(b )  Osbo rne  Mi ne :  th ickened  ta i l i ngs  

 

O s b o r n e  M i n e  i s  a  c o p p e r - g o l d  o p e r a t i o n  t h a t  m i n e s  i r o n s t o n e  d e p o s i t s  

c o n t a i n i n g  p y r i t e ,  c h a l c o p y r i t e  ( C u F e S 2 )  a n d  m a g n e t i t e  i n  A u s t r a l i a .  I t  

g e n e r a t e s  a p p r o x i m a t e l y  1 1 2  0 0 0  t o n / m o n t h  o f  t a i l i n g s .  C o n s i d e r a b l e  

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

( M c P h a i l  e t  a l . ,  2 0 0 4 ) .   
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W a t e r  i s  a  s c a r c e  r e s o u r c e  i n  n o r t h e r n  Q u e e n s l a n d  ( A u s t r a l i a )  h e n c e  t h e r e  

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

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

t h e  i m p l e m e n t a t i o n  o f  a  t h i c k e n e d  t a i l i n g s  ( p a s t e )  d i s c h a r g e .  T h e  p r e s e n c e  

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

d r a i n a g e  a n d  d e s t a b i l i s e  s e c o n d a r y  mi n e r a l s  ( S r a c e k  e t  a l . ,  2 0 1 0 ;  M c P h a i l  e t  

a l . ,  2 0 0 4 ;  B e n z a a z o u a  e t  a l . ,  2 0 0 2 ,  2 0 0 4 a ;  W i d e r l u n d  e t  a l . ,  2 0 0 5 ;  K l e m m ,  

1 9 9 8 ) .  A d d i t i o n  o f  l i m e  t o  n e u t r a l i s e  t h e  e f f e c t  o f  s u l p h i d e s  d i d  n o t  s o l v e  

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

e n v i r o n m e n t a l  l i a b i l i t y  ( M c P h a i l  e t  a l . ,  2 0 0 4 ;  D e s c h a m p s  e t  a l . ,  2 0 0 8 ) .    

 

T h e  i m p l e m e n t a t i o n  o f  p a s t e  d i s p o s a l  a t  O s b o r n e  M i n e  p r o v i d e d  b o t h  

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

b e t t e r  r e h a b i l i t a t i o n  p o t e n t i a l  w e r e  r e a l i s e d  i n  a d d i t i o n  t o  w a t e r  

c o n s e r v a t i o n  ( M c P h a i l  e t  a l . ,  2 0 0 4 ;  B e n z a a z o u a  e t  a l . ,  2 0 0 4 b ) .   

 

( c )  Bu l ya nhu lu  Go ld  M ine :  th ickened  ta i l i ngs   

 

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

e n v i r o n m e n t a l  c o n c e r n  ( M c k i n n o n ,  2 0 0 2 ;  M e n d e z  a n d  M a i e r ,  2 0 0 8 ) .  

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

a r i d  c l i m a t e  i n  n o r t h e r n  T a n z a n i a .  I t  w a s  t h e r e f o r e  i m p e r a t i v e  t o  m i n i m i s e  

w a t e r  l o s s e s .   

 

B u l y a n h u l u  G o l d  M i n e  w i t h  G o l d e r  A s s o c i a t e s  t o o k  a n  a u d a c i o u s  s t e p  t o  

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

t a i l i n g s  i n  2 0 0 1 .  T h e  d e c i s i o n  t o  g o  f o r  7 5 %  s u r f a c e  d i s p o s a l  a n d  2 5 %  m i n e  

b a c k f i l l  w a s  u n i q u e  w h i l e  1 0 0 %  m i n e  b a c k f i l l  i s  m o r e  t r a d i t i o n a l  ( J e w e l l  e t  

a l . ,  2 0 0 2 ) .  T h e  p a s t e  p l a n t  i s  r u n n i n g  s u c c e s s f u l l y  a c c o r d i n g  t o  t h e  d e s i g n  

a n d  e n v i r o n m e n t a l  i s s u e s  a r e  mi n i m a l .    
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2 .8 .6  C o nc lu d i n g  R em a rk s   

 

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

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

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

t h i s  i n v e s t i g a t i o n .   

 

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

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

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

t h i s  m a t t e r .  

 

 



 

 

CHAPTER 3  

EXPERIMENTAL PROCEDURES 

 

3 .1  INTRODUCTION 

 
“The experimenter who does not know what he is looking for will not understand what he finds.” 
Claude Bernard (French scientist: 1813 – 1878) 
 
 
T h e r e  a r e  m a n y  a n a l y t i c a l  t e c h n i q u e s  t h a t  c a n  b e  e m p l o y e d  t o  i n v e s t i g a t e  

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

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

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

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

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

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

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

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

 

T h i s  C h a p t e r  d i s c u s s e s  t h e  e x p e r i m e n t a l  p r o c e d u r e s  a n d  m a t e r i a l s  u s e d  i n  

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

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

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

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

 

3 .2  M AT ER I ALS   

 

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

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

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

a d d i t i o n a l  ( d i f f e r e n t )  M a t i m b a  f l y  a s h  w a s  s o u r c e d  t o  e v a l u a t e  t h e  e f f e c t  o f  

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

i t  w a s  a l s o  d e c i d e d  t o  d r i l l  s e v e r a l  b o r e h o l e s  i n  a  d i s u s e d  F i n e  A s h  D a m  

( F A D )  t o  e s t a b l i s h  a  h i s t o r i c  r e c o r d  o f  w e a t h e r i n g  f o r  c o m p a r i s o n  w i t h  

l a b o r a t o r y  f i n d i n g s .   
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3 .2 .1  F ly  A s h es  

 

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

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

T h i s  p o w e r  s t a t i o n  c o m b u s t s  l o w - r a n k  b i t u m i n o u s  c o a l  ( M a t j i e  e l  a l . ,  2 0 0 6 ;  

B u n t  a n d  W a a n d e r s ,  2 0 0 9 ;  M o i t s h e k i  e t  a l . ,  2 0 1 0 ;  M a t j i e ,  2 0 0 8 )  a n d  y i e l d s  

f l y  a s h .  A d d i t i o n a l l y ,  a  s m a l l  s a m p l e  ( a p p r o x i m a t e l y  5 0  k g )  o f  f l y  a s h  w a s  

o b t a i n e d  f r o m  E S K O M ’ s  M a t i m b a  p o w e r  s t a t i o n  l o c a t e d  i n  t h e  n o r t h e r n  p a r t  

o f  S o u t h  A f r i c a  c o m b u s t i n g  c o a l  f r o m  a  d i f f e r e n t  f e e d s t o c k .  B o t h  o f  t h e s e  

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

p r o p e r t i e s  ( s u c h  a s  P a r t i c l e  S i z e  D i s t r i b u t i o n  a n d  p a r t i c l e  m o r p h o l o g y )  a r e  

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

f e e d s t o c k  d i f f e r e n c e s .   

 

3 .2 .2  We athered  F ine  Ash  

 

T h e  d r i l l i n g  w a s  p e r f o r m e d  a t  v a r i o u s  l o c a t i o n s  o f  t h e  F A D  o f  S A S O L  

S y n f u e l s  b y  a  c o n t r a c t o r  ( D u m p  a n d  D u n e  D r i l l e r s  ( P t y )  L t d )  u s i n g  a  

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

t h e r e o f  a r e  p r o v i d e d  i n  C h a p t e r  4 .  

 

3 .2 .3  B r i ne s  

  

B u l k  s a m p l e s  o f  f r e s h  s a l i n e  b r i n e s  ( n a m e l y ,  r e g e n  b r i n e  a n d  s a l t y  w a t e r )  

w e r e  c o l l e c t e d .  S a l t y  w a t e r  a n d  r e g e n  b r i n e  r e p r e s e n t  t h e  e x t r e m e  c a s e s  

w h i c h  c a n  b e  e n c o u n t e r e d  i n  t h e  d e s a l i n a t i o n  p r o c e s s  a t  S e c u n d a .  T h e s e  

b r i n e s  o r i g i n a t e  f r o m  t h e  t h e r m a l  e v a p o r a t i o n  o f  C l e a r  A s h  E f f l u e n t  ( C A E )  

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

r e g e n e r a t i o n  c h e m i c a l s  ( H 2 S O 4 ,  N a O H  a n d  N a C l ) ,  r e s p e c t i v e l y .   

 

3 .2 .4  Pure  C h e mi ca ls  

  

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

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

b r i n e s  i s  a p p e n d e d  i n  T a b l e  A 3 . 1 .  
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3 .3  R ESE ARC H M E T HO D O L OGI E S  

 

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

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

 

3 .3 .1  Indus t r ia l  B r i ne s  

 

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

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

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

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

 

F l y  a s h  w a s  m i x e d  w i t h  v a r i o u s  q u a n t i t i e s  o f  d e i o n i s e d  w a t e r ,  r e g e n  b r i n e ,  

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

6 2 %  a n d  a p p r o x i m a t e l y  7 0 % .  T h e s e  s o l u t i o n s  d i f f e r  i n  t e r m s  o f  s a l i n i t y  a n d  

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

c h e m i s t r y .  T y p i c a l  c o m p o s i t i o n  o f  b r i n e s  a n d  s e a w a t e r  ( A l a h m a d ,  2 0 1 0 )  i s  

i l l u s t r a t e d  i n  T a b l e  3 . 1 .   

 

T a b l e  3 . 1  C h e m i c a l  c o m p o s i t i o n  o f  r e g e n  b r i n e ,  s a l t y  w a t e r  a n d  s e a w a t e r  
( A l a h m a d ,  2 0 1 0 )  
 

Component      Unit  Regen brine   Salty water Seawater 
 pH - 7.4 8.8 8.2 – 10.0 

 EC mS/cm 70.4 124.0 - 

 Ca2+ g/l 0.34 2.10 0.50 

 Mg2+ g/l 0.24 1.55 1.55 

 Na+ g/l 19.23 21.00 12.00 

 Cl- g/l 14.67 34.30 22.00 

 SO4
2- g/l             5.93 15.20 3.00 

 TDS g/l 44.40 108.00 39.81 – 45.00 
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( a )  E f fec t  o f  sa l in i t y  

 

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

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

a d e q u a t e l y  h i g h  s a l i n i t y  ( 1 0 8  g / l  T D S ) .  D e i o n i s e d  w a t e r  w a s  u s e d  a s  a  

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

d e i o n i s e d  w a t e r  w a s  p e r f o r m e d  a s  f o l l o w s ;  2 0 : 8 0  ( 2 0 % ) ,  4 0 : 6 0  ( 4 0 % ) ,  e t c  

w i t h  1 0 0 %  b e i n g  t h e  s a l t y  w a t e r  i n  i t s  o r i g i n a l  f o r m . F i g u r e  3 . 1  s h o w s  t h e  

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

 

 

 

F i g u r e  3 . 1  P h o t o  s h o w i n g  i n c r e a s i n g  s a l i n i t y  o f  s a l t y  w a t e r  

 

 

M i x e s  c o n t a i n i n g  6 8 %  f l y  a s h  a n d  b r i n e s  o f  d i f f e r e n t  s a l i n i t i e s  w e r e  

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

c h a r a c t e r i s t i c s .  A  f l y  a s h  c o n t e n t  o f  6 8 %  p r o v i d e s  a  p a s t e  c o n s i s t e n c y  t h a t  

i s  s u i t a b l e  t o  s t u d y  i n d u c e d  b e h a v i o u r a l  d i f f e r e n c e s  ( M a h l a b a ,  2 0 0 7 ;  

M a h l a b a  e t  a l . ,  2 0 0 8 ) .  
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3 .3 .2  S yn t he t ic  B r i n es  

 

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

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

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

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

 

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

u n d e r s t a n d i n g  t h e  i n f l u e n c e  o f  t h e  p r e d o m i n a n t  c o m p o n e n t s  ( N a + ,  C a 2 + ,  C l -  

a n d  S O 4
2 - )  i n  t h e  b r i n e s  ( K o c h ,  2 0 0 2 ;  M o o k e t s i  e t  a l . ,  2 0 0 7 ;  A h m e d  e t  a l . ,  

2 0 0 3 ;  R a v i z k y  a n d  N a d a v ,  2 0 0 7 ) ,  o n  t h e  p a s t e .  A  w i d e  v a r i e t y  o f  c h e m i c a l s  

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

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

i n s t a n c e  H C l  a n d  N a C l  a t  e q u i v a l e n t  [ C l - ]  c a n  i n f l u e n c e  p a s t e  b e h a v i o u r  

d i f f e r e n t l y  b e c a u s e  o f  p H  a n d  t h e  p r e s e n c e  o f  N a + / H + .   

 

( a )  E f fec t  o f  ch lo r ides  

 

T h e  e f f e c t  o f  C l -  i n  s o l u t i o n s  w i t h  a  m a x i m u m  [ C l - ]  o f  2 4  g / l  w a s  

i n v e s t i g a t e d  b y  a l t e r i n g  t h e  c a t i o n s  b e t w e e n  H + ,  N a +  a n d  C a 2 +  ( h y d r o c h l o r i c  

a c i d ,  s o d i u m  c h l o r i d e  a n d  c a l c i u m  c h l o r i d e ) .  D i l u t i o n  o f  t h e  2 4  g / l  C l -  w a s  

c a r r i e d  o u t  t o  p r e p a r e  s o l u t i o n s  c o n t a i n i n g  6 ,  1 2  a n d  1 8  g / l  C l -  t o  a l s o  

e v a l u a t e  t h e  e f f e c t  o f  [ C l - ]  i n  p a s t e s  c o n t a i n i n g  6 8 %  f l y  a s h .    

 

( b )  E f fec t  o f  su lpha tes  

 

S u l p h u r i c  a c i d  ( H 2 S O 4 ) ,  s o d i u m  s u l p h a t e  ( N a 2 S O 4 ) ,  a n d  c a l c i u m  s u l p h a t e  

d i h y d r a t e  ( C a S O 4 . 2 H 2 O )  w e r e  u s e d  t o  p r e p a r e  a n d  a d j u s t  t h e  [ S O 4
2 - ]  o f  t h e  

s y n t h e t i c  b r i n e s ,  t o  a  m a x i m u m  [ S O 4
2 - ]  o f  1 2  g / l .  T h e  [ S O 4

2 - ]  o f  t h e  

i n d u s t r i a l  b r i n e s  i s  u s u a l l y  a b o u t  h a l f  t h a t  o f  [ C l - ] .  

 

( c )  I n f luence  o f  ac id ic  mi x ing  w ate rs  

 

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

t h e  m i x i n g  w a t e r  f o r  p a s t e .  H 2 S O 4  a n d  H C l  w e r e  u s e d  t o  a d j u s t  t h e  p H  o f  
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d e i o n i s e d  w a t e r  t o  r a n g e  b e t w e e n  1  a n d  8 .  S u i t a b l e  p a s t e  c o n s i s t e n c y  a n d  

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

b e h a v i o u r .  

 

3 .3 .3  Es t ab l is hme n t  o f  a  P re d i c t i ve  Br ine  Pro toco l  (Mode l )  

 

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

p a s t e s  c o n t a i n i n g  C l -  a n d  S O 4
2 -  e s p e c i a l l y  i n  t e r m s  o f  w o r k a b i l i t y  a n d  

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

b l e n d e d  i n  d i f f e r e n t  r a t i o s  s u c h  t h a t  t h e  f o u r  m a j o r  b r i n e  c o n s t i t u e n t s  ( C a 2 + ,  

N a + ,  C l -  a n d  S O 4
2 - )  a r e  i n  s o l u t i o n  a t  a  p r e - d e t e r m i n e d  s a l i n i t y  r a n g e .  T h i s  

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

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

 

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

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

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

p a s t e s .   

 

3 .3 .4  In f lu en c e  o f  F ly  A s h  Pr ope r t i e s  

 

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

i s  t h e r e f o r e  e x p e c t e d  t o  i n f l u e n c e  t h e  p a s t e  b e h a v i o u r .  M a t i m b a  ( E S K O M )  

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

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

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

 

( a )  Pore  w ate r  qua l i t y  

 

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

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

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

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

i n i t i a l  b a s i s  o f  c o m p a r i s o n .   
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(b )  Response  to  b r ine  chemis t ry   

 

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

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

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

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

l i t e r a t u r e  ( C h a p t e r  2 )  t h e r e  s h o u l d  b e  s i g n i f i c a n t  d i f f e r e n c e s .  

 

3 . 4  PHYS ICAL  C HAR ACTERIST ICS  

 

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

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

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

e n g i n e e r i n g  d e s i g n  o f  t h e  d i s p o s a l  m e t h o d o l o g y .  O t h e r  m e t h o d s  w e r e  u s e d  t o  

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

b e h a v i o u r .   

 

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

f l y  a s h  a s  a  s o i l  ( H ü r l i m a n n  e t  a l . ,  2 0 0 1 ;  C a r r a r o  a n d  S a l g a d o ,  2 0 0 4 ) .  I t  w a s  

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

w a t e r  q u a l i t y ,  P a r t i c l e  S i z e  D i s t r i b u t i o n  a n d  s p e c i f i c  g r a v i t y )  w e r e  

d e t e r m i n e d  o n  b o t h  t h e  s a m p l e s  d r i l l e d  f r o m  t h e  F A D  a s  w e l l  a s  p a s t e s  

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

 

3 .4 .1  Mo is tu re  Co nten t  (MC)  

 

T h e  d e t e r m i n a t i o n  o f  m o i s t u r e  c o n t e n t  ( M C )  w a s  o n l y  c o n d u c t e d  o n  s a m p l e s  

f r o m  t h e  d r i l l i n g  e x e r c i s e  i n  a  d i s u s e d  F A D .  I n  a c c o r d a n c e  w i t h  A S T M  D  

2 2 1 6 - 9 8  m o i s t u r e  c o n t e n t  w a s  d e t e r m i n e d  b a s e d  o n  m a s s  l o s s  d u r i n g  d r y i n g  

a t  1 1 0  ±  5  º C  t o  a  c o n s t a n t  m a s s .  T h e  r e s u l t  i s  t h e  a m o u n t  o f  f r e e  w a t e r  

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

w a t e r  f o r  h y d r a t i o n  ( B a r t h  e t  a l . ,  1 9 9 0 ;  D o n a h o e ,  2 0 0 4 ) .  
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3 .4 .2  Pore  Wat e r  E x t ra c t i o n  

 

T h e  s a m p l e s  w e r e  d r i e d  o v e r n i g h t  i n  a n  o v e n  s e t  a t  3 5  º C  t o  m i n i m i s e  t h e  

s a m p l e  a l t e r a t i o n s .  A  t e m p e r a t u r e  o f  3 5  º C  i s  a  t y p i c a l  h i g h  w h i c h  d r i l l e d  

s a m p l e s  i n  S e c u n d a  a r e  t h o u g h t  t o  h a v e  e x p e r i e n c e d  w h i l e  i n  t h e  F A D .  T h e  

d e s i c c a t o r - c o o l e d  s a m p l e s  w e r e  t h e n  m i x e d  w i t h  d e i o n i s e d  w a t e r  i n  a  1 : 2  

( m / m )  r a t i o ,  s t i r r e d  f o r  1 0  m i n u t e s  a t  1 3 0  r p m,  a n d  a l l o w e d  t o  s t a n d  f o r  6 0  

m i n u t e s  b e f o r e  r e c o r d i n g  t h e  p H  a n d  e l e c t r i c a l  c o n d u c t i v i t y  ( E C )  o f  t h e  

s u p e r n a t a n t .  T h e  d e s c r i b e d  m e t h o d  w a s  a d a p t e d  f r o m A S T M  D  4 9 7 2 - 0 1  t o  

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

 

3 .4 .3  Pa r t i c le  S i ze  D i s t r i bu t ion  (PS D)  

 

P a r t i c l e  S i z e  D i s t r i b u t i o n  ( P S D )  o f  t h e  a s h  w a s  d e t e r m i n e d  u s i n g  a  

M a s t e r s i z e r  f r o m  M a l v e r n  I n s t r u m e n t s  ( D e m e r s  e t  a l . ,  2 0 0 8 ;  N t s h a b e l e  e t  

a l . ,  2 0 0 8 ;  D e s c h a m p s  e t  a l . ,  2 0 0 8 ) .  T h e  P S D  a f f e c t s  r e a c t i v i t y ,  p o r o s i t y  a n d  

s u r f a c e  a r e a  o f  t h e  s o l i d  m a t e r i a l .  T h e  r e s u l t s  o f  P S D  w e r e  u s e d  t o  m e a s u r e  

t h e  a b u n d a n c e  o f  c l a y - s i z e d ,  s i l t - s i z e d  a n d  s a n d - s i z e d  p a r t i c l e s  i n  t h e  

s a m p l e s  a c c o r d i n g  t o  A S T M  D  4 2 2 - 6 3 .  T h i s  t e s t  p r o v i d e s  m a t e r i a l  

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

( B a r t h  e t  a l . ,  1 9 9 0 ) .  T h e s e  d a t a  w e r e  a l s o  u s e d  t o  c h e c k  w h e t h e r  t h e  f l y  

a s h e s  m e e t  t h e  m i n i m u m  t h r e s h o l d  v a l u e  o f  1 5 %  f o r  p a r t i c l e s  <  2 0  μm  f o r  

g o o d  p a s t e  f o r m a t i o n  ( J e w e l l  a n d  F o u r i e ,  2 0 0 6 )  a n d  t o  i n d i c a t e  t h e  i n f l u e n c e  

o f  w e a t h e r i n g  o n  P S D  ( Z e v e n b e r g e n  e t  a l . ,  1 9 9 9 ) .  

 

3 .4 .4  Spe c i f i c  Gr a v i t y  ( G s )  

 

T h e  s p e c i f i c  g r a v i t y  ( G s )  o f  d r i e d  s a m p l e s  a s  d e f i n e d  i n  A S T M  D  8 5 4  –  0 2  

w a s  d e t e r m i n e d  u s i n g  a  L e  C h a t e l i e r  f l a s k  a s  i l l u s t r a t e d  i n  F i g u r e  3 . 2 .  O t h e r  

r e s e a r c h e r s  r e f e r  t o  G s  a s  r e l a t i v e  d e n s i t y .  P a r a f f i n  w a s  u s e d  a s  a  l i q u i d  

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

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

 

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

d u e  t o  g r a v i t a t i o n a l  f o r c e .  T h i s  h a s  a  d i r e c t  i n f l u e n c e  t o  t h e  s e t t l i n g  r a t e  
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a n d  f l o w a b i l i t y  o f  a  v i s c o u s  s u s p e n s i o n  s u c h  a s  p a s t e  ( D e s c h a m p s  e t  a l . ,  

2 0 0 8 ;  K e s i m a l  e t  a l . ,  2 0 0 4 ;  D e m e r s  e t  a l . ,  2 0 0 8 ) .   

 

 

 

F i g u r e  3 . 2  A p p a r a t u s  f o r  t h e  d e t e r m i n a t i o n  o f  s p e c i f i c  g r a v i t y   

 

 

3 .4 .5  Wo rk ab i l i t y  o f  Pa s te  

 

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

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

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

r e l a t i o n s h i p  b e t w e e n  p a s t e  c o n s i s t e n c y  a n d  w o r k a b i l i t y ,  w h i c h  b a s i c a l l y  

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

( J e w e l l  a n d  F o u r i e ,  2 0 0 6 ;  P u l l u m  e t  a l . ,  2 0 0 6 ;  S l a t t e r ,  2 0 0 4 ) .  W o r k a b i l i t y  o f  

p a s t e  c a n  b e  i n f l u e n c e d  b y  m a n y  f a c t o r s  ( P o t v i n  e t  a l . ,  2 0 0 5 ;  G a w u  a n d  

F o u r i e ,  2 0 0 4 ;  H u y n h  e t  a l . ,  2 0 0 6 ;  B o g e r  e t  a l . ,  2 0 0 8 ) .   

 

T h e r e  a r e  o v e r  1 0 0  d i f f e r e n t  m e t h o d s  t o  d e t e r m i n e  w o r k a b i l i t y ;  n o t  a l l  o f  

w h i c h  a r e  a p p l i c a b l e  a t  e v e r y  l e v e l  o f  c o n s i s t e n c y  ( Y ü c e l ,  2 0 0 6 ) .  I t  i s  

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

r e p r o d u c i b l e  m e t h o d  f o r  t h e  i n t e n d e d  a p p l i c a t i o n  ( P o t v i n  e t  a l . ,  2 0 0 5 ) .  T h e  

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

m e a s u r e m e n t  o f  r h e o l o g y  ( S o f r a ,  2 0 0 6 ;  G a w u  a n d  F o u r i e ,  2 0 0 4 ;  C l a y t o n  e t  

a l . ,  2 0 0 3 ;  N g u y e n  e t  a l . ,  1 9 9 8 ,  2 0 0 6 ;  V i e t t i  a n d  D u n n ,  2 0 0 6 ) .   

 

D e s p i t e  t h e  p o p u l a r i t y  o f  s l u m p  i t  s u f f e r s  f r o m  l o w  r e p e a t a b i l i t y ,  i s  o p e r a t o r  

d e p e n d e n t  a n d  d o e s  n o t  c a t e r  f o r  s h e a r i n g  ( S o f r a ,  2 0 0 6 ;  G a w u  a n d  F o u r i e ,  

2 0 0 4 ;  C l a y t o n  e t  a l . ,  2 0 0 3 ;  N g u y e n  e t  a l . ,  2 0 0 6 ;  M a h l a b a  a n d  P r e t o r i u s ,  

2 0 0 6 ) ,  h e n c e  i t  w a s  e x c l u d e d .  A s  a n  e x a m p l e  B o g e r  e t  a l .  ( 2 0 0 6 )  e v a l u a t e d  

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

p r o d u c e d  a  s l u m p  o f  2 0 3  m m  b u t  t h e i r  y i e l d  s t r e s s e s  w e r e  1 6 0  P a ,  2 7 5  P a  

a n d  3 3 0  P a ,  r e s p e c t i v e l y .  T h i s  d i s c r e p a n cy  c a n  l e a d  t o  i n c o r r e c t  p u m p  s i z i n g  

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

a  m e a s u r e  o f  w o r k a b i l i t y .  

 

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

a n d  e v a l u a t e d  f o r  s u i t a b i l i t y .  A  t h o r o u g h  e l u c i d a t i o n  o f  w o r k a b i l i t y  

t e c h n i q u e s  c a n  b e  o b t a i n e d  f r o m  K o e h l e r  a n d  F o w l e r  ( 2 0 0 3 )  a n d  P r e t o r i u s  

( 2 0 0 2 ) .    

  

( a )  F low  tab le   

 

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

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

i n f o r m a t i o n  ( K o e h l e r  a n d  F o w l e r ,  2 0 0 3 ) .  T h e  f l o w  t a b l e  t e s t  a l s o  u s e s  a  

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

i s  r a i s e d  a n d  d r o p p e d  2 5  t i m e s  i n  1 5  m i n u t e s  f r o m  a  h e i g h t  o f  1 2 . 7  m m  

( A S T M  C  2 3 0 / C  2 3 0 - 0 3 ) .  T h e  h o r i z o n t a l  s p r e a d  o f  t h e  s a m p l e  i s  m e a s u r e d  

a n d  d i v i d e d  b y  t h e  d i a m e t e r  o f  t h e  l o w e r  p a r t  o f  t h e  c o n e  ( 1 0 0  m m ) .  T h e  

a p p a r a t u s  i s  d e p i c t e d  i n  F i g u r e  3 . 3 a .  
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F i g u r e  3 . 3 a    P i c t u r e  o f  a  f l o w  t a b l e  a p p a r a t u s  

 

 

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

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

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

F i g u r e  3 . 3 b  i l l u s t r a t e s  a  t y p i c a l  p a s t e  o v e r f l o w i n g  t h e  t a b l e  t o p .  T h i s  

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

c o n s e q u e n t l y  t a k e n  t h a t  f l o w  t a b l e  i s  u n s u i t a b l e  i n  t h i s  i n v e s t i g a t i o n .  

O b v i o u s l y  o n e  c o u l d  r e d u c e  t h e  h e i g h t  t o  b e l o w  1 2 . 7  m m  o r  e n l a r g e  t h e  

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

v a l u e s  q u o t e d  i n  l i t e r a t u r e .  
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F i g u r e  3 . 3 b  I l l u s t r a t i o n  o f  p a s t e  o v e r f l o w i n g  t h e  t a b l e  t o p    

 

 

(b )  F low  cones  

 

F l o w  c o n e s  a r e  o n e  o f  t h e  f u n n e l - b a s e d  m e t h o d s  t h a t  c a n  b e  u s e d  t o  m e a s u r e  

t h e  w o r k a b i l i t y  o f  g r o u t s  a n d  p a s t e s  ( K o e h l e r  a n d  F o w l e r ,  2 0 0 3 ) .  I n  

a c c o r d a n c e  w i t h  A S T M  C  9 3 9 ,  t h e  t e s t  i n v o l v e s  f i l l i n g  t h e  f l o w  c o n e  t o  t h e  

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

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

w o r k a b i l i t y  o f  t h e  m a t e r i a l  b e i n g  t e s t e d .  F i g u r e  3 . 4  i s  a  g r a p h i c a l  

r e p r e s e n t a t i o n  o f  t h e  a p p a r a t u s  f o r  a  f l o w  c o n e  t e s t .  T h e  r e s u l t s  o f  t h i s  t e s t  

a r e  o n l y  a c c e p t a b l e  f o r  m i x t u r e s  w i t h  a n  e f f l u x  t i m e  n o t  e x c e e d i n g  3 5  

s e c o n d s ,  a b o v e  w h i c h  a  d i f f e r e n t  m e t h o d  m u s t  b e  e m p l o y e d .    
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F i g u r e  3 . 4   S t a n d a r d  f l o w  c o n e  t e s t  a p p a r a t u s  ( A S T M  C  9 3 9 )  

 

 

A  s t a n d a r d  f l o w  c o n e  r e q u i r e s  a p p r o x i m a t e l y  1  7 5 0  m l  o f  m a t e r i a l  w h i c h  i s  

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

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

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

t h a t  i t  r e q u i r e s  a  1 0 t h  o f  t h e  v o l u m e  o f  t h e  s t a n d a r d  f l o w  c o n e  h e n c e  i t s  

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

 

F i g u r e s  3 . 5 a  a n d  3 . 5 b  d e p i c t  t h e  s t a n d a r d  f l o w  c o n e  a n d  m o d i f i e d  f l o w  c o n e  

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

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

c o n s i s t e n c i e s  a r e  p r e s e n t e d  i n  C h a p t e r  5 .  
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F i g u r e  3 . 5 a  S t a n d a r d  f l o w  c o n e    

 

F i g u r e  3 . 5 b  M o d i f i e d  f l o w  c o n e  

 

 

I t  w a s  o b s e r v e d  t h a t  t h e  a p p l i c a t i o n  o f  f l o w  c o n e s  i s  l i m i t e d  t o  l o w -

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

F i g u r e s  3 . 6 a  a n d  3 . 6 b .  I t  w a s  u n f o r t u n a t e  t h a t  b l o c k a g e s  o c c u r r e d  i n  t h e  

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

t e c h n i q u e  i n  t h i s  s t u d y .  
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F i g u r e  3 . 6 a   B l o c k a g e  i n  a  s t a n d a r d  

f l o w  c o n e   

 

 

F i g u r e  3 . 6 b   B l o c k a g e  i n  a  m o d i f i e d  

f l o w  c o n e
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( c )  Rhe o log i ca l  me as ure ments  

 

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

( M a l k i n  a n d  I s a y e v ,  2 0 0 6 ) .  I t  m e a s u r e s  t h e  r e s p o n s e  o f  a  s y s t e m w h e n  a  

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

c a p a c i t y  t o  c h a r a c t e r i s e  t h e  f l o w  b e h a v i o u r  o f  f l u i d s  ( B o g e r  e t  a l . ,  2 0 0 6 ;  

M a l k i n  a n d  I s a y e v ,  2 0 0 6 ) .  I t  c a n  a l s o  b e  u s e d  t o  d e t e r m i n e  t h e  i m p a c t  o f  

t e m p e r a t u r e  o n  w o r k a b i l i t y .  F i g u r e  3 . 7  d e p i c t s  a  r h e o m e t e r  ( R h e o l a b  Q C  

m o d e l )  f r o m  A n t o n  P a a r ,  w h i c h  w a s  u s e d  i n  t h i s  i n v e s t i g a t i o n .  

 

 

 

F i g u r e  3 . 7  P h o t o  o f  a  m o d e r n  v a n e  r h e o m e t e r  i n  u s e  

 

 

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

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

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

f l o w  ( A l e j o  a n d  B a r r i e n t o s ,  2 0 0 9 ) .  R h e o m e t e r s  f i n d  a p p l i c a t i o n  i n  

c o n s t r u c t i o n ,  w a s t e  m a n a g e m e n t  a n d  t h e  f o o d  i n d u s t r y  ( K w a k  e t  a l . ,  2 0 0 5 ;  

H u y n h  e t  a l . ,  2 0 0 6 ;  N g u y e n  e t  a l . ,  2 0 0 6 ;  N g u y e n  a n d  B o g e r ,  1 9 9 8 ;  J e w e l l  

a n d  F o u r i e ,  2 0 0 6 ;  A l e j o  a n d  B a r r i e n t o s ,  2 0 0 9 ) .   

 

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

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

s h o u l d  b e  r e a d  b e c a u s e  t h e  r h e o m e t e r  h a s  a  l o w e s t  s h e a r  r a t e  o f  1 0  s - 1  ( s e e  

F i g u r e  3 . 8 ) .  F o r  i n s t a n c e ,  s a m p l e  c o n t a i n i n g  7 1 %  f l y  a s h  h a d  a  h i g h e r  s h e a r  

s t r e s s  t h a n  t h a t  w i t h  7 0 %  f l y  a s h  c o n t e n t  b e l o w  1 4 0  s - 1  s h e a r  r a t e  b u t  t h e  

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

i n t e r c e p t  t h e  y - a x i s  a n d  o b t a i n  y i e l d  s t r e s s  i s  i n a c c u r a t e .   
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F i g u r e  3 . 8  I l l u s t r a t i o n  o f  a  r h e o g r a m  o f  s h e a r  s t r e s s  a g a i n s t  s h e a r  r a t e  

 

 

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

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

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

r e p r o d u c i b i l i t y  o c c u r s .  F i g u r e  3 . 9  s h o w s  t h a t  a t  l e a s t  1 5  m i n u t e s  m u s t  b e  

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

r h e o l o g i c a l  d a t a .  T h i s  o b s e r v a t i o n  w a s  s u b s t a n t i a t e d  b y  N a i k  e t  a l .  ( 2 0 0 9 )  

w h o  a l s o  a l l o w e d  f l y  a s h  s l u r r i e s  t o  s t a n d  f o r  6 0  m i n u t e s  b e f o r e  c o n d u c t i n g  

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

t h e  m a t e r i a l s  a r e  d i f f e r e n t .   
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F i g u r e  3 . 9  I l l u s t r a t i o n  o f  t i m e  e f f e c t  o n  t h e  r h e o l o g y   

 

 

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

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

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

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

d e p i c t e d  i n  F i g u r e  3 . 1 0  w h e r e  v a n e  a n d  b o b  a r e  o n  t h e  l e f t  a n d  r i g h t  h a n d  

s i d e  i n  t h e  p i c t u r e ,  r e s p e c t i v e l y .  

     

 

 

F i g u r e  3 . 1 0  P h o t o  o f  v a n e  a n d  b o b  s y s t e m s  
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F u r t h e r  i n v e s t i g a t i o n  o n  t h e  u s e  o f  a  r h e o m e t e r  t o  s t u d y  w o r k a b i l i t y  o f  

p a s t e s  l e d  t o  t h e  g e n e r a t i o n  o f  a  r e p r o d u c i b l e  d a t a  a s  s h o w n  i n  F i g u r e  3 . 1 1 .  

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

b e t w e e n  0 . 1  a n d  0 . 9  r p m  ( B o g e r  e t  a l . ,  2 0 0 6 ,  2 0 0 8 ;  N g u y e n  e t  a l . ,  2 0 0 6 )  

a f t e r  a l l o w i n g  a t  l e a s t  1 5  m i n u t e s  o f  w e t t i n g  t i m e  f o r  t h e  s a m p l e  t o  r e a c h  

e q u i l i b r i u m .  T h e  e x e r t e d  t o r q u e  i s  m e a s u r e d  a s  a  f u n c t i o n  o f  t i m e  a t  a  

c o n t r o l l e d  s h e a r  r a t e  ( N g u y e n  e t  a l . ,  2 0 0 6 ) .   
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F i g u r e  3 . 1 1  I l l u s t r a t i o n  o f  r e p r o d u c i b l e  v a n e  y i e l d  s t r e s s  d e t e r m i n a t i o n  

 

 

(d )  Se t t l i ng  tes t  

 

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

b e c a u s e  t r e n d s  a r e  e x p e c t e d  t o  b e  c l e a r e r  d u e  t o  l o w  s o l i d - t o - l i q u i d  ( S : L )  

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

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

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

 

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

s l u r r y  c o n t a i n i n g  a p p r o x i m a t e l y  2 7 %  f l y  a s h  a n d  a  r e s p e c t i v e  b r i n e  w a s  

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

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

w a s  a t t a i n e d .  A  p h o t o g r a p h  w a s  t a k e n  a t  t h a t  p o i n t  t o  p r o v i d e  v i s u a l  

e v i d e n c e  o f  t h e  p a t t e r n .  
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( e )  Conc lud ing  Remarks  on  Workab i l i t y  

 

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

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

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

t o  l o w  v i s c o s i t y  p a s t e s  d u e  t o  b l o c k a g e s .  T h e  f l o w  c o n e  c a n  b e  u s e d  t o  s t u d y  

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

 

3 .4 .6  Unconf ined  Compress ive  S t reng th  (UCS)  

 

U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  ( U C S )  s o m e t i m e s  i s  r e f e r r e d  t o  a s  

U n i a x i a l  C o m p r e s s i v e  S t r e n g t h  ( b o t h  t e r m s  s h a r e  t h e  s a m e  a c r o n y m  U C S )  

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

m e c h a n i c a l  s t r e s s  ( P a r i  a n d  Y u e t ,  2 0 0 6 ;  B o u z a l a k o s  e t  a l . ,  2 0 0 8 ;  S a w  a n d  

V i l l a e s c u s a ,  2 0 1 1 ;  P a l a r s k i  e t  a l . ,  2 0 1 1 ) .  I t  i s  i m p o r t a n t  t o  c h o o s i n g  a  

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

 

T h e  d e v e l o p m e n t  o f  U C S  i s  a  r e s u l t  o f  s e v e r a l  r e a c t i o n s  t h a t  o c c u r  d u r i n g  

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

o c c u r r e n c e  o f  t h o s e  p h e n o m e n a  ( K h o u r y  e t  a l . ,  2 0 0 4 )  a n d  s u i t a b i l i t y  o f  

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

a l s o  u s e d  U C S  a s  a  m e a s u r e  f o r  m i n e  b a c k f i l l ,  s o l i d i f i c a t i o n / s t a b i l i s a t i o n  

m a t e r i a l s  a n d  c o h e s i v e  s o i l s  ( N e h d i  a n d  T a r i q ,  2 0 0 7 ;  P a r i  a n d  Y u e t ,  2 0 0 6 ;  

K h o u r y  e t  a l . ,  2 0 0 4 ) .  

  

P a s t e  s a m p l e s  w e r e  p o u r e d  i n t o  1 0 0  m m  c u b e s  a n d  l e f t  t o  s t a n d  f o r  2 4  h o u r s  

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

p l a s t i c  a s  s h o w n  i n  F i g u r e  3 . 1 2 ,  t o  r e t a i n  m o i s t u r e  r e q u i r e d  t o  s u s t a i n  

f u r t h e r  h y d r a t i o n .  T h e  t e m p e r a t u r e  w a s  c o n t r o l l e d  a t  2 1    2  ° C  d u r i n g  

c u r i n g .  
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F i g u r e  3 . 1 2  C u r i n g  o f  p a s t e  s a m p l e s  u n d e r  c o n t r o l l e d  c o n d i t i o n s  

 

 

T h e  s a m p l e s  w e r e  c u r e d  f o r  2 8  d a y s  u n l e s s  o t h e r w i s e  s t a t e d  b e f o r e  b e i n g  

s u b j e c t e d  t o  a  u n i a x i a l  l o a d  t o  f a i l u r e  a c c o r d i n g  t o  A S T M  C  1 0 9 .  A  p r e - l o a d  

o f  1 0  N  w a s  a p p l i e d  t o  a  s p e c i m e n  b e f o r e  d a t a  c o l l e c t i o n .  T h e  s a m p l e s  w e r e  

s u b j e c t e d  t o  f o r c e  a t  a  c o m p r e s s i o n  r a t e  o f  2 . 5  m m / mi n  u n t i l  f a i l u r e .  A  Z 0 5 0  

Z w i c k  R o e l l  c o m p r e s s i o n  m a c h i n e  e q u i p p e d  w i t h  t e s t X p e r t  I I  s o f t w a r e  

h a v i n g  a  c a p a c i t y  o f  5 0  k N  ( d e p i c t e d  i n  F i g u r e  3 . 1 3 )  w a s  u s e d  t o  m e a s u r e  

U C S .   
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F i g u r e  3 . 1 3  P i c t u r e  o f  U C S  d e t e r m i n a t i o n  i n  a  Z 0 5 0  Z w i c k  R o e l l  

c o m p r e s s i o n  m a c h i n e  

 

 

3 .4 .7  D e f i n i t io n  o f  D es i re d  P as t e  

 

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

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

c o n s e r v a t i v e  a p p r o a c h  w a s  t a k e n  w i t h  b o t h  p a r a m e t e r s .  Y i e l d  s t r e s s  w a s  

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

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



 

 

3-23

 

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

t o  i t s  c o m p l e x i t y  a n d  d e p e n d e n c e  o n  n u m e r o u s  f a c t o r s .  A  y i e l d  s t r e s s  o f  2 0 0  

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

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

p a s t e  b a c k f i l l  m a t e r i a l s  o f  1 0 0  –  5 0 0  P a  y i e l d  s t r e s s  r e c o m m e n d e d  b y  

H a l l b o m  ( 2 0 1 0 ) .  B e s i d e s ,  B o g e r  e t  a l .  ( 2 0 0 6 ,  2 0 0 8 )  m e n t i o n  t h a t  c e n t r i f u g a l  

p u m p s  c a n  h a n d l e  p a s t e s  u p  t o  2 0 0  P a  y i e l d  s t r e s s .  T h e  a d v a n t a g e  o f  

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

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

 

T h e  e x a c t  c r i t e r i o n  f o r  mi n e  b a c k f i l l  m a t e r i a l s  i n  t e r m s  o f  t h e  m i n i m u m  

U C S  i s  u n c l e a r .  A c c o r d i n g  t o  L a u g e s e n  a n d  E r i k s s o n  ( 2 0 0 6 )  t h e  m i n i m u m  

U C S  f o r  s t a b i l i s e d / s o l i d i f i e d  m a t e r i a l s  s h o u l d  e x c e e d  1 0 0  k P a .  S o m e  

r e s e a r c h e r s  ( P o t v i n  e t  a l . ,  2 0 0 5 )  r e c o m m e n d  a  m i n i m u m  U C S  o f  2 0 0  k P a  t o  

a v o i d  s u b s i d e n c e  w h e r e a s  o t h e r s  ( B o u z a l a k o s  e t  a l . ,  2 0 0 8 )  s u g g e s t  4 4 0  k P a  

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

 

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

p r o p o s e  a  m i n i m u m  U C S  v a l u e  o f  5 0 0  k P a ,  w h i c h  i s  h i g h e r  t h a n  t h o s e  

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

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

 

3 .5  SOL ID  S T ATE  C H E MI ST R Y   

 

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

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

a s s e s s i n g  t h e  l o n g - t e r m  l i a b i l i t y  b a s e d  o n  t h e  k n o w l e d g e  o f  h y d r a t i o n  

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

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

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

m i n e r a l o g y  w e r e  d e t e r m i n e d  u s i n g  X - r a y  F l u o r e s c e n c e ,  X - r a y  D i f f r a c t i o n ,  

D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y ,  a n d  F i e l d  E m i s s i o n  G u n  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 y .  
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3 .5 .1  X - ra y  F luor esc enc e  (XRF)  

 

X - r a y  F l u o r e s c e n c e  ( X R F )  s p e c t r o s c o p y  i s  o n e  o f  t h e  w i d e l y  u s e d  

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

m a t e r i a l s .  T h e  X - r a y s  a r e  u s e d  t o  e x c i t e  t h e  i n n e r  e l e c t r o n s  h e n c e  v a l e n c y  

o f  t h e  e l e m e n t  i s  u s u a l l y  i m m a t e r i a l  f o r  X R F  a n a l y s i s  ( L o u b s e r  a n d  V e r r y n ,  

2 0 0 8 ) .  T h e  X R F  i s  u n e x p e c t e d l y  n o t  i m m u n e  t o  e r r o r s  s u c h  a s  i n t e r f e r e n c e .  

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

i n f o r m a t i o n  o n  t h e  s a m p l e .   

 

T h e  s a m p l e s  w e r e  p r e s s e d  a s  b r i q u e t t e s  a n d  i n t r o d u c e d  t o  t h e  A R L  9 4 0 0 X P +  

X R F  a n d  a n a l y s i s  w a s  b a s e d  o n  U n i Q u a n t  s o f t w a r e .  T h e  r e s u l t s  w e r e  

r e p o r t e d  i n  n o r m a l i s e d  s t a t e  s i n c e  n o  l o s s - o n - i g n i t i o n  ( L O I )  w a s  d e t e r m i n e d  

i n  t h i s  p r o c e d u r e  a s  w i t h  f u s e d  b e a d s  ( L o u b s e r  a n d  V e r r y n ,  2 0 0 8 ) .   

 

3 . 5 .2  X - ray  D i f f ra c t ion  (XRD)   

 

X - r a y  D i f f r a c t i o n  ( X R D )  i s  a r g u a b l y  t h e  m o s t  c o m m o n l y  u s e d  t e c h n i q u e  t o  

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

o f  X R D  i s  f o u n d  i n  m i n i n g ,  p h a r m a c e u t i c a l s ,  o r g a n i c  s y n t h e s i s ,  a n d  c e m e n t  

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

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

( Wa r d  a n d  F r e n c h ,  2 0 0 6 ) .  T h i s  p a t t e r n  i s  u n i q u e  f o r  e a c h  c o m p o u n d  a n d  c a n  

b e  d e t e r m i n e d  w h e n  a  s p e c i m e n  i s  b o m b a r d e d  b y  X - r a y s .  D u e  t o  t h e  

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

( L o u b s e r  a n d  V e r r y n ,  2 0 0 8 ;  W a r d  a n d  F r e n c h ,  2 0 0 6 ) .  H o w e v e r ,  i t  i s  c r i t i c a l  

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

s a m p l e  a s  p o s s i b l e  e . g .  s a m p l e  o r i g i n .   

 

T h e  m a j o r i t y  o f  m i n e r a l o g y  w a s  p r i n c i p a l l y  d e t e r m i n e d  u s i n g  X R D  o n  d r i e d  

s a m p l e s  u s i n g  a  P A N a l y t i c a l  X ’ P e r t  P r o  p o w d e r  d i f f r a c t o m e t e r  w i t h  X ’  

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

f i l t e r e d  C o - Kα  r a d i a t o r .  T h e  p h a s e s  w e r e  i d e n t i f i e d  u s i n g  X ’  P e r t  H i g h s c o n e  

p l u s  s o f t w a r e .  A  2 0 %  S i  ( A l d r i c h  9 9 %  p u r e )  w a s  a d d e d  t o  s a m p l e s  w h i c h  

w e r e  t h e n  mi l l e d  i n  a  M c C r o n e  m i c r o n i s i n g  mi l l  f o r  t h e  d e t e r m i n a t i o n  o f  

a m o r p h o u s  c o n t e n t .  T h e  r e l a t i v e  p h a s e  a m o u n t s  w e r e  e s t i m a t e d  u s i n g  t h e  
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R i e t v e l d  m e t h o d  ( A u t o q u a n  P r o g r a m ) .  L a b  B  a d d e d  c a l c i u m  f l u o r i d e  ( C a F 2 )  

i n s t e a d  o f  2 0 %  S i  f o r  t h e  d e t e r m i n a t i o n  o f  a m o r p h o u s  c o n t e n t .   

 

3 .5 .3  D i f f e ren t i a l  Scann ing  Ca lo r imet ry  ( D SC)  

 

D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  ( D S C )  i s  a  t h e r m o - a n a l y t i c a l  t e c h n i q u e  

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

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

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

( R a y ,  2 0 0 2 ;  G a b r o v š e k  e t  a l . ,  2 0 0 6 ;  S t e f a n o v i ć  e t  a l . ,  2 0 0 7 ) .  S o m e  o f  t h e i r  

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

a m o r p h o u s  a n d  c r y s t a l l i n e  p h a s e s ,  a n d  q u i c k  g e n e r a t i o n  o f  r e s u l t s  ( R a y ,  

2 0 0 2 ;  V o i g t  a n d  S h a h ,  2 0 0 3 ) .  B e s i d e s ,  t h e r m a l  a n a l y t i c a l  t e c h n i q u e s  p r o v i d e  

a  g r e a t e r  d e g r e e  o f  s e n s i t i v i t y  f o r  t h e  i d e n t i f i c a t i o n  o f  p h a s e s  t h a n  X R D  

( R a m a c h a n d r a n  e t  a l . ,  2 0 0 2 ;  G a b r o v š e k  e t  a l . ,  2 0 0 6 ) .   

 

A  D S C  b a s i c a l l y  m e a s u r e s  t h e  d i f f e r e n c e  i n  t h e  a m o u n t  o f  h e a t  r e q u i r e d  t o  

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

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

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

e n d o t h e r m i c  o r  e x o t h e r m i c .  M o u k w a  e t  a l .  ( 1 9 9 2 )  u s e d  D S C  t o  d e t e r m i n e  

c a l c i u m  h y d r o x i d e  i n  h y d r a t e d  c e m e n t  p a s t e s .  O t h e r  r e s e a r c h e r s  h a v e  u s e d  

D i f f e r e n t i a l  T h e r m a l  A n a l y s i s  ( D T A )  w h i c h  o p e r a t e s  o n  t h e  s a m e  p r i n c i p l e  

a s  D S C  t o  i d e n t i f y  m i n e r a l  p h a s e s  ( N o c h a i y a  e t  a l . ,  2 0 0 9 ;  R o j a s ,  2 0 0 6 ;  P a n e  

a n d  H a n s e n ,  2 0 0 5 ;  R a d w a n  a n d  H e i k a l ,  2 0 0 5 ;  C o l e m a n  a n d  M c w h i n n i e ,  

2 0 0 0 ;  M u r a t ,  1 9 8 3 ) .   

 

D a t a  i n  t h i s  s t u d y  w e r e  c o l l e c t e d  u s i n g  a  M e t t l e r  T o l e d o  D S C  8 2 2 e  S t a r e  

S y s t e m w i t h  a n  F R S 5  s e n s o r .  T h e  h e a t i n g  r a t e  w a s  1 0  º C / m i n  f r o m  2 5  º C  t o  

1 5 0  º C ,  c o o l i n g  f r o m  1 5 0  t o  2 5  º C  a t  2 0  º C / m i n .  T h e  s e c o n d  h e a t i n g  f r o m  2 5  

t o  5 0 0  º C  w a s  a g a i n  a t  1 0  º C / m i n  a n d  t h e  f i n a l  c o o l i n g  r a t e  w a s  2 0  º C / m i n .   
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3 .5 .4  F ie ld  Emi ss io n  Gun  Scann ing  E lec t ron  Mi c roscop y  (FEG SE M)  

 

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

s l u r r i e s  a n d  p a s t e s .  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 y  ( S E M )  i s  a  v e r y  u s e f u l  

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

d e t e c t i o n  o f  n e w  p h a s e s  ( P l a n k  a n d  H i r s c h ,  2 0 0 7 ;  F e r n á n d e z - J i m é n e z  e t  a l . ,  

2 0 0 5 ;  C h a n  a n d  D u d e n e y ,  2 0 0 8 ) .  

 

A  Z e i s s  U L T R A  p l u s  5 5  F E G  S E M  w i t h  I n L e n s  d e t e c t o r  o p e r a t e d  a t  1  k e V  

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

s a m p l e s  a r e  c a r b o n - c o a t e d  p r i o r  t o  a n a l y s i s .  F E G  S E M  s t a n d s  f o r  F i e l d  

E m i s s i o n  G u n  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 y  a n d  p r o v i d e s  h i g h  r e s o l u t i o n  

m i c r o g r a p h s  c o m p a r e d  t o  o r d i n a r y  S E M .     

 

3 .5 .5  Leach i ng  (Aqua t ic  Chemi s t ry )   

  

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

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

e n v i r o n m e n t  ( K l e m m  a n d  B h a t t y ,  2 0 0 2 ;  B i n - S h a f i q u e  e t  a l . ,  2 0 0 2 ;  G u p t a ,  

2 0 0 5 ;  K r o l o  e t  a l . ,  2 0 0 3 ) .  C o n t a mi n a n t s  m a y  l e a c h  w h e n e v e r  w a t e r  i n t e r a c t s  

w i t h  a  p e r m e a b l e  m a t e r i a l  s u c h  a s  s o i l  o r  s t a b i l i s e d  w a s t e s  ( A s a v a p i s i t  e t  

a l . ,  2 0 0 3 ;  B i n - S h a f i q u e  e t  a l . ,  2 0 0 2 ;  H a r t w i l  a n d  C a l o v i n i ,  1 9 9 9 ;  K h a r n a  e t  

a l . ,  1 9 9 8 ) .  M o s t  t r a c e  e l e m e n t s  a r e  r e m o b i l i s e d  u n d e r  a c i d i c  c o n d i t i o n s  

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

( K i m ,  2 0 0 5 ;  F o n t  e t  a l . ,  2 0 0 5 ) .   

 

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

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

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

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

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

e m p l o y e d  i n  t h i s  s t u d y .  
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South  A f r i can  S tandard  Leach ing  Pr oc ed u r e  (S ANS 1 0 23 4  –  GSH )  

 

T h e  R e p u b l i c  o f  S o u t h  A f r i c a  i s  w o r k i n g  o n  a  d r a f t  o f  r e g u l a t i o n s  a n d  

s t a n d a r d s  f o r  w a s t e  c l a s s i f i c a t i o n  a n d  m a n a g e m e n t  ( S A N S  1 0 2 3 4  –  G S H )  

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

4 4 3 9 . 3 - 1 9 9 7  ( C r o u s ,  2 0 1 0 ) .  T h i s  t e s t  i s  s i m i l a r  t o  t o x i c i t y  c h a r a c t e r i s a t i o n  

l e a c h i n g  p r o c e d u r e  ( T C L P )  e x c e p t  f o r  t h e  l e a c h a n t  o p t i o n s  a n d  t h a t  t h e  

p a r t i c l e  s i z e  o f  t h e  s a m p l e  m u s t  p a s s  t h r o u g h  a  2 . 4  m m  s i e v e .   

 

T h e  c e m e n t i t i o u s  w a s t e s  s u c h  a s  f l y  a s h  a r e  l e a c h e d  w i t h  w a t e r  a t  a  S : L  

r a t i o  o f  1 : 2 0  a n d  g e n t l e  s h a k i n g  f o r  1 8  h o u r s  ( H a l i m  e t  a l . ,  2 0 0 4 ,  2 0 0 5 ) .  T h e  

a l i q u o t  f o r  m e t a l  d e t e r m i n a t i o n  w a s  p r e s e r v e d  w i t h  n i t r i c  a c i d  t o  p H  3  o r  

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

 

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

P r o c e d u r e  ( S A S L P )  t o  c l a s s i f y  t h e  r i s k  p r o f i l e  o f  t h e  m a t e r i a l  b e i n g  s t u d i e d ,  

s e e  T a b l e  3 . 2  ( C r o u s ,  2 0 1 0 ) .  T h e  t h r e s h o l d  v a l u e s  f o r  i n o r g a n i c  

c o n t a m i n a n t s  a r e  p r o v i d e d  i n  T a b l e  A 3 . 2  ( a p p e n d i x )  f o r  e a c h  o f  t h e  f o u r  

c a t e g o r i e s .   

 

T a b l e  3 . 2  C l a s s i f i c a t i o n  c r i t e r i a  o f  w a s t e  b a s e d  o n  S A S L P  ( C r o u s ,  2 0 1 0 )   

Note: LC: Leachate Concentration; SASTC: South African Standard Total Concentration 

 

Contaminant 
Concentration Criteria 

Waste Risk 
Profile 

Description 

LC > SASLP2 
A: Extreme 
Risk 

Considered very high risk waste with a very high potential for 
contaminant release. Requires very high level of control and 
ongoing management to protect health and the environment. 

SASLP1 < LC ≤ SASLP2 
B: High 
Risk 

Considered high risk waste with high potential for contaminant 
release. Requires high level of control and ongoing management to 
protect health and the environment. 

SASLP0 < LC ≤ SASLP1 C: 
Moderate 
Risk 

Considered low risk waste with some potential for contaminant 
release. Requires proper control and ongoing management to 
protect health and the environment. 

 
LC ≤ SASLP0 and  
TC ≤ SASTC0 

D: Very 
Low Risk 

Very low risk waste with low potential for contaminant release. 
Requires some level of control and ongoing management to protect 
health and the environment. 
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T h e  d i s c u s s i o n  o f  l e a c h i n g  d a t a  w a s  r e s t r i c t e d  t o  C a ,  N a ,  S O 4
2 -  a n d  C l -  i n  

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

c o n s t i t u e n t s  o f  b r i n e s  ( c o n t a m i n a n t s ) .  T h e  f i r s t  b a t c h  o f  p e r t i n e n t  d a t a  u s i n g  

S A S L P  f r o m  t h e  u p c o m i n g  l e g i s l a t i o n  ( e x p e c t e d  t o  b e  p a s s e d  b y  t h e  e n d  o f  

2 0 1 1  d u r i n g  p r e p a r a t i o n  o f  t h e  t h e s i s )  w e r e  g e n e r a t e d .   

 
3 .6  CON CL U DI N G  REM AR KS  

 

T h e  a u t h o r  b e l i e v e s  t h a t  t h e  a b o v e - m e n t i o n e d  t e c h n i q u e s  a n d  m e t h o d s  w i l l  

e n a b l e  t h e  a t t a i n m e n t  o f  p r o j e c t  g o a l s .  I t  i s ,  n e v e r t h e l e s s ,  k n o w n  t h a t  t h e r e  

a r e  o t h e r  a d v a n c e d  t e c h n i q u e s  s u c h  a s  m i c r o p r o b e  a n d  Q E M S C A N  w h i c h  c a n  

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

a l . ,  2 0 1 0 ;  B u h r e  e t  a l . ,  2 0 0 6 ;  G o o d a l l ,  20 0 8 ;  M a t j i e  e t  a l . ,  2 0 0 8 ;  L i u  e t  a l . ,  

2 0 0 5 ) .   

  



 

CHAPTER 4  

 
DRILLING AND CHAR ACTERISATION OF A FAD  

 

4 . 1  I NTRODUCTION  

 

S A S O L  S y n f u e l s  d i s p o s e s  o f  o v e r  4  mi l l i o n  t o n s  o f  F i n e  A s h  ( F A)  w i t h  mo r e  

t h a n  1 7  0 0 0  m
3
 o f  b r i n e s  i n  t h e  f i n e  a s h  d a ms  a n n u a l l y .  T h e r e  i s  a  

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

a u t h o r i t i e s  a n d  i n d u s t r y  ( A u n e r  a n d  H o l l ,  2 0 0 6 ;  Be a l e y  e t  a l . ,  2 0 0 7 ) .  

I n v e s t i g a t i n g  a  F i n e  A s h  D a m ( F A D)  p r o v i d e s  o n e  s t e p  t o wa r d s  

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

u t i l i s a t i o n  o p p o r t u n i t i e s  o f  W e a t h e r e d  F i n e  A s h  ( W F A) .  

 

A  d i s u s e d  F AD  u n d e r  i n ve s t i g a t i o n  wa s  c o mmi s s i o n e d  i n  M a r c h  1 9 9 3  a n d  

d e c o mmi s s i o n e d  i n  t h e  f i r s t  h a l f  o f  2 0 0 5 ,  i mp l y i n g  t h a t  t h e  b o t t o m a n d  t h e  

t o p  a s h  s a mp l e s  w e r e  a t  l e a s t  1 6  a n d  4  y e a r s  o l d ,  r e s p e c t i v e l y ,  d u r i n g  

s a mp l i n g  i n  J u n e  2 0 0 9 .   

 

F A Ds  f o r m a n  i n t e g r a l  p a r t  o f  ma n a g i n g  e n e r g y  g e n e r a t i o n  b y -p r o d u c t s  f r o m 

c o a l  c o mb u s t i o n  o p e r a t i o n s .  A  f u n d a me n t a l  u n d e r s t a n d i n g  o f  we a t h e r i n g  o f  

d i s p o s e d  F A  i s  ma n d a t o r y  f o r  t h e  i mp r o v e me n t  o f  f l y  a s h -b r i n e  o p e r a t i o n s .  

O f  p a r t i c u l a r  r e l e v a n c e  t o  t h i s  t h e s i s  i s  a n  i n s i gh t  i n t o  t h e  l o n g - t e r m 

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

mi n e r a l o g i c a l  a s  w e l l  a s  mi c r o s t r u c t u r a l  t r a n s f o r ma t i o n .  

 

4 . 2  FI NE ASH D AM  CONSTRUCTION  

 

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

1 . 3 .  An  e x c e s s  o f  4  mi l l i o n  t o n s  o f  F A  a n d  1 7  0 0 0  m
3
 o f  b r i n e s  h a v i n g  a  

t y p i c a l  s a l i n i t y  o f  1 0  g / l  T D S  a r e  d i s p o s e d  a n n u a l l y  i n  t h i s  ma n n e r .  T h e  

s l u r r y  i s  p u mp e d  o n t o  t h e  F ADs  b y  me a n s  o f  c e n t r i f u ga l  p u mp s  i n  3 0 0  mm  

( d i a me t e r )  p i p e l i n e s  a s  i l l u s t r a t e d  i n  F i gu r e  4 . 1 .  W i t h  t i me  t h e  s o l i d s  i n  t h e  

s l u r r y  s e t t l e  o n  t o p  o f  a  F AD  wh e r e a s  t h e  s u p e r n a t a n t  c a l l e d  C l e a r  A s h  
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E f f l u e n t  ( CA E )  d r a i n s  t h r o u g h  a  p e n s t o c k  ( F i g u r e  4 . 2 )  t o  t h e  t e mp o r a r y  

s t o r a ge  a r e a  kn o w n  a s  C A E  d a ms  d e p i c t e d  i n  F i g u r e  4 . 3 .   

 

T h e r e  s e e ms  t o  b e  p r e c i p i t a t i o n  o f  d i s s o l ve d  i n o r ga n i c  s p e c i e s  t a k i n g  p l a c e  

i n  t h e  C AE  c h a n n e l  d u e  t o  h i g h  p H  ( s e e  F i g u r e  4 . 3 ) ,  w h i c h  w a s  f o u n d  t o  b e  

g y p s u m a n d  c a l c i t e  i n  u n p u b l i s h e d  w o r k .  A n o t h e r  p o r t i o n  o f  C A E  p e r c o l a t e s  

t h e  F AD  a n d  c o l l e c t s  a t  t h e  t o e  d r a i n  wh i c h  a l s o  f l o ws  t o  C A E  d a ms .  T o e  

d r a i n s  h a ve  l o we r  c o n t a mi n a n t s  c o mp a r e d  t o  C AE  o wi n g  t o  t h e  l o n ge r  

c o n t a c t  t i me  w i t h  F A ,  s u g g e s t i n g  s l o w  r e a c t i o n  k i n e t i c s  ( K o c h ,  2 0 0 2 ) .  

 

  

 

F i g u r e  4 . 1   D e p o s i t i o n  o f  s l u r r y  o n t o  a  F AD  

 

 

 

 

F i g u r e  4 . 2   P e n s t o c k  i n  a  d i s u s e d  F A D  
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CAE

 

 

F i g u r e  4 . 3   T h e  v i e w  o f  CA E  f l o w i n g  i n t o  C A E  d a ms  

 

 

A  s ma l l  p o r t i o n  o f  t h e  C AE  i s  r e t u r n e d  t o  t h e  S y n f u e l s  f a c t o r y  a n d  u s e d  a s  

ma k e -u p  wa t e r  f o r  f r e s h  a s h  c o l l e c t i o n .  T h e  ma j o r  p o r t i o n  i s  d e s a l i n a t e d  

u s i n g  R e v e r s e  O s mo s i s  ( R O) ,  t h e r e b y  p r o d u c i n g  R O  b r i n e .  De mi n e r a l i s a t i o n  

o f  r a w  wa t e r  t o  me e t  b o i l e r  f e e d  q u a l i t y  i n v o l v e s  r e g e n e r a t i o n  o f  r e s i n s  w i t h  

c h e mi c a l s .  T h i s  r e s u l t s  i n  p r o d u c i n g  a  r e ge n  b r i n e ,  wh i c h  i s  t h e  l a r ge s t  

c o n t r i b u t o r  o f  s a l t s  a t  S AS OL  S y n f u e l s  c o mp l e x .    

 

F i g u r e  4 . 4  s h o ws  a  t y p i c a l  F A D  t h a t  c a n  b e  f o u n d  w i t h i n  S A S OL .  S e ve r a l  

3 0 0  mm ( d i a me t e r )  d i s c h a r ge  l i n e s  wh i c h  a r e  a p p r o x i ma t e l y  2 5 0  m a p a r t ,  a r e  

u s e d  t o  e n s u r e  a n  e q u i t a b l e  d i s t r i b u t i o n  o f  f i n e  a s h  o n  t h e  F A D .   

 

 

 

F i g u r e  4 . 4   S i d e  v i e w  o f  t h e  d i s u s e d  F AD  
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S l u r r y  d i s p o s a l  i s  c o mmo n  p r a c t i c e  i n  t h e  mi n i n g  i n d u s t r y .  M o s t  l i t e r a t u r e  

( e . g .  Be n za a z o u a  e t  a l . ,  2 0 0 2 ;  G i t a r i  e t  a l . ,  2 0 0 8 ;  S h e o r a n  a n d  S h e o r a n ,  

2 0 0 6 )  d i s c u s s e s  t h e  i s s u e s  o f  r e l e va n c e  t o  a c i d  g e n e r a t i n g  t a i l i n g s  d a ms .  

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

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

I n d i a  a n d  S o u t h  Af r i c a  ( L e e  a n d  S p e a r s ,  1 9 9 4 ;  L e e  e t  a l . ,  2 0 0 7 ;  S a r ka r  e t  

a l . ,  2 0 0 7 ;  T u  e t  a l . ,  2 0 0 7 ) .   

 

T h e  s t u d y  p r e s e n t e d  h e r e  wa s  a i me d  a t  u n d e r s t a n d i n g  t h e  we a t h e r i n g  p r o c e s s  

o c c u r r i n g  i n  a  F A D  a n d  t h e  a s s o c i a t e d  e n v i r o n me n t a l  i mp a c t  o f  a s h  d i s p o s a l  

i f  a n y .  

 

4 . 3  DRI LLI NG  

 

T h e  g e n e r a l  l a yo u t  o f  t h e  F A D  c a n  b e  s e e n  i n  F i g u r e  4 . 5  w i t h  a r r o ws  

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

i n t e r c h a n ge a b l y  u s e d  t o  a c h i e v e  e v e n  r a t e  o f  v e r t i c a l  g r o wt h .  T h e  p e n s t o c k  

i s  n o r ma l l y  l o c a t e d  n e a r  t h e  c e n t r e  o f  t h e  d a m,  h o we ve r ,  t h a t  o f  t h e  F A D 

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

d e s i gn a t e d  b y  a  b l a c k  s p o t  ( F i gu r e  4 . 5 ) .  T h e  p o s i t i o n  o f  t h e  p e n s t o c k  i s  d u e  

t o  ge o l o g i c a l  s l o p e  o f  t h e  a r e a ,  a n d  c o u l d  i n f l u e n c e  t h e  l a ye r i n g  o f  t h e  d a m .  

A5
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F i g u r e  4 . 5   S c h e ma t i c  r e p r e s e n t a t i o n  o f  t h e  l o c a t i o n  o f  t h e  b o r e h o l e s  o n  

t h e  F A D  
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S e ve n  b o r e h o l e s  we r e  d r i l l e d  t o  t h e  b a s e  o f  t h e  F AD  a s  s c h e ma t i c a l l y  s h o wn  

i n  F i g u r e  4 . 5 .  O n l y  B H 1 ,  B H2 ,  A5 ,  E 4  a n d  F 4  w e r e  u t i l i s e d  i n  t h i s  

i n v e s t i ga t i o n  b e c a u s e  b o r e h o l e s  C4  a n d  D 4  w e r e  s a t u r a t e d  d u e  t o  i r r i g a t i o n  

w i t h  C A E  w h i c h  t a ke s  p l a c e  a t  s e t  i n t e r v a l s  p o s t  d e c o mmi s s i o n i n g  ( d e t a i l s  

a r e  a p p e n d e d  i n  F i g u r e s  B 4 . 1  –  B 4 . 2 ) .  N o  s a mp l i n g  c o u l d  b e  p e r f o r me d  o n  

t h e  e a s t e r n  s i d e  o f  t h e  d a m d u e  t o  e x c a va t i o n s .  

 

D u mp  a n d  D u n e  Dr i l l e r s  ( P t y )  L t d  u s e d  a  p o r t a b l e  Au g e r  d r i l l  a s  i l l u s t r a t e d  

i n  F i gu r e  4 . 6 .  T h e  ma t e r i a l  c o l l e c t e d  v e r t i c a l l y  o v e r  a  1 . 5  m  l e n g t h  wa s  

b l e n d e d  t o  ma k e  u p  t h e  s a mp l e s  f o r  t h e  5 0  m  d e p t h  i n  t h e  a b o ve -me n t i o n e d  

b o r e h o l e s .  S a mp l e s  w e r e  s e a l e d  i mme d i a t e l y  i n  p l a s t i c  b a gs  u n d e r  n a t u r a l  

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

 

 

                                                                         

F i g u r e  4 . 6  I l l u s t r a t i o n  o f  s a mp l i n g  i n  a  F A D u s i n g  Au ge r  d r i l l  

 

 

4 . 4  RESULTS AND DISCUSSION :  WEATHERED F I NE AS H 

 

T h i s  s e c t i o n  p r e s e n t s  t h e  r e s u l t s  o f  mo i s t u r e  c o n t e n t ,  P S D ,  p o r e  wa t e r  

q u a l i t y ,  c h e mi c a l  a n d  mi n e r a l o g i c a l  p r o p e r t i e s  o f  W F A  t a ke n  f r o m t h e  F AD .  

 

4 . 4 .1  M ois t ure  Content  Pr of i l es  

 

T h e  mo i s t u r e  c o n t e n t  ( M C)  p r e s e n t e d  i n  F i g u r e  4 . 7  d e mo n s t r a t e s  t h a t  t h e  

d e gr e e  o f  we t n e s s  i n c r e a s e s  w i t h  d e p t h .  T h e  M C  l i e s  p r e d o mi n a n t l y  b e t we e n  

2 7 %  a n d  3 7 %  wh i c h  i n d i c a t e s  a  s i gn i f i c a n t  wa t e r  h o l d i n g  c a p a c i t y  l i ke l y  t o  
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p r o v i d e  s u f f i c i e n t  mo i s t u r e  f o r  l o n g - t e r m h y d r a t i o n  r e a c t i o n s .   
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F i g u r e  4 . 7  M o i s t u r e  c o n t e n t  p r o f i l e  o f  F AD   

 

 

4 . 4 .2  Pore  W ater  Qua l i t y  

 

T h e  p H  s e e me d  t o  s t a b i l i s e  a t  a r o u n d  9 . 5  ( F i g u r e  4 . 8 ) ,  w h i c h  i s  t h r e e  u n i t s  

l o we r  t h a n  t h e  p H  1 2 . 5  o f  f r e s h  s l u r r y  a n d  f l y  a s h .  D o n a h o e  ( 2 0 0 4 )  

a t t r i b u t e s  s u c h  d r o p  i n  p H  t o  c a r b o n a t i o n ,  h yd r o l ys i s  a n d  p r e c i p i t a t i o n  ( i . e .  

c h e mi c a l  we a t h e r i n g )  u p o n  d e p l e t i o n  o f  p o r t l a n d i t e .  T h i s  o b s e r ve d  p H  

r e d u c t i o n  i n  a n  a l ka l i n e  F AD  c o r r e l a t e s  w i t h  t h e  d a t a  r e p o r t e d  b y  

Z e v e n b e r g e n  e t  a l .  ( 1 9 9 9 )  d u r i n g  t h e i r  s t u d y  o f  a  f r e s h  a n d  8 -y e a r  o l d  

a l k a l i n e  f l y  a s h  d i s p o s a l  i n  I n d i a .  M e h t a  a n d  M o n t e i r o  ( 2 0 0 6 )  a l s o  s u g g e s t  

t h a t  t h e  h yd r a t i o n  o f  a  p o z zo l a n  c o n s u me s  l i me ;  h e n c e  t h e  p H  i s  

c o n s e q u e n t l y  d e c r e a s e d .     



 

 

4-7 

 

 

0

5

10

15

20

25

30

35

40

45

50

8 8.5 9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14

pH
D

e
p

th
 (

m
)

BH1 F4 E4 A5 BH2 Fly ash

 

 

F i g u r e  4 . 8  T h e  p o r e  w a t e r  p H  p r o f i l e  o f  b o r e h o l e s      

 

 

T h e  s a mp l e s  t a k e n  a t  t h e  t o p  o f  t h e  d a m g e n e r a l l y  h a v e  l o we r  p H  v a l u e s  

t h a n  t h o s e  f o u n d  d e e p e r  i n  t h e  F A D ,  w h i c h  c a n  b e  e x p l a i n e d  i n  t e r ms  o f  a  

r e a c t i o n  w i t h  c a r b o n  d i o x i d e . T h e r e  i s  va r i a t i o n  i n  s o me  p H  c u r ve s  

( b o r e h o l e s )  wh i c h  c o u l d  b e  a t t r i b u t e d  t o  a n a l y t i c a l  l i m i t a t i o n s ,  

h e t e r o g e n e i t y  i n  t h e  d a m  a s  we l l  a s  t h e  s a mp l i n g  p r o c e d u r e  o f  ma k i n g  1 . 5  m  

c o mp o s i t e  s a mp l e s .   

 

T h e  E C  d a t a  o f  e x t r a c t e d  p o r e  wa t e r  a r e  e r r a t i c  a t  t h e  t o p  a n d  b o t t o m l a ye r s  

o f  t h e  F A D .  S u c h  v a r i a t i o n  i s  n o t  u n c o m mo n  a s  w a s  a l s o  f o u n d  b y  K o c h  

( 2 0 0 2 )  a n d  F o u r i e  ( 2 0 0 6 ) .  T h e  r e s u l t s  s h o w n  i n  F i gu r e  4 . 9  h a ve  t h e  a ve r a ge  

E C  o f  2 . 2  mS / c m f o r  W F A  w h e r e a s  f r e s h  f l y  a s h  g a v e  a  v a l u e  o f  8  mS / c m,  

w h i c h  i s  a l mo s t  f o u r  t i me s  h i g h e r .  T h e  d i f f e r e n c e  i n  l e a c h i n g  p o t e n t i a l  i s  

a s c r i b e d  t o  t h e  f o r ma t i o n  o f  h y d r a t i o n  p r o d u c t s  i n  t h e  c a s e  o f  W F A 

( Do n a h o e ,  2 0 0 4 ;  G i t a r i  e t  a l . ,  2 0 0 9 ;  Ye h e y i s  e t  a l . ,  2 0 0 9 ;  K o c h ,  2 0 0 2 ) .   
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F i g u r e  4 . 9  T h e  p o r e  w a t e r  E C  p r o f i l e  o f  b o r e h o l e s      

 

 

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

b r i n e s  p r o v i d e s  a  p o t e n t i a l l y  b e t t e r  ma n a ge me n t  t h a n  d i s p o s i n g  d r y  a s h .  

H o we ve r ,  e x a mi n a t i o n  o f  a l l  d a t a  w i l l  l e a d  t o  a n  e n c o mp a s s i n g  c o n c l u s i o n  

o n  t h e  ma t t e r .  

 

4 . 4 .3  Par t ic l e  S i ze  Dis t r i but i on  

 

T h e  P S D  o f  W F A  w a s  c l a s s i f i e d  i n t o  c l a y - ,  s i l t -  a n d  s a n d -p a r t i c l e  s i ze s  

a c c o r d i n g  t o  AS T M  D  4 2 2 -6 3  wh e r e :   

 

C l a y - s i z e d   =  p a r t i c l e s  g r e a t e r  t h a n  1  μ m a n d  s ma l l e r  t h a n  5  μ m  

S i l t - s i ze d  =  p a r t i c l e s  g r e a t e r  t h a n  5  μ m b u t  s ma l l e r  t h a n  7 5  μ m  

S a n d - s i ze d  =  p a r t i c l e s  g r e a t e r  t h a n  7 5  µ m b u t  s ma l l e r  t h a n  4 2 5  µ m  

 

T h e  s u mma r y  o f  P S D  d a t a  p r e s e n t e d  i n  T a b l e  4 . 1  d e mo n s t r a t e s  t h a t  t h e  

c h a r a c t e r i s t i c  P S D o f  t h e  F AD  c l o s e l y  r e s e mb l e s  t h a t  o f  f l y  a s h .  Ho we ve r ,  

t h e r e  i s  s u b s t a n t i a l  v a r i a t i o n  i n  t h e  o v e r a l l  d a t a  wh e n  e x a mi n i n g  t h e  

i n d i v i d u a l  P S D  p r o f i l e s  i n c l u d i n g  t h e  D 5 0  v a l u e s  a p p e n d e d  a s  F i gu r e s  B 4 . 3  

t o  B 4 . 6 .  T h i s  w a s  a t t r i b u t e d  t o  p l a n t  d i s r u p t i o n s  s u c h  a s  b o i l e r  e f f i c i e n c y  
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a l t h o u g h  n o  p r o p e r  r e c o r d s  e x i s t  f o r  v e r i f i c a t i o n  ( M a h l a b a  a n d  P r e t o r i u s ,  

2 0 0 6 ;  G l a s s e r ,  2 0 0 4 ) .   

 

 T a b l e  4 . 1  S u mma r y  o f  P S D d a t a  f o r  t h e  F AD  a n d  f l y  a s h  

 

 

 

 

 

 

 

 

I t  i s  n e v e r t h e l e s s  c o n c l u d e d  t h a t  W F A  i s  s i l t y  a n d  h a s  a  c h a r a c t e r i s t i c  P S D  

p r o f i l e  r e s e mb l i n g  t h a t  o f  f r e s h  f l y  a s h ,  d e s p i t e  t h e  e x i s t e n c e  o f  r e l a t i ve l y  

f i n e r  a n d  c o a r s e r  f r a c t i o n s  s u c h  a s  f o u n d  i n  b o r e h o l e s  E 4  a n d  A5 ,  

r e s p e c t i v e l y .  

 

4 . 4 .4  Var i a t ion  in  E lem enta l  Com posi t ion  

 

T h e  r a n g e  o f  e l e me n t a l  c o mp o s i t i o n  a s  o x i d e s  i n  t h e  F A D  i s  s u mma r i s e d  i n  

T a b l e  4 . 2  a l o n g  w i t h  f i g u r e s  o b t a i n e d  f o r  f r e s h  F A  a n d  f l y  a s h .  T h e  

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

ma t e r i a l  f o r  W F A a p a r t  f r o m  t h e  b r i n e  i n f l u e n c e .  E l e me n t a l  f o r ms  we r e  u s e d  

f o r  t h e  c l a s s i f i c a t i o n  o f  e l e me n t s  i n t o  ma j o r ,  m i n o r  a n d  t r a c e  e l e me n t s .   

 

 

 

 

 

 

 

 

 

 

 

                                                 
2
 D50 is defined as the diameter of sieve through which 50% of particles pass 

Particle size WFA Median Fly ash 

Clay-sized (%) 5 – 77 16 14 

Silt-sized (%) 23 – 83 60 59 

Sand-sized (%) 0 – 64 30 27 

2
D50 (μm) 3 – 120 23 27.5 
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T a b l e  4 . 2  E l e me n t a l  c o mp o s i t i o n  o f  W F A ,  f r e s h  F A  a n d  f l y  a s h   

 

Component Range in WFA (%) Median of WFA (%) 
3
Fresh FA  Fresh fly ash 

SiO2 43.10 - 43.11 43.10 43.31 52.29 

Al2O3 26.01 - 30.89 28.68 31.09 27.51 

Fe2O3 1.91 - 16.62 3.87 2.14 2.77 

CaO 8.46 - 11.05 9.06 8.22 10.64 

MgO 1.50 - 2.33 1.97 1.15 2.24 

SO3 1.45 - 7.44 2.90 4.43 0.40 

Na2O 0.98 - 3.51 1.98 4.48 0.71 

K2O 0.71 - 1.10 0.97 0.79 0.99 

TiO2 1.05 - 1.55 1.46 1.38 1.59 

SrO 0.32 - 0.55 0.45 0.39 - 

BaO 0.19 - 0.35 0.28 0.25 - 

P2O5 0.66 - 1.02 0.89 0.85 0.70 

Cl 0.19 - 1.45 0.49 1.20 - 

MnO 0.05 - 0.13 0.07 0.05 0.06 

3
Fresh FA refers to fine ash which was sampled from an operational FAD and dried; fine ash is a combination of 

fly ash and gasification fines 

 

 

T h u s  a  r a n g e  o f  X R F  r e s u l t s  i s  p r o v i d e d  a s  o x i d e s  i n  T a b l e  4 . 2  w h i l e  

s u b s e q u e n t  d i s c u s s i o n  o f  e l e me n t s  a n d  t h e i r  c l a s s i f i c a t i o n  i n t o  ma j o r ,  m i n o r  

a n d  t r a c e  w i l l  b e  b a s e d  o n  u s i n g  t h e  e l e me n t a l  s y mb o l .  T h i s  d o e s  n o t  i mp l y  

t h a t  t h e  a c t u a l  s p e c i a t i o n  i s  e l e me n t a l .     

 

( a )  Ma jo r  E l ements  

 

M a j o r  e l e me n t s  a r e  d e f i n e d  a s  t h o s e  e l e me n t s  e x c e e d i n g  1 0 %  b y  we i g h t  i n  a  

s a mp l e .  O n l y  s i l i c o n  a n d  a l u mi n i u m c a n  b e  r e f e r r e d  t o  a s  ma j o r  e l e me n t s  i n  

t h e  i n v e s t i ga t e d  F AD .  

 
Si l i con  ( S i )  
 

F i g u r e  4 . 1 0  s h o ws  t h a t  s i l i c o n  ( S i )  r a n ge s  b e t we e n  1 5 %  a n d  2 0 %  i n  a l l  t h e  

b o r e h o l e s  t h r o u g h o u t  t h e  a s h  d a m  w h i l e  f l y  a s h  c o n t a i n s  a p p r o x i ma t e l y  2 3 %  

S i .  T h e r e  i s  n o  a p p r e c i a b l e  va r i a t i o n  o f  S i  w i t h  d e p t h  a n d  b o r e h o l e  b u t  t h e  

h i g h e r  S i  c o n t e n t  o f  f l y  a s h  s u g g e s t s  t h a t  i t  l e a c h e s  i n  t h e  F AD .   
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F i g u r e  4 . 1 0   P r o f i l e  o f  S i  c o n t e n t  i n  b o r e h o l e s   

 

 

Al umi n ium ( Al )  

 

T h e  a l u mi n i u m ( A l )  c o n t e n t  s e e ms  t o  r e ma i n  r e l a t i ve l y  c o n s t a n t  b e t we e n  

1 4 %  a n d  1 6 %  t h r o u gh o u t  t h e  F A D  a s  i l l u s t r a t e d  i n  F i g u r e  4 . 1 1 .  T h e  c o n t e n t  

o f  A l  i n  f l y  a s h  a n d  W F A  c l o s e l y  r e s e mb l e  e a c h  o t h e r ,  i n d i c a t i n g  e f f i c i e n t  

i mmo b i l i s a t i o n  o f  A l .    
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F i g u r e  4 . 1 1   P r o f i l e  o f  A l  c o n t e n t  i n  b o r e h o l e s  
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( b )  M inor  E l ements  

 

M i n o r  e l e me n t s  a r e  d e f i n e d  a s  t h o s e  e l e me n t s  w i t h  c o n c e n t r a t i o n  r a n g i n g  

b e t we e n  1 %  a n d  1 0 % .  T h e y  a r e  c a l c i u m,  i r o n ,  ma gn e s i u m,  a n d  s o d i u m ;  a l l  

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

h y d r a t i o n .  

 

Cal c ium ( Ca)  
 

F i g u r e  4 . 1 2  s h o ws  t h a t  c a l c i u m ( Ca )  p r o f i l e  i s  c o n s i s t e n t  i n  t h e  F A D  wi t h  

s o me  v a r i a t i o n  i n  b o r e h o l e  E 4 .  F l y  a s h  s h o we d  a  s l i g h t l y  h i g h e r  

c o n c e n t r a t i o n  ( 8 % )  o f  C a  t h a n  W F A  ( 6 % ) ,  wh i c h  s u g g e s t s  t h a t  C a  i s  

l e a c h i n g  f r o m t h e  F A D .  
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F i g u r e  4 . 1 2   P r o f i l e  o f  C a  c o n t e n t  i n  b o r e h o l e s  

 

 

I r on  ( Fe)  

 

T h e  c o n c e n t r a t i o n  p r o f i l e  o f  i r o n  ( F e )  i s  h i gh l y  v a r i a b l e  i n  s o me  b o r e h o l e s  

( e . g .  B H1  a n d  E 4 )  a s  d e p i c t e d  i n  F i g u r e  4 . 1 3 .  T h e  va r i a t i o n  i n  F e  c o n t e n t  

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

F A D.  Ne v e r t h e l e s s ,  t h e r e  s e e ms  t o  b e  a  g o o d  c o r r e l a t i o n  b e t we e n  f l y  a s h  

a n d  W F A a r o u n d  2 % .  
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F i g u r e  4 . 1 3   P r o f i l e  o f  F e  c o n t e n t  i n  b o r e h o l e s  

 

 

Sodium ( Na)  

 

T h e  ge n e r a l  p r o f i l e  o f  s o d i u m ( Na )  i s  c o n s i s t e n t  w i t h  d e p t h  i n  mo s t  

b o r e h o l e s  a t  a p p r o x i ma t e l y  1 %  a s  i l l u s t r a t e d  i n  F i gu r e  4 . 1 4 .  I t  i s  i mp o r t a n t  

t o  n o t e  t h a t  W F A  h a s  a  c o n s i s t e n t l y  h i g h e r  N a  c o n t e n t  t h a n  f l y  a s h .  T h i s  

d i f f e r e n c e  c a n  b e  a s s o c i a t e d  w i t h  t h e  r e g e n  b r i n e  t h e  d e t a i l s  o f  wh i c h  we r e  

p r e s e n t e d  i n  Ch a p t e r  3 .   
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F i g u r e  4 . 1 4  P r o f i l e  o f  N a  c o n t e n t  i n  b o r e h o l e s  
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Magnes i um (Mg)  

 

A l l  b o r e h o l e s  d i s p l a y  a  c o n s i s t e n t  a mo u n t  o f  ma g n e s i u m ( M g)  t h r o u gh o u t  

d e p t h s  w h i c h  r e s e mb l e  t h a t  o f  f l y  a s h  a s  s h o wn  i n  F i g u r e  4 . 1 5 .  T h e  

c h a r a c t e r i s t i c  a mo u n t  o f  M g  i s  1 % .  
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F i g u r e  4 . 1 5  P r o f i l e  o f  M g  c o n t e n t  i n  b o r e h o l e s  

 

 

M i n o r  e l e me n t s  s e e m t o  g e n e r a l l y  r e ma i n  c o n s t a n t  t h r o u g h o u t  t h e  F AD  a n d  

r e s e mb l e  f l y  a s h  w i t h  s o me  i n f l u e n c e  o f  b r i n e  i n  t h e  c a s e  o f  N a .   

 

( c )  Tr ace  E l ements  

 

T r a c e  e l e me n t s  a r e  d e f i n e d  a s  t h o s e  e l e me n t s  wh i c h  a r e  l o w e r  t h a n  1 %  i n  

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

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

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

o t h e r s  a r e  a p p e n d e d  i n  F i g u r e s  B 4 . 7  –  B 4 . 1 1 .   

 

Chl or ide  ( C l )  

 

T h e  c h l o r i d e  b e h a v i o u r  i s  c o n s t a n t  i n  t h e  F A D wi t h  a  t y p i c a l  c o n c e n t r a t i o n  

o f  0 . 4 % ,  a n d  s o me  v a r i a t i o n  i n  t h e  c e n t r a l  b o r e h o l e  ( B H1 )  a s  s h o w n  i n  

F i g u r e  4 . 1 6 .  T h e  f l y  a s h  s h o w e d  n o  i d e n t i f i a b l e  p r e s e n c e  o f  C l
-
 wh i c h  

s u g ge s t s  t h a t  i t  o r i g i n a t e s  f r o m t h e  r e ge n  b r i n e .  T h e r e f o r e ,  t h e  va r i a t i o n  i n  
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t h e  q u a n t i t y  o f  C l
-
 i s  a s c r i b e d  t o  t h e  d i s r u p t i o n s  d u r i n g  r e ge n e r a t i o n  

p r o c e s s .   
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F i g u r e  4 . 1 6  P r o f i l e  o f  C l
-
 o f  b o r e h o l e s  

 

 

Sul phur  ( S)  

 

A s  e x p e c t e d ,  t h e  s u l p h u r  ( S )  c o n t e n t  i n  f l y  a s h  i s  l o w  ( c a  0 . 1 % )  i mp l y i n g  

t h a t  a n y  va r i a t i o n  i n  t h e  a b u n d a n c e  o f  S  o r i g i n a t e s  f r o m t h e  b r i n e s  ( K o c h ,  

2 0 0 2 ;  M o o k e t s i  e t  a l . ,  2 0 0 7 ;  M a h l a b a ,  2 0 0 7 ) .  T h e  p r o f i l e  o f  S  i s  s l i gh t l y  

e r r a t i c  w i t h  a  ge n t l e  d e c l i n e  i n  i t s  c o n c e n t r a t i o n  f r o m a p p r o x i ma t e l y  1 . 4 %  

( t o p )  t o  0 . 6 %  ( b o t t o m)  w i t h  d e p t h  i n  mo s t  b o r e h o l e s ,  s e e  F i g u r e  4 . 1 7 .  T h i s  

d r o p  s u g g e s t s  t h a t  S  e i t h e r  l e a c h e s  a t  t h e  b o t t o m o f  t h e  F A D  o r  i t  r e s u l t s  

f r o m t h e  d e t e r i o r a t i o n  o f  a s h  ma k e -u p  w a t e r  d u e  t o  d e s a l i n a t i o n  i n  t e r ms  o f  

S O 4
2 -

.   
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F i g u r e  4 . 1 7  P r o f i l e  o f  S  i n  b o r e h o l e s  

 

 

( d )  Conc lud ing  Remarks  on  E l ementa l  Composi t i on  

 

T h e  m a j o r  o b s e r v a t i o n  f r o m t h e  e x a mi n a t i o n  o f  X R F  d a t a  i s  t h a t  t h e  

q u a n t i t i e s  o f  S ,  C l
-
 a n d  N a  a r e  h i g h e r  i n  t h e  W F A  c o mp a r e d  t o  f l y  a s h .  T h i s  

c a n  b e  e x p l a i n e d  b y  t h e  c o mp o s i t i o n  o f  t h e  b r i n e  wh e r e  t h e s e  e l e me n t s  a r e  

p r e d o mi n a n t .  De t e c t i o n  o f  l o w e r  S i  a n d  C a  q u a n t i t i e s  i n  W F A  c o mp a r e d  t o  

f l y  a s h  c o u l d  i n d i c a t e  l e a c h i n g ,  w h i c h  w a s  u n e x p e c t e d  s i n c e  t h e s e  e l e me n t s  

p a r t a ke  i n  t h e  h yd r a t i o n .   

 

T h e  X R F  r e s u l t s  f u r t h e r  d e mo n s t r a t e  t h a t  mo s t  e l e me n t s  r e ma i n  c o n s t a n t  

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

e l e me n t s  o f  c o n c e r n  o c c u r s  i n  t h e  F A D .  C o n s e q u e n t l y  l e a c h i n g  o f  W F A  w a s  

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

p o r e  wa t e r  q u a l i t y  i n  t e r ms  o f  E C  t h a t  W F A  i s  l e s s  l e a c h a b l e  t h a n  f l y  a s h .   

 

T h e  f o l l o wi n g  s e c t i o n  p r e s e n t s  t h e  mi n e r a l o g y  o f  t h e  W F A  wh i c h  

d e mo n s t r a t e s  t h a t  t h e  e l e me n t s  a r e  c h e mi c a l l y  i mmo b i l i s e d  i n  t h e  F AD .   
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4 . 4 .5  Q uant i ta t i ve  XRD Resul t s  

 

T h e r e  a r e  ge n e r a l  c o n c e r n s  o n  t h e  r e l i a b i l i t y  o f  X R D  r e s u l t s  d u e  t o  s o me  

d e gr e e  o f  d e p e n d e n c e  t o  t h e  o p e r a t o r  a n d  s o f t wa r e  u s e d  f o r  a n a l ys i s .  I t  w a s  

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

c o mp a r i s o n .  T h e  X RD  r e s u l t s  o f  W F A  f r o m L a b  A  a n d  L a b  B  a r e  p r e s e n t e d  

i n  T a b l e s  4 . 3 .  

 

T a b l e  4 . 3  T h e  X R D r e s u l t s  o f  W F A  f r o m L a b  A  a n d  L a b  B  a ga i n s t  f l y  a s h  

  

Component Chemical Formula Lab A (%) Lab B (%) Fly ash 

Mullite Al6Si2O13 10.2 – 21.6 11.4 – 23.2 20.5 

Quartz SiO2 9.3 – 13.6 6.7 – 14.7 10.2 

Lime CaO - - 2.2 

Calcite CaCO3 2.2 – 6.3 0.9 – 6.0 - 

Periclase MgO 0.3 – 1.3 - - 

Pyrrhotite Fe7S8 0.8 – 1.0  0.1 – 2.9 - 

Magnetite Fe3O4 0.1 – 14.1 0.1 – 9.0 - 

Hematite Fe2O3 0.8 – 2.0 1.0 0.7 

Ettringite Ca6Al2(SO4)3(OH)12.26H2O 0.8 – 4.5 5.5 – 11.4 - 

Sillimanite Al2SiO5 0.8 – 2.0 - - 

Rutile TiO2 - 0.1 – 0.7 - 

Anorthite CaAl2Si2O8 - 0.5 – 4.2 - 

Analcime NaAlSi2O6·H2O 0.5 – 1.6 - - 

Amorphous content N/A 56.5 – 62.5 43.6 – 76.3 66.3 

 

 

I t  i s  o b s e r ve d  a n d  c o n c l u d e d  f r o m T a b l e  4 . 3  t h a t  b o t h  l a b o r a t o r i e s  a g r e e  

t h a t  t h e  c o mmo n  mi n e r a l o g i c a l  c o n s t i t u e n t s  i n  t h e  F A D  a r e  t h e  a mo r p h o u s  

p h a s e ,  mu l l i t e ,  q u a r t z ,  e t t r i n g i t e ,  c a l c i t e ,  ma gn e t i t e ,  p y r r h o t i t e  a n d  

h e ma t i t e .  L a b  A  i d e n t i f i e d  t r a c e s  o f  s i l l i ma n i t e ,  p e r i c l a s e  a n d  a n a l c i me  

w h e r e a s  L a b  B  i d e n t i f i e d  t r a c e s  o f  r u t i l e  a n d  a n o r t h i t e .   

 

T h e  a g r e e me n t  o f  r e s u l t s  i n  t e r ms  o f  p r e d o mi n a n t  p h a s e s  a n d  t h e i r  

a b u n d a n c e  g i ve s  c o n f i d e n c e  i n  c o n c l u d i n g  t h a t  c h e mi c a l  we a t h e r i n g  i n d e e d  

o c c u r r e d  i n  t h e  F AD.  T h e  d i f f e r e n c e  i n  t h e  t r a c e  mi n e r a l  p h a s e s  i s  i n f e r r e d  

b y  t h e  l i m i t a t i o n s  o f  X R D  a n d  n o n -h o mo g e n e i t y  i n  a  F A D.  I t  w a s  d e c i d e d  t o  
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u s e  t h e  r e s u l t s  o f  L a b  A  f o r  t h e  d e t a i l e d  d i s c u s s i o n  o f  mi n e r a l o g y  s i n c e  t h e  

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

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

  

Am or phous Conten t  

 

T h e  r e s u l t s  o f  a mo r p h o u s  c o n t e n t  i n  t e r ms  o f  q u a n t i t y  a n d  b e h a v i o u r  w i t h  

d e p t h  p e r  b o r e h o l e  a r e  p r e s e n t e d  i n  F i g u r e  4 . 1 8 .  T h e  a mo r p h o u s  c o n t e n t  

d o e s  n o t  c h a n g e  w i t h  t h e  a ge  o f  W F A  b e t we e n  4  a n d  1 6  y e a r s  o l d ,  ma k i n g  i t  

u n s u i t a b l e  t o  i n d i c a t e  t h e  e x t e n t  a n d  k i n e t i c s  o f  we a t h e r i n g  i n  t h i s  

i n v e s t i ga t i o n .  T h e  a mo r p h o u s  c o n t e n t  i n  t h e  F AD  v a r i e s  a t  a b o u t  6 0 % ,  

w h i c h  i s  a p p r o x i ma t e l y  6 %  l o we r  t h a n  f r e s h  f l y  a s h  ( F i g u r e  4 . 1 8 ) .  T h e  s a me  

p a t t e r n  wa s  a l s o  r e p o r t e d  b y  L a b  B  i n  F i g u r e  B 4 . 1 2  ( a p p e n d i x ) .   
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F i g u r e  4 . 1 8  C o n c e n t r a t i o n  o f  a mo r p h o u s  p h a s e  ( L a b  A )  

 

 

T h e  h i gh  c o n t e n t  o f  a mo r p h o u s  p h a s e  s u g g e s t s  t h a t  W F A  c a n  b e c o me  

r e a c t i v e  i f  a c t i v a t e d  w i t h  l i me  o r  c e me n t  a d d i t i o n  ( T i s h ma c k  a n d  Bu r n s ,  

2 0 0 4 ;  G l a s s e r ,  2 0 0 4 ;  W a r d  a n d  F r e n c h ,  2 0 0 6 ;  S p e a r s  a n d  L e e ,  2 0 0 4 ) .  I t  w i l l  

b e  i mp e r a t i v e  t o  a n a l ys e  t h e  a mo r p h o u s  p h a s e  b e c a u s e  i t  i s  p o s s i b l e  t h a t  t h e  

c o n t e n t  r e ma i n s  t h e  s a me ,  b u t  c h e mi c a l  c o mp o s i t i o n  va r i e s  s i n c e  s o me  

h y d r a t i o n  p r o d u c t s  ma y  b e  a mo r p h o u s  e . g .  C -S -H  g e l  ( G i r ã o  e t  a l . ,  2 0 1 0 ;  

S a ka i  e t  a l . ,  2 0 0 5 ) ;  wh i c h  w i l l  t h e r e f o r e  i n f l u e n c e  r e a c t i v i t y  a n d  t h e  
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u t i l i s a t i o n  p o t e n t i a l  o f  W F A .  E l u c i d a t i o n  o f  t h i s  a s p e c t  i s  b e y o n d  t h e  s c o p e  

o f  t h i s  t h e s i s  a n d  w i l l  r e q u i r e  a  d e d i c a t e d  i n ve s t i ga t i o n  s i n c e  i t  i s  o n l y  

s u p e r f i c i a l l y  a d d r e s s e d  h e r e .   

 

Cr ys ta l l i ne  phases   

 

T h e  mi n e r a l  p h a s e s  a r e  c l a s s i f i e d  i n t o  ma j o r ,  m i n o r  a n d  t r a c e  mi n e r a l s  i n  

t e r ms  o f  t h e i r  r e l a t i ve  a b u n d a n c e  a c c o r d i n g  t o  X R D  r e s u l t s  ( V a n  A l p h e n ,  

2 0 0 5 ) .  T h e  s a me  a b u n d a n c e  r a n g e s  a s  f o r  t h e  c l a s s i f i c a t i o n  o f  e l e me n t s  a r e  

a p p l i c a b l e  i n  t h e  mi n e r a l o g y .    

 

( a )  Ma jo r  Cr ys t a l l ine  Phases  

 

O n l y  mu l l i t e  a n d  q u a r t z  e x c e e d e d  1 0 %  b y  w e i g h t  o f  X RD  c r y s t a l l i n e  p h a s e s  

i n  W F A ,  wh i c h  a r e  d e f i n e d  a s  ma j o r  mi n e r a l s .  M u l l i t e  ( A l 6 S i 2 O 1 3 )  i s  t h e  

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

c o mb u s t i o n  o f  c o a l  w h i l e  q u a r t z  ( S i O 2 )  i s  a  h a r d  S i -mi n e r a l  w h i c h  p e r s i s t s  

d u r i n g  c o mb u s t i o n  ( T i s h ma c k  a n d  Bu r n s ,  2 0 0 4 ;  H l a t s h wa y o  e t  a l . ,  2 0 0 9 ) .   

 

T h e s e  h i g h - t e mp e r a t u r e  mi n e r a l s  a r e  mo r e  s t a b l e  t h a n  a mo r p h o u s  p h a s e  

u n d e r  a t mo s p h e r i c  c o n d i t i o n s  a n d  t h u s  h i g h  a mo r p h o u s  c o n t e n t  i n  W F A  i s  

e x p e c t e d  t o  b e  mo r e  r e a c t i ve  ( W a r d  a n d  F r e n c h ,  2 0 0 6 ;  S o l e m -T i s h ma c k  e t  

a l . ,  1 9 9 5 ;  T i s h ma c k  a n d  B u r n s ,  2 0 0 4 ;  H a y n e s ,  2 0 0 9 ) .  A s  a n t i c i p a t e d  t h e  

q u a n t i t i e s  o f  mu l l i t e  a n d  q u a r t z  r e ma i n e d  c o n s t a n t  i n  t h e  F A D  ( F i gu r e s  

B 4 . 1 3  –  B 4 . 1 4  i n  t h e  a p p e n d i x ) .  

 

( b )  M inor  Cr ys t a l l ine  Phases   

 

T h e  s e c o n d a r y  p h a s e s  wh i c h  q u a l i f y  i n  t h e  d e f i n i t i o n  o f  mi n o r  mi n e r a l s  

( b e t we e n  1  a n d  1 0 % )  a r e  ma g n e t i t e ,  e t t r i n g i t e ,  c a l c i t e  a n d  s i l l i ma n i t e .  T h e y  

a l l  c o n t a i n  o n e  o r  mo r e  o f  t h e  f o l l o wi n g  e l e me n t s :  F e ,  A l ,  S i ,  S  o r  C a ,  

w h i c h  a r e  e l e me n t s  o f  i n t e r e s t  a n d  h e n c e  a r e  d i s c u s s e d  i n  d e t a i l .   
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Magnet i te  

 

M a g n e t i t e  ( F e 3 O 4 )  i s  o n e  o f  t h e  F e -o x i d e s  w h i c h  c a n  f o r m d u r i n g  t h e  

c o mb u s t i o n  o f  c o a l  ( G l a s s e r ,  2 0 0 4 )  b u t  n o n e  wa s  i d e n t i f i e d  i n  f r e s h  f l y  a s h  

f r o m t h e  S yn f u e l s  c o mp l e x .  T h e  a b u n d a n c e  o f  ma g n e t i t e  i n  W F A  i s  h i gh l y  

e r r a t i c  a s  i l l u s t r a t e d  i n  F i gu r e  4 . 1 9  wh i c h  c o u l d  e i t h e r  b e  ge n u i n e  o r  d u e  t o  

a n a l y t i c a l  e r r o r .  
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F i g u r e  4 . 1 9  B e h a v i o u r  o f  ma gn e t i t e  i n  e a c h  b o r e h o l e  

 

 

T h e  r e s u l t s  o b t a i n e d  f r o m L a b  B  f o r  t h e  s a me  s a mp l e s  we r e  t h e n  u s e d  t o  

v e r i f y  t h e  l a r g e  va r i a t i o n  i n  d a t a  o f  ma g n e t i t e  f r o m L a b  A .  F i gu r e  B 4 . 1 5  

( a p p e n d i x )  d e mo n s t r a t e s  t h a t  t h e  p r e s e n c e  o f  ma g n e t i t e  i s  i n d e e d  e r r a t i c  

e s p e c i a l l y  i n  b o r e h o l e s  A5  a n d  E 4 .  T h i s  v a r i a t i o n  a g r e e s  w i t h  X RF  a n a l ys i s  

a n d  t h e  f i n d i n gs  ma d e  b y  K o c h  ( 2 0 0 2 ) .  T h e  h i gh  v a r i a t i o n  i n  ma gn e t i t e  i s  

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

S y n f u e l s  f a c t o r y .    
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Et t r ing i te  

 

T h e  e n v i r o n me n t a l  i mp o r t a n c e  o f  e t t r i n g i t e  l i e s  i n  i t s  s a l t  s i n k i n g  c a p a c i t y  

f o r  c a l c i u m ,  s u l p h a t e  a n d  2 6  –  3 2  mo l e c u l e s  o f  wa t e r  b y  v i r t u e  o f  i t s  v e r y  

l o w  s o l u b i l i t y  ( K l e m m,  1 9 9 8 ;  T i s h ma c k  e t  a l . ,  2 0 0 1 ) .  A  d e t a i l e d  d i s c u s s i o n  

o n  e t t r i n g i t e  wa s  ma d e  i n  Ch a p t e r  2  w i t h  a  s p e c i f i c  r e f e r e n c e  t o  i t s  

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

( Ca 6 [ A l ( O H) 6 ] 2 ( S O 4 ) 3 . 2 6 H 2 O)  w e r e  i d e n t i f i e d  i n  mo s t  b o r e h o l e s  w i t h  t h e  

ma j o r i t y  o f  va l u e s  r a n g i n g  f r o m 1  -  3 %  a s  i l l u s t r a t e d  i n  F i gu r e  4 . 2 0 .   
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F i g u r e  4 . 2 0  B e h a v i o u r  o f  e t t r i n g i t e  i n  b o r e h o l e s  

 

 

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

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

a b u n d a n c e  o f  e t t r i n g i t e  w i t h  d e p t h  ( F i gu r e  4 . 2 0 ) .  T h e  l o w  c o n c e n t r a t i o n  o f  

e t t r i n g i t e  i n  t h e  t o p  l a y e r  i s  a t t r i b u t e d  t o  c a r b o n a t i o n  ( H u i j ge n  e t  a l . ,  2 0 0 5 ;  

C h i  e t  a l . ,  2 0 0 2 ) .  Bo r e h o l e  A 5  s h o ws  t h e  l o we s t  c o n c e n t r a t i o n  a n d  a b s e n c e  

o f  e t t r i n g i t e  a t  s o me  d e p t h s .   

 

T h e  d a t a  f r o m L a b  B  f o r  t h e  s a me  s a mp l e s  w e r e  u s e d  f o r  c o mp a r a t i ve  

p u r p o s e s .  I t  i s  a p p a r e n t  f r o m F i g u r e  B 4 . 1 6  ( a p p e n d i x )  t h a t  i n d e e d  t h e r e  i s  

a n  i n i t i a l  i n c r e a s e  a n d  t h e n  a  r e d u c t i o n  i n  e t t r i n g i t e  c o n c e n t r a t i o n  w i t h  
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d e p t h .  T h e  d a t a  a l s o  c o n f i r m  t h a t  t h e  t o p  l a ye r  o f  t h e  F A D  h a s  a  l o we r  

a b u n d a n c e  o f  e t t r i n g i t e  t h a n  s u b s e q u e n t  d e p t h s  i n  a l l  b o r e h o l e s .  Ho we v e r ,  

t h e  r e s u l t s  f r o m L a b  B  o n  b o r e h o l e  A5  d o  n o t  c o n f i r m  t h e  a b s e n c e  o f  

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

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

f a c t o r s  s u c h  a s  p H  a n d  c a r b o n a t i o n  ( K l e mm,  1 9 9 8 ;  Ca mp b e l l ;  1 9 9 9 ;  C h i  e t  

a l . ,  2 0 0 2 ) .  

 

Cal c i te  

 

T h e  p r o f i l e  o f  c a l c i t e  ( Ca CO 3 )  i s  s h o wn  i n  F i g u r e  4 . 2 1  w i t h  t h e  

c h a r a c t e r i s t i c  a b u n d a n c e  o f  a p p r o x i ma t e l y  3 % ,  a p a r t  f r o m a  f e w  e x c e p t i o n s .  

C a l c i t e  o f t e n  f o r ms  w h e n  a n  a l ka l i n e  ma t e r i a l  i s  e x p o s e d  t o  t h e  a t mo s p h e r e ;  

w h e r e  c a r b o n  d i o x i d e  d i s s o l ve s  t o  f o r m c a r b o n i c  a c i d  wh i c h  d i s s o c i a t e s  a n d  

e v e n t u a l l y  r e a c t s  w i t h  l i me  ( M u r i i t h i  e t  a l . ,  2 0 1 0 ;  J o h a n n e s s o n  a n d  

U t ge n a n n t ,  2 0 0 1 ) .   

 

 

0

2

4

6

8

10

12

0 10 20 30 40 50 60

Depth (m)

C
a
lc

it
e
 (

%
)

BH1 A5 BH2 E4 F4

 

 

F i g u r e  4 . 2 1  B e h a v i o u r  o f  c a l c i t e  i n  b o r e h o l e s  

 

 

T h e  t o p  l a ye r  s e e ms  t o  h a ve  t h e  h i gh e s t  c o n c e n t r a t i o n  o f  c a l c i t e  wh i c h  

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

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

L a b  B  i s  c o n s t a n t  a s  s h o wn  i n  F i g u r e  B 4 . 1 7  ( a p p e n d i x ) ,  l e a v i n g  t h e  p o i n t s  

c i r c l e d  i n  F i gu r e  4 . 2 1  a s  o u t l i e r s .   

 

Si l l imani te  

 

S i l l i ma n i t e  ( A l 2 S i O 5 )  i s  t h e  A l - S i - b e a r i n g  m i n e r a l  w h i c h  i s  s i m i l a r  t o  

m u l l i t e  u n d e r  X R D  a n d  v e r y  s c a r c e  o n  f l y  a s h  b u t  w a s  a l s o  i d e n t i f i e d  

b y  K o c h  ( 2 0 0 2 )  i n  t h e  F A D .  T h e  a b u n d a n c e  o f  s i l l i ma n i t e  p r e d o mi n a n t l y  

v a r i e s  b e t w e e n  1  a n d  1 . 5 %  o f  t h e  i d e n t i f i e d  p h a s e s  a s  s h o wn  i n  F i g u r e  4 . 2 2 .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  p e a k  o f  s i l l i ma n i t e  o v e r l a p s  w i t h  t h a t  o f  mu l l i t e  

w h i c h  c a n  i n f l u e n c e  i t s  i d e n t i f i c a t i o n  i n  t h e  a s h  s a mp l e s .  Ne v e r t h e l e s s ,  t h e  

c o n t e n t  r e ma i n e d  r e l a t i v e l y  u n c h a n g e d  w i t h  d e p t h .  
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F i g u r e  4 . 2 2  B e h a v i o u r  o f  s i l l i ma n i t e  i n  b o r e h o l e s  

 

 

( c )  Tr ace  Cr ys t a l l ine  Phases  

 

T h e  q u a n t i t i e s  o f  p e r i c l a s e ,  a n a l c i me ,  p y r r h o t i t e  a n d  h e ma t i t e  a r e  b e l o w  1 %  

h e n c e  t h e s e  mi n e r a l s  a r e  r e f e r r e d  t o  a s  t r a c e  c r ys t a l l i n e  p h a s e s  i n  t e r ms  o f  

a b u n d a n c e  i n  W F A .  
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Per i c lase  

 

P e r i c l a s e  ( M g O)  i s  t h e  d o mi n a n t  p h a s e  c o n t a i n i n g  M g  i n  f l y  a s h  ( T i s h ma c k  

a n d  B u r n s ,  2 0 0 4 )  wh i c h  wa s  n o t  i d e n t i f i e d  i n  t h e  c o a l  f e e d s t o c k  a n d  f l y  a s h  

( M a t j i e  e t  a l . ,  2 0 0 8 )  d e s p i t e  M g  b e i n g  p r e s e n t  i n  T a b l e  4 . 2  ( X R F  a n a l ys i s ) .  

F i g u r e  4 . 2 3  p r e s e n t s  t h e  b e h a v i o u r  o f  M g  b e a r i n g  mi n e r a l  c a l l e d  p e r i c l a s e ,  

v a r y i n g  b e t w e e n  0 . 5  a n d  1 % .  I t  i s  t h e  f i r s t  t i me  t h a t  p e r i c l a s e  i s  i d e n t i f i e d  

a t  S yn f u e l s  F A D  d e s p i t e  t h e  k n o wl e d g e  o f  a p p r e c i a b l e  q u a n t i t i e s  o f  M g 

w h i c h  a r e  p r e s e n t  i n  s e v e r a l  b r i n e s  ( M a h l a b a ,  2 0 0 7 ;  M o o ke t s i  e t  a l . ,  2 0 0 7 ;  

K o c h ,  2 0 0 2 ) .  
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F i g u r e  4 . 2 3  B e h a v i o u r  o f  p e r i c l a s e  i n  b o r e h o l e s  

 

 

O n e  wo u l d  h a ve  e x p e c t e d  p e r i c l a s e  t o  c o n ve r t  t o  b r u c i t e  ( M g( O H) 2 )  u n d e r  

t h e  c o n d i t i o n s  o f  h y d r a u l i c  a s h  d i s p o s a l .  Ho we v e r ,  o t h e r  r e s e a r c h e r s  h a ve  

ma d e  t h e  s a me  o b s e r v a t i o n  i n  f l y  a s h - w a t e r  p a s t e s  a s  o l d  a s  o n e  y e a r  

( T i s h ma c k  a n d  Bu r n s ,  2 0 0 4 ) .  Ca mp b e l l  ( 1 9 9 9 )  p r e d i c t e d  t h e  f o r ma t i o n  o f  

h y d r o ma g n e s i t e  ( M g 4 ( O H) 2 ( C O 3 ) 3 . H 2 O)  o r  ma g n e s i t e  ( M g CO 3 )  i n  w e a t h e r e d  

a s h ,  w h i c h  wa s  n o t  c o n f i r me d  i n  t h i s  s t u d y .   
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Analc im e  

 

A n a l c i me  ( Na Al S i 2 O 6 · H 2 O )  i s  a  h y d r a t e d  s o d i u m a l u mi n o s i l i c a t e  wh i c h  i s  

v e r y  s c a r c e  i n  w e a t h e r e d  c o a l  a s h e s .  Ho we v e r ,  W a r d  ( 2 0 0 2 )  r e p o r t e d  t h a t  

a n a l c i me  i s  f o u n d  i n  c o a l s  f r o m o t h e r  c o u n t r i e s  w h i l e  M a t j i e  ( 2 0 1 0 )  f o u n d  i t  

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

V a n  A l p h e n  ( 2 0 0 5 )  t r a c e s  o f  a n a l c i me  a r e  a l s o  p r e s e n t  i n  s o me  S o u t h  

A f r i c a n  c o a l  s e a ms ,  n a me l y ,  e M a l a h l e n i  a n d  H i gh v e l d  i n  M p u ma l a n ga  

p r o v i n c e .   

 

K i m a n d  Bu r l e y  ( 1 9 8 0 )  r e p o r t e d  t h a t  a n a l c i me  c o n t a i n s  1 6  N a  a t o ms  w h i c h  

a r e  d i s t r i b u t e d  o v e r  2 4  s i t e s  a n d  t h a t  i t s  o c c u r r e n c e  i s  c o mmo n  i n  a l ka l i n e  

i g n e o u s  r o c k s .  I t s  i d e n t i f i c a t i o n  p r o v i d e s  e v i d e n c e  t h a t  Na  i s  i mmo b i l i s e d  i n  

t h e  a s h  s ys t e ms  a s  h a s  b e e n  d e mo n s t r a t e d  b y  g e o c h e mi s t r y  ( M a h l a b a ,  2 0 0 7 ;  

C a mp b e l l ,  1 9 9 9 ) .  F i g u r e  4 . 2 4  i l l u s t r a t e s  t h a t  t h e  a b u n d a n c e  o f  a n a l c i me  

i n c r e a s e s  w i t h  d e p t h  i n  a l l  t h e  b o r e h o l e s  e x c e p t  b e y o n d  a  d e p t h  o f  4 0  m  

w h e r e  a  d e c l i n e  wa s  o b s e r v e d .    
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F i g u r e  4 . 2 4  Be h a v i o u r  o f  a n a l c i me  i n  a  F A D  

 

 

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

f o r ma t i o n  i s  s l o w  b e c a u s e  X RF  r e s u l t s  d i d  n o t  d e mo n s t r a t e  t h a t  Na  

d i s s i p a t e s  i n  t h e  F A D .  T h e  p r e s e n c e  o f  a n a l c i me  i s  s u b s t a n t i a t e d  b y  t h e  

i d e n t i f i c a t i o n  o f  o t h e r  N a -b e a r i n g  mi n e r a l s  s u c h  a s  t h e r n a d i t e  ( Na 2 S O 4 ) ,  
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N a 2 C a 5 ( S O 4 ) 6 . 3 H 2 O  a n d  z e o l i t e  N a -P 1  ( N a 6 A l 6 S i 1 0 O 3 2 . 1 2 H 2 O )  i n  we a t h e r e d  

c o a l  a s h e s  c o mp i l e d  b y  Do n a h o e  ( 2 0 0 4 ) .  Co n ve r s e l y ,  M e d ve š č e k  e t  a l .  

( 2 0 0 6 )  i d e n t i f i e d  s o d i u m c a l c i u m a l u mi n a t e  s u l p h a t e  h y d r a t e  

( Na Ca 4 A l 2 O 6 ( S O 4 ) 1 . 5 . 1 5 H 2 O)  i n  P o r t l a n d  c e me n t  h y d r a t i o n .  S e v e r a l  

r e s e a r c h e r s  h a ve  p r e p a r e d  a n a l c i me  b y  r e a c t i n g  f l y  a s h  w i t h  Na O H  i n  t h e  

l a b o r a t o r y  ( M e d i n a  e t  a l . ,  2 0 1 0 ;  W a ł e k  e t  a l . ,  2 0 0 8 ;  Q u e r o l  e t  a l . ,  1 9 9 7 ) .   

 

Pyrr ho t i te   

 

P y r r h o t i t e  ( F e 7 S 8 )  i s  t h e  F e - s u l p h i d e  mi n e r a l  w h i c h  wa s  n o t  p r e s e n t  i n  t h e  

f e e d s t o c k  c o a l  ( M a t j i e  e t  a l . ,  2 0 0 8 ) ,  i n d i c a t i n g  t h a t  s o me  r e g i o n s  i n  t h e  F AD 

a r e  r e d u c i n g  s i n c e  c o mb u s t i o n  p r o c e s s  i s  o x i d a t i ve  ( G l a s s e r ,  2 0 0 4 ) .  

P y r r h o t i t e  wa s  d e t e c t e d  b y  b o t h  l a b o r a t o r i e s  w i t h  t h e  a b u n d a n c e  o f  0 . 1  –  

2 . 9 %  a s  s h o wn  i n  T a b l e  4 . 3  a n d  K o c h  ( 2 0 0 2 )  a l s o  i d e n t i f i e d  t h i s  mi n e r a l  i n  

a n o t h e r  F A D .  T h e  r a n d o m e x i s t e n c e  o f  p y r r h o t i t e  i s  d i s p l a y e d  i n  T a b l e  B 4 . 1  

( a p p e n d i x )  w h i l e  f u r t h e r  d e t a i l s  a r e  b e yo n d  t h e  s c o p e  o f  t h i s  p r o j e c t .   

 

T h e  e x i s t e n c e  o f  p y r r h o t i t e  c a n  b e  a t t r i b u t e d  t o  t h e  o n c e -o f f  d i s c h a r ge  o f  

a p p r o x i ma t e l y  3 0  0 0 0  m
3  

o f  b i o l o g i c a l l y  a c t i v e  s l u d ge ;  f r o m t h e  p r o c e s s  

c o o l i n g  t o w e r s  t o  t h e  F AD  d u r i n g  t h e  a n n u a l  s h u t d o w n  ( M a c h o l o ,  2 0 1 0 ) .  

T h i s  p r a c t i c e  i s  n o w d i s c o n t i n u e d  a t  t h e  S y n f u e l s  c o mp l e x .      

 

Hem at i te   

 

H e ma t i t e  ( F e 2 O 3 )  i s  o n e  o f  t h e  F e -o x i d e s  w h i c h  f o r m d u r i n g  t h e  c o mb u s t i o n  

o f  c o a l  ( G l a s s e r ,  2 0 0 4 ) .  Ap p r o x i ma t e l y  1 . 2 %  h e ma t i t e  w a s  o r i g i n a l l y  

p r e s e n t  i n  f r e s h  f l y  a s h  a s  p r e s e n t e d  i n  T a b l e  4 . 3 .  F i gu r e  4 . 2 5  s h o ws  t h a t  

h e ma t i t e  va r i e s  b e t w e e n  0 . 3  a n d  0 . 8 % ,  w h i c h  s u g g e s t s  t h a t  i t s  p o r t i o n  wa s  

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

a b u n d a n c e  o f  p h a s e s  d e p e n d s  o n  t h e  i d e n t i f i e d  mi n e r a l s .   
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F i g u r e  4 . 2 5  Be h a v i o u r  o f  h e ma t i t e  i n  a  F A D  

 

 

4 . 4 .6  Concl ud i ng  Rem arks  on  XRD  

 

F r o m t h e  e x a mi n a t i o n  o f  X RD  d a t a ,  i t  i s  c o n c l u d e d  t h a t  c h e mi c a l  w e a t h e r i n g  

a n d  t h e  f o r ma t i o n  o f  n e w  mi n e r a l s  t o o k  p l a c e  i n  t h e  F A D ;  o w i n g  t o  p o s i t i ve  

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

a n d  M -a l k a l i n i t y  i n  t h e  l e a c h a t e s  o f  W F A  c o mp a r e d  t o  f r e s h  f l y  a s h .  T h e  

c o mp a r i s o n  o f  t h e  q u a n t i t i e s  o f  c r y s t a l l i n e  p h a s e s  b e t we e n  W F A  a n d  f l y  a s h  

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

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

 

S e c o n d a r y  mi n e r a l s  i d e n t i f i e d  i n c l u d e  ma g n e t i t e ,  e t t r i n g i t e ,  c a l c i t e ,  

s i l l i ma n i t e ,  a n a l c i me ,  p y r r h o t i t e  a n d  p e r i c l a s e .  T h e s e  mi n e r a l s  c o n t a i n  t h e  

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

 

4 . 4 .7  Thermal  Ana l ys is  

 

T h e  s a mp l e s  f r o m  t h e  mo s t  r e p r e s e n t a t i ve  b o r e h o l e  we r e  s u b j e c t e d  t o  a  

D i f f e r e n t i a l  S c a n n i n g  C a l o r i me t e r  ( DS C)  a n a l y s i s  t o  p o s s i b l y  a c q u i r e  

a d d i t i o n a l  mi n e r a l o g i c a l  i n f o r ma t i o n .  T h e  DS C  r e s u l t s  o f  f r e s h  f l y  a s h  a n d  

W F A  s h o w e d  t w o  p e a k s  a t  7 5  a n d  4 6 7  º C  w h i c h  c o r r e s p o n d  t o  t h e  f r e e  wa t e r  

e v o l u t i o n  a n d  d e c o mp o s i t i o n  o f  p o r t l a n d i t e ,  r e s p e c t i v e l y  ( P a n e  a n d  Ha n s e n ,  
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2 0 0 5 ) .   

 

H o we ve r ,  W F A  e x h i b i t e d  a d d i t i o n a l  p e a k s  a t  a p p r o x i ma t e l y  1 1 0  a n d  1 8 0  º C  

s u g ge s t i n g  t h e  p r e s e n c e  o f  c a l c i u m h yd r a t e  s i l i c a t e  ( C -S -H )  a n d  h yd r a t e d  

g e h l e n i t e  ( C a 2 A l 2 S i O 2 ( O H) 1 0 . 8 H 2 O ) ,  r e s p e c t i ve l y  ( No c h a i ya  e t  a l . ,  2 0 0 9 ;  

S t e f a n o v i ć  e t  a l . ,  2 0 0 7 ;  Co l e ma n  a n d  M c w h i n n i e ,  2 0 0 0 ;  M u r a t ,  1 9 8 3 ) .  T h e r e  

w a s  n o  e v i d e n c e  o f  F r i e d e l ’ s  s a l t  wh i c h  w o u l d  e x h i b i t  a  p e a k  a t  a r o u n d  3 0 0  

º C  ( Co l e ma n  a n d  M c wh i n n i e ,  2 0 0 0 ;  B i r n i n -Y a u r i  a n d  G l a s s e r ,  1 9 9 8 ) .  I t s  

a b s e n c e  w a s  e x p e c t e d  b e c a u s e  i t ’ s  s t a b l e  a t  p H  >  1 2  a n d  W F A  h a s  a  p H  o f  

9 . 5  ( C s i z ma d i a  e t  a l . ,  2 0 0 0 ) .  T h e  o b s e r v e d  i mmo b i l i s a t i o n  o f  C l
-
 i n  t h e  W F A 

i s  t h e r e f o r e  a s c r i b e d  t o  t h e  a d s o r p t i o n  t o  C -S -H  g e l  ( S a i ka i  e t  a l . ,  2 0 0 6 ;  

B e a u d o i n  e t  a l . ,  1 9 9 0 ;  S u mr a n wa n i c h  a n d  T a n g t e r ms i r i ku l ,  2 0 0 4 ;  D e l a g r a ve  

e t  a l . ,  1 9 9 7 ) .    

 

T h e  C -S -H  i s  a  ma j o r  c o n t r i b u t o r  t o  s t r e n g t h  d e ve l o p me n t  a n d  p r o v i d e s  

a d s o r p t i o n  s i t e s  f o r  n u me r o u s  p o l l u t a n t s  i n c l u d i n g  c h l o r i d e  ( s e e  T a b l e  2 . 6  i n  

C h a p t e r  2 )  i n  t h e  h y d r a t e d  c e me n t  p a s t e s  ( Co l e ma n  a n d  M c wh i n n i e ,  2 0 0 0 ;  

B a l o n i s  e t  a l . ,  2 0 1 0 ) .  H y d r a t e d  ge h l e n i t e  c o mmo n l y  k n o wn  a s  S t r ä t l i n g i t e  i s  

a  c a l c i u m a l u mi n a t e  s i l i c a t e  h yd r a t e  c h a r a c t e r i s e d  b y  p l a t y  c r y s t a l s  

( M t s c h e i  e t  a l . ,  2 0 0 7 ;  T i s h ma c k  a n d  Bu r n s ,  2 0 0 4 ) ,  a n d  i s  r e p o r t e d l y  s t r o n g  

( D i n g  e t  a l . ,  1 9 9 5 ) .  T i s h ma c k  a n d  Bu r n s  ( 2 0 0 4 )  r e p o r t  t h a t  S t r ä t l i n g i t e  h a s  S  

a s  a n  i n t e r l a y e r  i o n  w h i l e  S a i k a i  e t  a l .  ( 2 0 0 6 )  s t a t e  t h a t  Ca  c a n  b e  r e p l a c e d  

b y  a l k a l i  me t a l s .    

 

T h e  u s e  o f  D S C  h a s  p r o ve n  t h a t  X R D  r e q u i r e s  s u p p l e me n t a r y  t e c h n i q u e s  i n  

o r d e r  t o  ge t  a  b e t t e r  m i n e r a l o g i c a l  u n d e r s t a n d i n g .  T h e  D S C  mi c r o g r a p h s  a r e  

a t t a c h e d  i n  F i g u r e s  B 4 . 1 8  a n d  B 4 . 1 9  ( a p p e n d i x ) .   

 

4 . 4 .8  Par t i c le  M orphol ogy   

 

T h i s  s e c t i o n  p r e s e n t s  t h e  F E G  S E M  d a t a  f o r  t h e  d i f f e r e n t  a s h  t yp e s .  T h e  

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

F i g u r e  4 . 2 6 ,  wh i c h  a g r e e s  w i t h  l i t e r a t u r e  ( T i s h ma c k  a n d  B u r n s ,  2 0 0 4 ) .  I t  i s  

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

w i t h  n o n - s p h e r i c a l  mo r p h o l o g i e s  a s  i l l u s t r a t e d  i n  F i g u r e  4 . 2 7 .  
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F i g u r e  4 . 2 6  F E G  S E M  i ma g e s  f o r  r e p r e s e n t a t i ve  S y n f u e l s  f l y  a s h  p a r t i c l e s   

 

 

  

                  

F i g u r e  4 . 2 7  F E G  S E M  i ma g e s  f o r  p e c u l i a r  S y n f u e l s  f l y  a s h  p a r t i c l e s  

 

 

S o me  F E G  S E M  mi c r o gr a p h s  o f  W F A  a l s o  h a v e  c e n o s p h e r e s  a s  d e p i c t e d  i n  

F i g u r e  4 . 2 8 .  T h e  s p h e r i c i t y  a g r e e s  w i t h  h i g h  a mo r p h o u s  c o n t e n t  o f  W F A 

f r o m X R D a n a l y s i s ;  s e e  e x t r a  i ma ge s  a p p e n d e d  i n  F i g u r e  B 4 . 2 0 .  I t  f u r t h e r  

s u b s t a n t i a t e s  t h e  p o s t u l a t e  ma d e  b y  t h e  p r e s e n t  a u t h o r  t h a t  W F A  c a n  s t i l l  b e  

u t i l i s e d  a s  a  p o z z o l a n .  
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F i g u r e  4 . 2 8  F E G  S E M  i ma ge s  s h o wi n g  s p h e r i c i t y  i n  W F A   

 

 

F i g u r e  4 . 2 9  i n t e r e s t i n g l y  s h o ws  t h e  g e l - l i ke  mi c r o gr a p h s  wh i l e  F i g u r e  4 . 3 0  

i l l u s t r 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  p h a s e s  s o me  o f  wh i c h  a r e  n e e d l e - l i ke ,  

h e x a g o n a l ,  a n d  p l a t y  p a r t i c l e s .  T h e  p r e s e n c e  o f  t h e  n e w  p a r t i c l e  

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

mi c r o s t r u c t u r a l  t r a n s f o r ma t i o n  o c c u r r e d  i n  a  F A D  ( Y e h e y i s ,  2 0 0 9 ;  

Z e v e n b e r g e n  e t  a l . ,  1 9 9 6 ;  Ca mp b e l l ,  1 9 9 9 ;  K o l a y  a n d  S i n g h ,  2 0 0 1 ;  L e e  a n d  

S p e a r s ,  1 9 9 7 ) ,  w h i c h  a g r e e s  w i t h  b o t h  X R D  a n d  DS C  r e s u l t s .  G i t a r i  e t  a l .  

( 2 0 0 9 )  a l s o  ma d e  a  s i mi l a r  o b s e r va t i o n  w h e n  c o mp a r i n g  t h e  S E M  

mi c r o g r a p h s  o f  f l y  a s h  a n d  we a t h e r e d  f l y  a s h  o f  E S K OM ’ s  T u t u k a  p o we r  

s t a t i o n .  

 

     

 
F i g u r e  4 . 2 9  F E G  S E M  i m a g e s  d e p i c t i n g  p r e s e n c e  o f  g e l  i n  W F A  
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F i g u r e  4 . 3 0  F E G  S E M  i ma g e s  s h o wi n g  n e w  c r ys t a l l i n e  mi n e r a l s  i n  W F A  

 

 

A  s t u d y  p e r f o r me d  b y  C a mp b e l l  ( 1 9 9 9 )  o n  S o u t h  Af r i c a n  f l y  a s h e s  a l s o  

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

E S K OM ’ s  M a t l a  a n d  K r i e l  p o we r  s t a t i o n s  wh e r e a s  S A S O L ’ s  we a t h e r e d  f l y  

a s h  i n  S a s o l b u r g  ( V a a l t r i a n g l e )  r e ma i n e d  i n d i f f e r e n t .  T h e  S A S OL  d i s p o s a l  

s i t e  i n v e s t i ga t e d  b y  C a mp b e l l  ( 1 9 9 9 )  d i f f e r s  i n  ma n y  a s p e c t s  f r o m t h e  o n e  

u s e d  f o r  t h i s  s t u d y .  T h e  c o mp a r i s o n  o f  S A S O L  o p e r a t i o n s  i s  o u t s i d e  t h e  

s c o p e  o f  t h i s  r e s e a r c h .   

 

T h e  o b s e r ve d  a l t e r a t i o n  i n  mo r p h o l o g y  ma y  a f f e c t  t h e  w o r ka b i l i t y  d u r i n g  t h e  

r e u t i l i s a t i o n  o f  W F A  a s  a  p o z z o l a n ,  a l t h o u g h  t h i s  w i l l  d e p e n d  o n  t h e  n a t u r e  

o f  u t i l i s a t i o n  a n d  q u a n t i t i e s  c o n s u me d  i n  s u c h  a n  a p p l i c a t i o n  ( K e a r s l e y  a n d  

W a i n wr i g h t ,  2 0 0 3 ;  V e r me u l e n ,  2 0 0 1 ;  F e s t e r  e t  a l . ,  2 0 0 8 ;  Ch a n g ,  2 0 0 9 ;  

G l a s s e r ,  2 0 0 4 ;  S a ka i  e t  a l . ,  2 0 0 9 ;  F e r n á n d e z -J i mé n e z  a n d  P a l o mo ,  2 0 0 3 ) .   

 

4 . 5  FRESH SLURRY  

 

F r e s h  s l u r r y  w a s  s a mp l e d  f r o m a n  o p e r a t i o n a l  F AD  ( t h e  s a m e  d a m  wh e r e  

K o c h  (2 0 0 2 )  d r i l l e d  t wo  b o r e h o l e s )  a s  s h o wn  i n  F i g u r e  4 . 3 1 a .  T h i s  s a mp l e  

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

n a t u r a l  c o n d i t i o n s  a s  i l l u s t r a t e d  i n  F i gu r e  4 . 3 1 b ,  a n d  i n i t i a l  c o n d i t i o n s  w e r e  
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k n o wn .   

  

F i g u r e  4 . 3 1  I l l u s t r a t i o n  o f  ( a )  s a mp l i n g  o f  f r e s h  s l u r r y  a n d  ( b )  i t s  c u r i n g  

 

 

I t  w o u l d  p r o v i d e  a n  i n s i g h t  o n  t h e  k i n e t i c s  o f  h y d r a t i o n  ( w e a t h e r i n g  

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

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

2 0 0 2 ) .   

 

4 . 5 .1  Resul ts  and  D iscuss i on  

 

T h i s  s e c t i o n  p r e s e n t s  r e s u l t s  o f  a n  8 -mo n t h  o l d  F A,  wh i c h  i s  y o u n g e r  t h a n  4  

t o  1 6  ye a r s  o f  t h e  F A D  p r e s e n t e d  e a r l i e r .  T h e  f i n d i n g s  c o u l d  g i v e  mo r e  

i n s i g h t  o n  t h e  s h o r t - t e r m  r e a c t i o n  k i n e t i c s  i n  a  s l u r r y  s y s t e m .   

 

( a )  Par t i c l e  S i ze  D is t r ibut ion   

 

T h e  P S D  o f  t h e  F A  d e p i c t e d  i n  F i g u r e  4 . 3 2  i s  d i s t i n c t l y  f i n e r  t h a n  f l y  a s h .  

T h i s  d i s t i n c t i o n  c a n  b e  i n f e r r e d  f r o m  c h e mi c a l  we a t h e r i n g  ( M e mo n  e t  a l . ,  

2 0 0 2 ;  Ze v e n b e r ge n  e t  a l . ,  1 9 9 9 ) .   
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F i g u r e  4 . 3 2  P a r t i c l e  s i z e  d i s t r i b u t i o n  o f  8 -mo n t h  o l d  F A a g a i n s t  f l y  a s h  

 

 

( b )  E l ementa l  and Minera l og i ca l  Pr oper t i es  

 

T h e  e l e me n t a l  c o mp o s i t i o n  ( X R F )  a n d  mi n e r a l o g y  ( X RD)  o f  t h e  8 -mo n t h  o l d  

F A  a r e  c o mp a r e d  a g a i n s t  t h o s e  o f  f l y  a s h  i n  T a b l e s  4 . 4  a n d  4 . 5 ,  

r e s p e c t i v e l y .  I t  i s  o b s e r ve d  i n  T a b l e  4 . 4  t h a t  t h e  a mo u n t s  o f  N a  a n d  C l
-
 

i n c r e a s e d  w h e r e a s  Ca  s l i g h t l y  d e c r e a s e d  i n  t h e  8 -mo n t h  o l d  F A  c o mp a r e d  t o  

f l y  a s h .  T h i s  d i s t i n c t i o n  i s  a s c r i b e d  t o  h y d r a t i o n  o f  F A  w i t h  C A E  a n d  

l e a c h i n g  o f  C a .   
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T a b l e  4 . 4  E l e me n t a l  c o mp o s i t i o n  o f  f l y  a s h  a n d  8 -mo n t h  o l d  F A  

 

 

 

 

T a b l e  4 . 5  s h o ws  t h a t  t h e r e  a r e  mi n e r a l o g i c a l  d i f f e r e n c e s  b e t we e n  t h e  t wo  

s a mp l e s  i n d i c a t i n g  t h e  f o r ma t i o n  o f  a  Na - b e a r i n g  mi n e r a l  ( a n a l c i me ) ,  c a l c i t e  

( Ca CO 3 )  a n d  t r a c e s  o f  p e r i c l a s e  ( M g O )  i n  t h e  F A .  C o n c u r r e n t l y ,  a  d e c r e a s e  

i n  t h e  a mo r p h o u s  c o n t e n t  wa s  o b s e r ve d  a n d  l i me  wa s  b e l o w  t h e  d e t e c t a b l e  

l i m i t  i n  t h e  X R D i n s t r u me n t  u s e d .   

 

M o r p h o l o g i c a l  a n a l ys i s  w i t h  F E G  S E M  s u p p o r t s  t h e  mi n e r a l o g i c a l  d a t a .  I t  i s  

c l e a r  i n  t h e  i ma ge s  t h a t  a l t e r a t i o n  i s  v e r y  mi n i ma l  wh i c h  s u g ge s t s  t h a t  

c u r i n g  f o r  8  mo n t h s  i s  p r o b a b l y  t o o  s h o r t ,  s e e  F i g u r e  B 4 . 2 1  ( a p p e n d i x ) .   

 

 

 

 

 

 

 

 

Component 8-month old FA (%) Fly ash (%) 

SiO2 48.50 47.92 

Al2O3 32.80 32.78 

Fe2O3 2.26 2.05 

CaO 7.95 9.48 

MgO 1.91 1.18 

SO3 0.87 0.51 

Na2O 1.06 0.67 

K2O 0.81 0.92 

TiO2 1.60 1.63 

SrO 0.34 0.57 

BaO 0.25 0.77 

P2O5 1.21 1.07 

Cl 0.15 <0.01 

MnO 0.05 0.05 

Total 99.76 99.60 
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T a b l e  4 . 5  M i n e r a l o g y  o f  f l y  a s h  a n d  8 -m o n t h  o l d  F A  

 

Component Chemical Formula 8-month FA (%) Fly ash (%) 

Mullite Al6Si2O13 19.44 20.53 

Quartz SiO2 9.68 10.24 

Lime CaO - 2.22 

Calcite CaCO3 5.36 - 

Periclase MgO 0.09 - 

Hematite Fe2O3 0.59 0.68 

Analcime NaAlSi2O6·H2O 2.07 - 

Amorphous content N/A 62.78 66.33 

Total N/A 100.01 100.00 

 

 

4 . 6  EFFECT O F CURI NG  TIM E ON FA PROPERTI ES  

 

A  b r i e f  c o mp a r i s o n  i s  ma d e  b e t we e n  a n  8 -mo n t h  o l d  F A  a n d  d r i l l e d  W F A.  

T h i s  a t t e mp t s  t o  e s t a b l i s h  t h e  e f f e c t  o f  c u r i n g  t i me  o n  t h e  w e a t h e r i n g  

p r o c e s s  t a k i n g  p l a c e  i n  F A .  A  d i f f e r e n c e  wa s  o b s e r ve d  i n  P S D  a n d  

mi n e r a l o g y .  T h e  a b s e n c e  o f  e t t r i n g i t e ,  f o r  i n s t a n c e ,  i n d i c a t e s  t h a t  8  mo n t h s  

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

i mp o r t a n t  mi n e r a l  wh i l e  4  y e a r s  wa s  a d e q u a t e  i n  t h e  F A D .  T h i s  a g r e e s  w i t h  

t h e  f i n d i n gs  ma d e  b y  K o c h  ( 2 0 0 2 )  w h o  i d e n t i f i e d  s i l l i ma n i t e  a n d  c a l c i t e  i n  

t h e  o p e r a t i o n a l  F A D a n d  c o l u mn  e x p e r i me n t .  B o t h  o f  t h e s e  i n v e s t i ga t i o n s  b y  

K o c h  ( 2 0 0 2 )  we r e  s h o r t - t e r m .      

 

4 . 7  CONCLUSIONS  

 

I t  i s  c o n c l u d e d  t h a t  a  F A D  h a s  a  c h a r a c t e r i s t i c  P S D  wh i c h  r e s e mb l e s  t h a t  o f  

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

a s h  d i s p o s a l  d e s p i t e  r e p o r t s  t h a t  i t  i s  c o m mo n  i n  t h e  t a i l i n gs  d a ms ,  w h i c h  i s  

a t t r i b u t e d  t o  mo r p h o l o g i c a l  d i f f e r e n c e s  o f  p a r t i c l e s  i n  t h e s e  s y s t e ms .  T h e  

W F A  a n d  f l y  a s h  c a n  b e  c l a s s i f i e d  a s  s i l t y .  I t  i s ,  n e v e r t h e l e s s ,  p o s s i b l e  t o  

f i n d  p e c u l i a r  l a t e r a l  l o c a t i o n s  i n  a  F AD  w h i c h  a r e  e i t h e r  t o o  f i n e  o r  t o o  

c o a r s e  s u c h  a s  b o r e h o l e s  E 4  a n d  A5 ,  r e s p e c t i ve l y .  T h i s  d e v i a t i o n  c o u l d  b e  

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

 

T h e  X RF  d a t a  d e mo n s t r a t e  t h a t  p r e d o mi n a n t  c o n s t i t u e n t s  f r o m b r i n e s  s u c h  

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

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

e n g i n e e r e d .  N o  i n d i c a t i o n  o f  l e a c h i n g  o f  t h e  e l e me n t s  o f  c o n c e r n  wa s  

o b t a i n e d  i n  t h i s  i n v e s t i ga t i o n  e x c e p t  c a l c i u m a n d  s i l i c o n  b a s e d  o n  X RF  

r e s u l t s .  Be s i d e s ,  h i g h e r  l e a c h i n g  p o t e n t i a l  wa s  e x h i b i t e d  b y  t h e  e l e c t r i c a l  

c o n d u c t i v i t y  o f  p o r e  w a t e r  f o r  f l y  a s h  c o mp a r e d  t o  W F A .  T h i s  s u g g e s t s  t h a t  

h y d r a u l i c  a s h  c o -d i s p o s a l  a l o n g  w i t h  s a l i n e  b r i n e s  ma y  b e  e n v i r o n me n t a l l y -

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

 

E x a mi n a t i o n  o f  X RD  d a t a  c o n f i r m e d  t h e  e x i s t e n c e  o f  s e c o n d a r y  p h a s e s ,  

w h i c h  a r e  t h e  h y d r a t i o n  p r o d u c t s  o f  f l y  a s h  a n d  b r i n e s .  T h e  n e wl y  f o r me d  

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

a n d  c a l c i t e  i n  a n  a s c e n d i n g  o r d e r  o f  a b u n d a n c e .  T h e  DS C  a n a l y s i s  o n  

s e l e c t e d  W F A  s a mp l e s  h i g h l i gh t e d  t h e  e x i s t e n c e  o f  a d d i t i o n a l  s e c o n d a r y  

p h a s e s ,  n a me l y ,  C - S -H  g e l  a n d  h yd r a t e d  g e h l e n i t e  ( S t r ä t l i n g i t e ) .  T h e  

i mp o r t a n c e  o f  C -S - H  g e l  a n d  S t r ä t l i n g i t e  l i e s  i n  t h e i r  c o n t r i b u t i o n  t o  

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

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

 

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

4  a n d  1 6  ye a r s ,  i mp l y i n g  t h a t  c h e mi c a l  we a t h e r i n g  s i g n i f i c a n t l y  o c c u r s  

w i t h i n  4  y e a r s  i n  a n  a l k a l i n e  e n v i r o n me n t  w i t h  s u p e r s a t u r a t e d  b r i n e s .  

H o we ve r ,  t h e  X R D a n a l y s i s  o f  8 -mo n t h  o l d  F A  l a c k e d  t h e  ma j o r i t y  o f  

s e c o n d a r y  mi n e r a l s ,  n a me l y ,  e t t r i n g i t e ,  ma g n e t i t e  a n d  p y r r h o t i t e  i d e n t i f i e d  

a f t e r  4  y e a r s .  T h i s  w a s  c o n f i r me d  b y  mo r p h o l o g i e s  o f  p a r t i c l e s  o b t a i n e d  

d u r i n g  F E G  S E M  a n a l ys i s .  

 

T h e  h i gh  c o n t e n t  o f  g l a s s y  p h a s e  ( a mo r p h o u s )  a n d  l a c k  o f  a l t e r a t i o n  i n  

c e r t a i n  p h y s i c a l  p r o p e r t i e s  i n d i c a t e  t h a t  W F A  c a n  b e  u t i l i s e d  a s  a  p o z z o l a n ;  

p r o b a b l y  w i t h  l i me  a d d i t i o n  o wi n g  t o  r e d u c e d  p H  o f  p o r e  wa t e r  t o  9 . 5 .  I t  i s  

i mp e r a t i ve  t o  d e t e r mi n e  t h e  c h e mi c a l  c o mp o s i t i o n  o f  a mo r p h o u s  p h a s e  a n d  

e s t i ma t e  t h e  d e g r e e  o f  r e a c t i v i t y .    



 

 

 

CHAPTER 5  
 

RESULTS AND DISCUSSION 

 

5 .1  B AC K GR OUN D  

 

T h e  p u r p o s e  o f  C h a p t e r  5  i s  t o  p r o v i d e  d e t a i l e d  a n a l y s i s  o f  t h e  r e s u l t s  

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

C h a p t e r  3 .  T h e  d i s c u s s i o n  a n d  i n t e r p r e t a t i o n  a r e  m a d e  a g a i n s t  t h e  l i t e r a t u r e  

s u r v e y  p r e s e n t e d  i n  C h a p t e r  2 .   

 

“Whenever a theory appears to you as the only possible one, take this as a sign that you have neither 
understood the theory nor the problem which it was intended to solve.” Karl Popper (philosopher: 
1902 – 1994) 
 

5 .2  EF F EC T  OF  B RI N E C O M P OSI T I ON   

 

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

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

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

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

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

t h e  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  w a s  a l s o  d e t e r m i n e d  a f t e r  2 8  d a y s  o f  

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

 

T h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  s a l t s  i s  p r i n c i p a l l y  e x p r e s s e d  a s  [ Y ] ,  w h e r e  

s q u a r e  b r a c k e t s  ‘ [  ] ’  i n d i c a t e  t h e  c o n c e n t r a t i o n  o f  t h e  i o n i c  s p e c i e s  Y  i n  g / l .  

D e i o n i s e d  w a t e r  i s  a b b r e v i a t e d  a s  D w a t e r  i n  t h e  g r a p h s  a n d  t a b l e s  t o  

s i m p l i f y  i l l u s t r a t i o n  o f  d a t a .  
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5 .2 .1  F lo w  Con e s  

 

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

f u n c t i o n  o f  T o t a l  S u s p e n d e d  S o l i d s  ( T S S )  i . e .  e x c l u d i n g  t h e  i n f l u e n c e  o f  

b r i n e  s a l i n i t y  a r e  p r e s e n t e d  i n  F i g u r e  5 . 1 .  L o w  v a l u e s  o f  e f f l u x  t i m e  

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

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

o f  t h e  m i x i n g  w a t e r  ( T o r r a n c e  a n d  P i r n a t ,  1 9 8 4 ;  B o g e r  e t  a l . ,  2 0 0 6 ,  2 0 0 8 ) .  
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F i g u r e  5 . 1    E f f l u x  t i m e s  f o r  v a r i o u s  p a s t e s  a s  a  f u n c t i o n  o f  f l y  a s h  

 

 

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

( e s p e c i a l l y  a b o v e  6 5 %  f l y  a s h  c o n t e n t )  a  h i g h e r  w o r k a b i l i t y  c o m p a r e d  t o  

b r i n e - b a s e d  p a s t e s ,  w i t h  s a l t y  w a t e r  e x h i b i t i n g  t h e  l o w e s t  w o r k a b i l i t y  a n d  

r e g e n  b r i n e  f a l l i n g  i n  b e t w e e n .  T h e  a v e r a g e  e f f l u x  t i m e s  o f  1 8 ,  3 0 ,  a n d  9 1  

s e c o n d s  w e r e  o b t a i n e d  i n  p a s t e s  c o n t a i n i n g  6 7 . 5 %  f l y  a s h  c o n t e n t  ( T S S )  

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

 

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

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

A S T M  C  9 3 9  r e c o m m e n d s  t h e  u s e  o f  t h i s  m e t h o d  f o r  m a t e r i a l s  w i t h  e f f l u x  

t i m e s  n o t  e x c e e d i n g  3 5  s e c o n d s .   
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T h e  c u r r e n t  a u t h o r  d i s a g r e e s  w i t h  t h i s  r e c o m m e n d a t i o n  i n  t h i s  r e s e a r c h  

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

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

c o n e  r u n s  e m p t y .   

 

S a l t y  w a t e r  c o n t a i n s  1 0 8  g / l  T o t a l  D i s s o l v e d  S o l i d s  ( T D S )  w h i c h  o t h e r  

r e s e a r c h e r s  r e f e r  t o  a s  1 0 . 8 %  s a l i n i t y  w h i l e  r e g e n  b r i n e  c o n t a i n s  

a p p r o x i m a t e l y  4 0  g / l  T D S .  T h e  c h e m i c a l  a n a l y s e s  o f  t h e s e  b r i n e s  w e r e  

p r o v i d e d  i n  T a b l e  3 . 1  i n  C h a p t e r  3 .   

 

I f  t h e  T o t a l  S o l i d s  ( T S )  r a t h e r  t h a n  j u s t  t h e  s u s p e n d e d  s o l i d s  a r e  t a k e n  i n t o  

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

r e d u c e d  s u b s t a n t i a l l y  ( F i g u r e  5 . 2 ) .  T h e  c u r v e s  a r e  a l m o s t  s u p e r i m p o s e d  

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

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

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

i n  t e r m s  o f  w o r k a b i l i t y .  T o r r a n c e  a n d  P i r n a t  ( 1 9 8 4 )  m a d e  a  s i m i l a r  

o b s e r v a t i o n  w h e n  s t u d y i n g  m a r i n e  c l a y s .  
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F i g u r e  5 . 2    E f f l u x  t i m e s  f o r  v a r i o u s  p a s t e s  a s  a  f u n c t i o n  o f  T o t a l  S o l i d s  

 

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

c o m p o s i t i o n  a l t h o u g h  d i v e r s i o n  i s  o b s e r v e d  b e y o n d  6 9 %  T S .  H o w e v e r ,  

M a h l a b a  ( 2 0 0 7 )  m a d e  a  c o n t r a s t i n g  o b s e r v a t i o n  w h e n  h e  e x a m i n e d  t h e  t i m e  
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d e p e n d e n c e  o f  p a s t e  f l o w a b i l i t y  a n d  f o u n d  t h a t  i t  i s  a f f e c t e d  b y  b r i n e  

c o m p o s i t i o n .  T h a t  e x p e r i m e n t  t o o k  a p p r o x i m a t e l y  9 6  h o u r s  d u r i n g  w h i c h  

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

f l o w  c o n e  i n v e s t i g a t i o n  i s  t h e  d u r a t i o n  w h i c h  w a s  b e l o w  1 0 0  s e c o n d s .   

 

5 .2 .2  Cor re la t ion  o f  F low  Cones  

 

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

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

s a m p l e  v o l u m e  r e q u i r e d  b y  t h e  f o r m e r .  H o w e v e r ,  i t  w a s  i m p e r a t i v e  t o  

e s t a b l i s h  a  c o r r e l a t i o n  b e t w e e n  t h e  t w o  f l o w  c o n e s .   

 

T h e  p a s t e s  w e r e  p r e p a r e d  w i t h  d e i o n i s e d  w a t e r  a n d  i n c r e a s i n g  

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

f r o m  F i g u r e  5 . 3  t h a t  t h e  u p p e r  l i m i t s  f o r  s t a n d a r d  f l o w  c o n e  a n d  m o d i f i e d  

f l o w  c o n e  w e r e  7 0 %  a n d  6 6 %  f l y  a s h  c o n t e n t s ,  r e s p e c t i v e l y .    
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F i g u r e  5 . 3  C o m p a r i s o n  o f  r e s u l t s  f r o m  t w o  f l o w  c o n e s  

 

 

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

t e r m s  o f  t h e i r  d i m e n s i o n s ,  a s  i l l u s t r a t e d  i n  F i g u r e  5 . 4 .  T h e  h e i g h t  a n d  i n l e t  

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

m o d i f i e d  f l o w  c o n e .  T h e  o u t l e t  d i a m e t e r  o f  t h e  f o r m e r  i s  1 2 . 7  m m  w h i l e  t h a t  

o f  t h e  l a t t e r  i s  8  m m .      
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F i g u r e  5 . 4  C o m p a r i s o n  o f  d i m e n s i o n s  f o r  t w o  f l o w  c o n e s  

 

 
5 .2 .3  R h eo l og y  

 

T h e  e x p e r i m e n t s  p r e s e n t e d  i n  s e c t i o n  5 . 2 . 1  w e r e  r e p e a t e d  w i t h  t h e  u s e  o f  a  

r h e o m e t e r  t o  s t u d y  w o r k a b i l i t y  i n s t e a d  o f  f l o w  c o n e s .  F i g u r e  5 . 5  

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

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

f l y  a s h  c o n t e n t  a n d  v i c e  v e r s a  ( T o r r a n c e  a n d  P i r n a t ,  1 9 8 4 ) .  A s  e x p e c t e d ,  t h e  

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

a l . ,  2 0 0 6 ,  2 0 0 8 ) .  
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F i g u r e  5 . 5    Y i e l d  s t r e s s  f o r  v a r i o u s  p a s t e s  a s  a  f u n c t i o n  o f  f l y  a s h  

 
 

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

w o r k a b i l i t y  o f  p a s t e s  a s  i l l u s t r a t e d  i n  F i g u r e  5 . 6 .  T h e  f i n d i n g s  m a d e  w i t h  a  

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

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

b e  t a k e n  i n t o  a c c o u n t  i n  t h e  s u b s e q u e n t  t e s t s .  I t  i s  a l s o  p o s s i b l e  t o  f i t  a n  

e q u a t i o n  t o  t h e  d a t a  a n d  p r e d i c t  y i e l d  s t r e s s  a s  a  f u n c t i o n  o f  T S ,  s e e  

a p p e n d i x  C  ( F i g u r e  C 5 . 1 ) .  
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F i g u r e  5 . 6  Y i e l d  s t r e s s  a s  a  f u n c t i o n  o f  T o t a l  S o l i d s  
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5 .2 .4  C o nc lus io n s  o n  W o r ka b i l i t y  T e s ts  

 

T h e  u s e  o f  a  r h e o m e t e r  e n a b l e d  t h e  s t u d y  o f  w o r k a b i l i t y  i n  t e r m s  o f  y i e l d  

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

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

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

b e  m e a s u r e d  w i t h  f l o w  c o n e s ) .  I t  w a s  t h e r e f o r e  d e c i d e d  t o  u s e  t h e  r h e o m e t e r  

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

 

T h e  u s e  o f  f l o w  c o n e s  i s  l i m i t e d  t o  l e s s  v i s c o u s  p a s t e s  d u e  t o  b l o c k a g e s .  

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

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

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

 

I t  i s  a l s o  c o n c l u d e d  f r o m  F i g u r e s  5 . 2  a n d  5 . 6  t h a t  t h e  p r e s e n t a t i o n  o f  

w o r k a b i l i t y  i n v o l v i n g  b r i n e s  r e q u i r e s  t h e  a d o p t i o n  o f  e q u a t i o n  5 . 1  

( P r e t o r i u s ,  2 0 1 0 ) .  

T S  =  T S S  +  T D S  … … … … … … … … … … … … … … … … … … … … … … … … …  ( 5 . 1 )   

W h e r e :   

T S   =  T o t a l  S o l i d s  ( g / l )  

T S S   =  T o t a l  S u s p e n d e d  S o l i d s  i . e .  f l y  a s h  c o n t e n t  ( g / l )  

T D S   =  T o t a l  D i s s o l v e d  S o l i d s  i n  b r i n e  ( g / l )  

  

5 .2 .5  U n co n f ine d  C o m pr e s s i ve  S t r en g t h  

 

T h e  r e s u l t s  o f  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  ( U C S )  f o r  p a s t e s  

c o n t a i n i n g  d i f f e r e n t  b r i n e s  a n d  6 8 %  f l y  a s h  a r e  p r e s e n t e d  i n  F i g u r e  5 . 7 .  T h e  

r e g e n  b r i n e  p a s t e  g a v e  t h e  h i g h e s t  U C S  v a l u e  o f  1  8 4 0  k P a  f o l l o w e d  b y  s a l t y  

w a t e r  p a s t e  w i t h  1  6 5 0  k P a .  D e i o n i s e d  w a t e r  b e a r i n g  p a s t e  g a v e  a  m a r k e d l y  

l o w e r  U C S  v a l u e  o f  6 5  k P a .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  c o m p o s i t i o n  o f  

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

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

c o m p o s i t i o n  o f  t h e  b r i n e  a s  r e p o r t e d  b y  M a h l a b a  ( 2 0 0 7 )  a n d  M a h l a b a  a n d  

P r e t o r i u s  ( 2 0 0 6 ) .  
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F i g u r e  5 . 7  I n f l u e n c e  o f  b r i n e  t y p e  o n  c o m p r e s s i v e  s t r e n g t h  

 

 

( a )  E f fec t  o f  Cur ing  T ime  on  UCS  

 

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

b y  c o m p a r i n g  p a s t e s  o f  d i f f e r e n t  a g e s .  F i g u r e  5 . 8  s h o w s  t h a t  a  s u b s t a n t i a l  

i n c r e a s e  i n  U C S  o c c u r s  b e t w e e n  2 8  a n d  1 5 0  d a y s .  T h e  U C S  v a l u e s  o f  p a s t e s  

c o n t a i n i n g  s a l t y  w a t e r  a n d  r e g e n  b r i n e  i n c r e a s e d  f r o m 1  6 5 0  a n d  1  8 4 0  k P a  

t o  3  0 0 0  a n d  4  1 0 0  k P a ,  r e s p e c t i v e l y .  T h i s  i n c r e a s e  i n  U C S  w i t h i n  1 5 0  d a y s  

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

b r i n e s .   
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F i g u r e  5 . 8  E f f e c t  o f  c u r i n g  t i m e  o n  U C S  d e v e l o p m e n t  

 

 

C o m p a r e d  t o  b r i n e  p a s t e s ,  n o  a p p r e c i a b l e  i m p r o v e m e n t  i n  t h e  U C S  o f  p a s t e s  

b e a r i n g  d e i o n i s e d  w a t e r  w a s  a c h i e v e d  s i n c e  i t  o n l y  r o s e  f r o m  6 5  t o  2 2 5  k P a ,  

w h i c h  i s  b e l o w  t h e  5 0 0  k P a  t a r g e t .  T h i s  d i f f e r e n c e  i n  b e h a v i o u r  i n d i c a t e s  

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

d e v e l o p m e n t  o f  f l y  a s h  p a s t e s  ( A k i n k u r o l e r e  e t  a l . ,  2 0 0 7 ;  T a y l o r  a n d  

K u w a i r i ,  1 9 7 8 ) .  O t h e r  r e s e a r c h e r s  h a v e  a l s o  m a d e  a  s i m i l a r  o b s e r v a t i o n  a n d  

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

s a l i n e  m i n e  w a t e r s  ( P a l a r s k i  e t  a l . ,  2 0 1 1 ;  S a w  a n d  V i l l a e s c u s a ,  2 0 1 1 ) .  

 

5 .3  INFLUENCE OF  BRINE  SAL IN ITY   

 

S o  f a r  i t  h a s  b e e n  e s t a b l i s h e d  t h a t  b o t h  s a l i n i t y  ( T D S )  a n d  c h e m i c a l  

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

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

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

o f  s a l i n i t y  u s i n g  d e i o n i s e d  w a t e r .   
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( a )  Y ie ld  S t ress  

 

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

p r e p a r a t i o n  a r e  p r o v i d e d  i n  F i g u r e  5 . 9 .  I t  i s  d e m o n s t r a t e d  t h a t  s a l i n i t y  o f  

b r i n e  i n f l u e n c e s  t h e  w o r k a b i l i t y  o f  p a s t e .  F o r  i n s t a n c e ,  a  p a s t e  c o n t a i n i n g  

6 8 %  f l y  a s h  a n d  b r i n e  w i t h  ≤  4 0  g / l  s a l i n i t y  h a s  a  y i e l d  s t r e s s  o f  

a p p r o x i m a t e l y  1 2 0  P a  w h e r e a s  a  p a s t e  p r e p a r e d  w i t h  8 5  g / l  s a l i n e  b r i n e  g a v e  

a  y i e l d  s t r e s s  o f  2 8 0  P a .  S u c h  a n  i n c r e a s e  i n  s a l i n i t y  r e s u l t e d  i n  o v e r  1 0 0 %  

i n c r e a s e  i n  y i e l d  s t r e s s  b e t w e e n  t h e s e  p a s t e s .  
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F i g u r e  5 . 9  E f f e c t  o f  b r i n e  s a l i n i t y  o n  y i e l d  s t r e s s  

 

 

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

l e s s  w o r k a b l e  p a s t e  i n  a  g i v e n  S : L  r a t i o  ( T o r r a n c e  a n d  P i r n a t ,  1 9 8 4 ) .  T h e  

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

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

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

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

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

 

( b )  Unconf ined  Compress ive  S t reng th  

 

T h e  r e s u l t s  o f  U C S  f o r  p a s t e s  p r e p a r e d  w i t h  a  f i x e d  f l y  a s h  c o n t e n t  ( 6 8 % )  

a n d  b r i n e  s o l u t i o n s  o f  v a r y i n g  s a l i n i t y  a r e  p r e s e n t e d  i n  F i g u r e  5 . 1 0 .   
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F i g u r e  5 . 1 0  E f f e c t  o f  b r i n e  s a l i n i t y  o n  c o m p r e s s i v e  s t r e n g t h  

 

 

I t  i s  e v i d e n t  t h a t  t h e r e  i s  a n  i n c r e a s e  i n  U C S  w i t h  s a l i n i t y  u p  t o  4 0  g / l  

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

t h a t  a  s a l i n i t y  o f  a t  l e a s t  4 0  g / l  i n  a  s p e c i f i c  b r i n e  c o m p o s i t i o n  i s  r e q u i r e d  

f o r  o p t i m u m  s t r e n g t h  g a i n .   

 

( c )  Conc lud ing  Remarks  on  Br ine  Sa l in i t y  

 

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

w o r k a b i l i t y  t h a n  o n  c o m p r e s s i v e  s t r e n g t h .  F o r  i n s t a n c e ,  t h e  u s e  o f  4 0  g / l  

a n d  8 5  g / l  b r i n e  s a l i n i t i e s  a s  m i x i n g  l i q u i d s  p r o d u c e d  t h e  s a m e  m e c h a n i c a l  

p r o p e r t i e s  o f  a p p r o x i m a t e l y  1  5 0 0  k P a  w h i l e  a  d i f f e r e n c e  i n  y i e l d  s t r e s s  w a s  

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

b r i n e  b e  m a i n t a i n e d  b e t w e e n  4 0  –  6 0  g / l  r a n g e  f o r  g o o d  p a s t e  p r o p e r t i e s ,  

l a b e l l e d  i n  F i g u r e s  5 . 9  a n d  5 . 1 0 .   

 

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

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

t o  t h e  p r e v a l e n t  b r i n e  c o m p o n e n t s .   
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5 .4  EVAL UATION OF  CHL O RIDE  COMPOUN DS 

   

A s  d i s c u s s e d  i n  C h a p t e r  2  t h e  m a j o r i t y  o f  l i t e r a t u r e  i n v e s t i g a t e s  t h e  i m p a c t  

o f  c h l o r i d e s  o n  t h e  s e t t i n g  a n d  c o r r o s i o n  o f  r e i n f o r c e d  c o n c r e t e  ( B a l o n i s  e t  

a l . ,  2 0 1 0 ;  N e i t h a l a t h  a n d  J a i n ,  2 0 1 0 ;  A r y a  e t  a l . ,  1 9 9 0 ;  B a r b e r o n  e t  a l . ,  

2 0 0 5 ) .  T h e  p r e s e n t  s t u d y  e v a l u a t e s  t h e  i n f l u e n c e  o f  t h e  i n c r e a s i n g  [ C l - ]  i n  

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

 

( a )  Se t t l eab i l i t y   

 

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

i n f l u e n c e  t h e  s e t t l i n g  o f  f l y  a s h  s l u r r i e s  ( r e s u l t s  s h o w n  i n  F i g u r e s  5 . 1 1  a n d  

5 . 1 2 ) .  T h e  i n i t i a l  v o l u m e  o f  t h e  s l u r r i e s  w a s  a p p r o x i m a t e l y  4 5  m l  a n d  

s e t t l i n g  o c c u r r e d  w i t h i n  3 0  m i n u t e s .   

 

T h e  s e t t l e d  a s h  b e d  w a s  a p p r o x i m a t e l y  1 7  m l  f o r  s l u r r i e s  c o n t a i n i n g  1 2  g / l  

C l -  d e r i v e d  f r o m  N a C l ,  C a C l 2 ,  a s  w e l l  a s  1 : 1  r a t i o  o f  N a C l  a n d  C a C l 2  

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

d e i o n i s e d  w a t e r .  O n  t h e  o t h e r  h a n d ,  t h e  s e t t l i n g  o f  t h e  s l u r r y  w i t h  H C l  

s t a b i l i s e d  a t  a p p r o x i m a t e l y  2 5  m l ,  a s  d e p i c t e d  i n  F i g u r e  5 . 1 1 .  T h e  t i m e  

d e p e n d e n c e  o f  t h e  s e t t l i n g  r a t e  i s  i l l u s t r a t e d  i n  F i g u r e  5 . 1 2 .  

 

 

 

F i g u r e  5 . 1 1  I l l u s t r a t i o n  o f  c h l o r i d e  i n f l u e n c e  o n  s l u r r y  s e t t l i n g  
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 x   1: 1 NaCl + CaCl2

  

F i g u r e  5 . 1 2   S e t t l i n g  r a t e  o f  s l u r r i e s  b e a r i n g  C l -  s o l u t i o n s  a s  a  f u n c t i o n  o f  

t i m e  

 

 

T h e  p H  o f  t h e  s u p e r n a t a n t s  w a s  r e c o r d e d  a t  t h e  e n d  o f  t h e  e x p e r i m e n t  i . e .  

a f t e r  3 0  m i n u t e s .  T h e  p H  w a s  a p p r o x i m a t e l y  1 2 . 0  f o r  a l l  t h e  s l u r r i e s  e x c e p t  

t h a t  c o n t a i n i n g  H C l  w h i c h  g a v e  a  v a l u e  o f  7 . 8 .  

 

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

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

s l u r r y  b e a r i n g  d e i o n i s e d  w a t e r ,  t h e  p H  p l a y s  a  r o l e .  T h e  H C l  s o l u t i o n  

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

t h i c k e r  f l y  a s h  b e d  b y  4 7 % .  I n  p r a c t i c a l  t e r m s  t h i s  i m p l i e s  a n  i n c r e a s e  i n  

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

 

T h e  e x p a n s i o n  o f  t h e  a s h  b e d  w i t h  H C l  c o u l d  b e  a  r e s u l t  o f  r e p u l s i v e  f o r c e s  

d u e  t o  d i f f e r e n c e s  i n  t h e  s u r f a c e  c h a r g e  ( D o n a h o e ,  2 0 0 4 ;  V i e t t i  a n d  D u n n ,  

2 0 0 6 ;  S t o c k s ,  2 0 0 6 ) .  Z e t a  p o t e n t i a l  i s  l i k e l y  t o  p r o v i d e  a  d e f i n i t i v e  a n s w e r  

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

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

w i t h  p H  a n d  d i l u t i o n  ( V i e t t i  a n d  C o g h i l l ,  2 0 0 6 ) .  F r o m  t h e  v i e w p o i n t  o f  

p r a c t i c a l  i m p l e m e n t a t i o n  t h e  H C l  s c e n a r i o  i s  h i g h l y  u n l i k e l y .  I t  i s  n e c e s s a r y  
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t o  b e  a w a r e  o f  t h i s  f a c t  t h a t  p H  p l a y s  a  r o l e  b u t  d o e s  n o t  r e q u i r e  t h o r o u g h  

i n v e s t i g a t i o n  i n  t h i s  t h e s i s .   

 

(b )  Y ie ld  S t ress  

 

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

e x p e c t e d  t o  b e :  y i e l d  s t r e s s  ( H C l  p a s t e )  < <  y i e l d  s t r e s s  ( N a C l  p a s t e )  <  y i e l d  s t r e s s  

( C a C l 2  p a s t e )  a c c o r d i n g  t o  t h e  T D S  ( o r  m o l a r  m a s s e s  o f  t h e  c a t i o n s )  a t  t h e  

e q u i v a l e n t  [ C l - ] s .   

 

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

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

s h o w n  i n  F i g u r e  5 . 1 3  f r o m  t h e  a b o v e  p r e d i c t i o n ,  a f f i r m s  t h a t  c h e m i c a l  

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

o f  p a s t e .  N a C l  s e e m e d  t o  s l i g h t l y  r e d u c e  p a s t e  w o r k a b i l i t y  w h e r e a s  C a C l 2  

g a v e  a  m a r g i n a l l y  h i g h e r  w o r k a b i l i t y  a n d  H C l  f e l l  i n  b e t w e e n .   
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F i g u r e  5 . 1 3  E f f e c t  o f  c h l o r i d e  c o m p o u n d s  o n  y i e l d  s t r e s s  

 

 

T h e  i n c r e a s e  i n  [ C l - ]  f r o m  6  t o  2 4  g / l  d i d  n o t  s e e m  t o  a p p r e c i a b l y  a f f e c t  t h e  

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

a n d  C a C l 2 .  T h i s  u n c l e a r  t r e n d  w a s  a s c r i b e d  t o  s a l i n i t i e s  b e i n g  l o w e r  t h a n  4 0  

g / l  a s  e s t a b l i s h e d  e a r l i e r .  

 HCl 
▲ CaCl2 

 NaCl 
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T h e  e f f e c t  o f  t i m e  o n  t h e  o b s e r v e d  t r e n d  w a s  s t u d i e d  u s i n g  b r i n e s  w i t h  a  

c o n c e n t r a t i o n  o f  1 2  g / l  C l -  d e r i v e d  f r o m  H C l ,  N a C l  a n d  C a C l 2  s o l u t i o n s .  T h e  

r e s u l t s  p r e s e n t e d  i n  F i g u r e  5 . 1 4  a f f i r m  t h a t  N a C l  s o l u t i o n  p r o d u c e s  a  p a s t e  

t h a t  i s  l e s s  w o r k a b l e  t h a n  C a C l 2  s o l u t i o n  e v e n  a f t e r  2 . 5  h o u r s ,  w h i c h  i s  t h e  

e x p e c t e d  t i m e  o f  p a s t e  t r a n s p o r t a t i o n  t o  t h e  d i s p o s a l  s i t e .   
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F i g u r e  5 . 1 4  T i m e  i n d e p e n d e n c e  o f  y i e l d  s t r e s s  o f  p a s t e  b e a r i n g  c h l o r i d e  

c o m p o u n d s   

 

 

T h e  y i e l d  s t r e s s  v a l u e s  o f  N a C l  a n d  C a C l 2  b e a r i n g  p a s t e s  i n c r e a s e d  f r o m  1 1 0  

a n d  8 0  P a  a f t e r  1 5  m i n u t e s  t o  a p p r o x i m a t e l y  3 0 0  a n d  2 7 0  P a  a f t e r  2 . 5  h o u r s ,  

r e s p e c t i v e l y  ( F i g u r e  5 . 1 4 ) .  C o n v e r s e l y ,  H C l - b a s e d  p a s t e  g a v e  a  g e n t l e  

i n c r e a s e  i n  y i e l d  s t r e s s  f r o m  a p p r o x i m a t e l y  8 0  P a  t o  a p p r o x i m a t e l y  1 4 0  P a .  

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

s u b s t a n t i a t e d  b y  f l o w  c o n e  d a t a  w h e r e  N a C l  i s  l e s s  f l o w a b l e  t h a n  C a C l 2 ,  s e e  

F i g u r e  C 5 . 2  i n  a p p e n d i x  C .   

 

( c )  Unconf ined  Compress ive  S t reng th  

 

T h e  U C S  r e s u l t s  i n d i c a t e  t h a t  c h l o r i d e  c o m p o u n d s  h a v e  a  s i g n i f i c a n t  

i n f l u e n c e  o n  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  p a s t e  ( A k i n k u r o l e r e  e t  a l . ,  2 0 0 7 ;  

T a y l o r  a n d  K u w a i r i ,  1 9 7 8 ) .  T h e  i n c r e a s e  i n  U C S  o c c u r r e d  r e g a r d l e s s  o f  t h e  

a s s o c i a t e d  c a t i o n  i n  t h e  l o w e r  r a n g e  o f  [ C l - ]  i . e .  6  –  1 2  g / l  a s  s h o w n  i n  

 HCl 
▲ CaCl2 

 NaCl 
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F i g u r e  5 . 1 5 .  N e v e r t h e l e s s ,  p a s t e s  c o n t a i n i n g  H C l  a n d  N a C l  s o l u t i o n s  s h o w e d  

m a x i m u m  U C S  v a l u e s  o f  1  1 0 0  k P a  b e y o n d  1 2  g / l  C l -  a s  w e l l  a s  1  7 0 0  k P a  a t  

a  [ C l - ]  o f  3 5  g / l ,  r e s p e c t i v e l y .  O n  t h e  c o n t r a r y ,  t h e  U C S  o f  p a s t e s  b e a r i n g  

C a C l 2  s h o w e d  t h e  p o t e n t i a l  t o  e x c e e d  3  0 0 0  k P a  a t  a  [ C l - ]  ≥  4 0  g / l .  T h e  U C S  

v a l u e s  o f  p a s t e s  a c h i e v e d  w i t h  [ C l - ]  >  6  g / l  s i g n i f i c a n t l y  e x c e e d  t h e  

m i n i m u m  U C S  o f  5 0 0  k P a ,  t a r g e t e d  i n  t h i s  s t u d y .   
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F i g u r e  5 . 1 5  I n f l u e n c e  o f  c h l o r i d e  s o l u t i o n s  o n  U C S  o f  p a s t e  

 

 

(d )  Conc lud ing  Re marks  on  Ch lo r ide  compounds  

 

F r o m  t h e  s t a b i l i t y  v i e w p o i n t  ( d e d u c e d  f r o m  s e t t l i n g  a n d  U C S  r e s u l t s ) ,  i t  i s  

c o n c l u d e d  t h a t  H C l  i s  n o t  a n  a p p r o p r i a t e  s o u r c e  o f  c h l o r i d e s  f o r  p a s t e s .  T h e  

u s e  o f  C a C l 2  s o l u t i o n  p r o v i d e d  t h e  m o s t  e f f e c t i v e  f o r m  o f  c h l o r i d e  

s p e c i a t i o n  i n  p a s t e s ,  w h i c h  i n c r e a s e d  t h e i r  c o m p r e s s i v e  s t r e n g t h  ( S h i ,  1 9 9 6 ;  

A k i n k u r o l e r e  e t  a l . ,  2 0 0 7 ;  D O W,  2 0 0 6 ;  R a m a c h a n d r a n ,  1 9 7 8 ) .  F u r t h e r m o r e ,  

p a s t e s  b e a r i n g  C a C l 2  p r o v i d e d  b e t t e r  w o r k a b i l i t y  i n  t h e  s h o r t - t e r m .  N a C l  o n  

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

a l b e i t  a  s l i g h t l y  l o w e r  w o r k a b i l i t y .  T h u s  p a s t e s  b a s e d  p r e d o m i n a n t l y  o n  C a ,  

N a  a n d  C l -  h a v e  t h e  s u i t a b l e  p r o p e r t i e s  f o r  d i s p o s a l  e i t h e r  o n  t h e  s u r f a c e  o r  

i n  m i n e  b a c k f i l l .  

 

 

 HCl 
▲ CaCl2 

 NaCl 
 



 

 

5-17

 

5 .5  EVAL UATION OF  SULPHATE C O MP OUN D S 

 

S u l p h a t e  a t t a c k  a n d  s u b s e q u e n t  d e t e r i o r a t i o n  i n  c o n c r e t e  a r e  w e l l  

d o c u m e n t e d  i n  l i t e r a t u r e  ( S c h m i d t  e t  a l . ,  2 0 0 9 ;  M e d v e šč e k  e t  a l . ,  2 0 0 6 ;  

C o l l e p a r d i ,  2 0 0 3 ;  K l e m m ,  1 9 9 8 ;  C o l l e p a r d i  e t  a l . ,  2 0 0 3 ) .  T h e  p r e s e n t  s t u d y  

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

p a s t e  p r e p a r a t i o n )  o n  p a s t e  p r o p e r t i e s  w i t h  e m p h a s i s  o n  w o r k a b i l i t y  a n d  

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

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

f o r m u l a t i o n .   

 

( a )  Se t t l eab i l i t y   

 

T h e  r e s u l t s  d e p i c t e d  i n  F i g u r e  5 . 1 6  s u g g e s t  t h a t  s u l p h a t e  s a l t s  d o  n o t  

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

a c h i e v e d  w i t h  d e i o n i s e d  w a t e r .  H o w e v e r ,  t h e  u s e  o f  H 2 S O 4  r e d u c e d  t h e  

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

   

 

 

F i g u r e  5 . 1 6  I l l u s t r a t i o n  o f  s l u r r y  s e t t l i n g  w i t h  s u l p h a t e  s o l u t i o n s  

 

 

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

e x c e p t  w h e n  t h e  s o u r c e  i s  H 2 S O 4 .  T h e  t i m e  d e p e n d e n c e  o f  s e t t l i n g  i s  

g r a p h i c a l l y  s h o w n  i n  F i g u r e  5 . 1 7 .  S o l u t i o n s  c o n t a i n i n g  s u l p h a t e  s a l t s  

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

Dwater Na2SO4 CaSO4 1:1 Ca/Na  H2SO4 



 

 

5-18

 

w h i c h  a c h i e v e d  1 7  m l  o f  s e t t l e d  a s h  f r o m  4 6  m l .  T h e  s l u r r y  c o n t a i n i n g  

H 2 S O 4  s t a b i l i s e d  a t  3 4  m l ,  w h i c h  i s  1 0 0 %  t h i c k e r  t h a n  o t h e r  s l u r r i e s .  T h i s  

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

( z e t a  p o t e n t i a l )  d u e  t o  a d d i t i o n a l  h y d r o n i u m  ( H 3 O + )  i o n s  a s  p H  d e c r e a s e s  

( V i e t t i  a n d  C o g h i l l ,  2 0 0 6 ;  V i e t t i  a n d  D u n n ,  2 0 0 6 ) .  T h e  p r e s e n c e  o f  H 2 S O 4  i n  

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

m o r e  p o r o u s  a n d  e n v i r o n m e n t a l l y  l e s s  a c c e p t a b l e .  
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F i g u r e  5 . 1 7  S e t t l i n g  b e h a v i o u r  o f  s l u r r i e s  w i t h  s u l p h a t e  s o l u t i o n s  

 

 

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

a n d  g a v e  a p p r o x i m a t e l y  1 2 . 3  f o r  m o s t  s l u r r i e s  e x c e p t  t h e  H 2 S O 4  b e a r i n g  

s l u r r y  w h i c h  g a v e  p H  o f  4 . 4 .  T h e  a c i d i c  p H  s u g g e s t s  t h a t  t h e  b u f f e r i n g  

c a p a c i t y  o f  f l y  a s h  w a s  e x c e e d e d  d u r i n g  t h e  3 0  m i n u t e s  o f  e x p e r i m e n t a t i o n .  

 

(b )  Y ie ld  S t ress  

 

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

v e r y  s i mi l a r  y i e l d  s t r e s s  e v e n  a t  h i g h  [ S O 4
2 - ] s .  A n  e x p o n e n t i a l  i n c r e a s e  i n  

y i e l d  s t r e s s  w i t h  [ S O 4
2 - ]  w a s  o b t a i n e d  i n  p a s t e s  c o n t a i n i n g  H 2 S O 4  s o l u t i o n  

a s  s h o w n  i n  F i g u r e  5 . 1 8 .  M o r e o v e r ,  p a s t e  b e a r i n g  H 2 S O 4  u n d e r w e n t  a  

s u b s t a n t i a l  t e m p e r a t u r e  r i s e  f r o m  2 1  t o  3 3 . 5  º C  w h i l e  o t h e r  p a s t e s  d i d  n o t  

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

v i g o r o u s  r e a c t i o n  b e t w e e n  f l y  a s h  a n d  t h e  H 2 S O 4  s o l u t i o n .      

 H2SO4 
 CaSO4 

 Dwater 
� Na2SO4 
x     Na2SO4 + CaSO4 
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4F i g u r e  5 . 1 8   I n f l u e n c e  o f  s u l p h a t e  c o m p o u n d s  o n  y i e l d  s t r e s s  

 

 
( c )  Unconf ined  Compress ive  S t reng th  

 

T h e  a c h i e v e d  U C S  r e s u l t s  i n  F i g u r e  5 . 1 9  i n d i c a t e  t h a t  s u l p h a t e  c o m p o u n d s  

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

o f  [ S O 4
2 - ]  f r o m  6  t o  3 0  g / l  i n  t h e  f o r m  o f  N a 2 S O 4  s o l u t i o n  r a i s e d  U C S  f r o m  

2 5 0  t o  a p p r o x i m a t e l y  2  0 0 0  k P a ,  w h i c h  w a s  f o l l o w e d  b y  a  d e c l i n e .  T h e  

H 2 S O 4  b e a r i n g  p a s t e  p r o d u c e d  a  r e l a t i v e l y  p o o r  s t r e n g t h  d e v e l o p m e n t  w i t h  

t h e  m a x i m u m  U C S  v a l u e  o f  1  0 0 0  k P a  a t  6  g / l  S O 4
2 - .  C o n c u r r e n t l y ,  t h e  u s e  

o f  C a S O 4  s o l u t i o n  s h o w e d  a  g e n t l e  i n c r e a s e  i n  U C S  w i t h o u t  i n d i c a t i o n  o f  a  

m a x i m u m  t h r e s h o l d  i n  t h e  s t u d i e d  r a n g e .    
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F i g u r e  5 . 1 9  I n f l u e n c e  o f  S O 4
2 -  s o l u t i o n s  o n  U C S  o f  p a s t e  

                                                 
4 The scale of yield stress was increased to 1400 to appreciate the behaviour of sulphuric acid 

 H2SO4 
 CaSO4 

�     NaSO4 

 H2SO4 
 CaSO4 

�     NaSO4 
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P a s t e s  c o n t a i n i n g  S O 4
2 -  i o n s  d e r i v e d  f r o m  H 2 S O 4  a n d  N a 2 S O 4  g a v e  m a x i m u m  

U C S  v a l u e s  c o r r e s p o n d i n g  w i t h  6  a n d  3 0  g / l  [ S O 4
2 - ] s ,  r e s p e c t i v e l y .  

H o w e v e r ,  a  b a l a n c e  b e t w e e n  U C S  a n d  y i e l d  s t r e s s  m u s t  b e  o b t a i n e d  f o r  a n  

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

 

T h e  u s e  o f  H 2 S O 4  w o u l d  i n t r o d u c e  o p e r a t i o n a l  c o m p l i c a t i o n s  b o t h  f r o m  

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

a s  a  f e e d  s t r e a m  t o  t h e  p a s t e  p l a n t .  A d d i t i o n  o f  a t  l e a s t  1 2  g / l  S O 4
2 -

 i n  

s o l u t i o n  a s  N a 2 S O 4  o r  C a S O 4  w i l l  p r o d u c e  p a s t e s  e x c e e d i n g  t h e  m i n i m u m  

t a r g e t e d  U C S  o f  5 0 0  k P a  f o r  m i n e  b a c k f i l l i n g  a t  a  y i e l d  s t r e s s  o f  

a p p r o x i m a t e l y  1 5 0  P a .  

   

5 .6  DEVE LO P ME NT OF  P REDI CT I V E  BRI NE  PROT OC OL (M OD EL)   

 

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

i n  t h i s  s t u d y  t o  p r e d i c t  a n d  v e r i f y  p a s t e  c h a r a c t e r i s t i c s  i n  t e r m s  o f  y i e l d  

s t r e s s  a n d  c o m p r e s s i v e  s t r e n g t h .   

 

S o  f a r  i t  h a s  b e e n  e s t a b l i s h e d  t h a t  b r i n e  m u s t  h a v e  a  s a l i n i t y  o f  4 0  -  6 0  g / l  

T D S ;  a p p l i c a b l e  t o  b o t h  i n d u s t r i a l  a n d  s y n t h e t i c  b r i n e s .  S u i t a b l e  f l y  a s h  

p a s t e  p r o p e r t i e s  w e r e  i n d i v i d u a l l y  a c h i e v e d  w i t h  C a C l 2  a n d  N a 2 S O 4  

s o l u t i o n s  c o m p a r e d  t o  N a C l  a n d  C a S O 4 ,  r e s p e c t i v e l y .  T h e  p H  o f  t h e  p a s t e  

m u s t  r e m a i n  i n  t h e  a l k a l i n e  r e g i o n .   

 

T h e  f o l l o w i n g  d i s c u s s i o n  i s  a i m e d  a t  p r o v i d i n g  t h e  b e s t  c o m b i n a t i o n s  o f  t h e  

d o m i n a n t  c o n s t i t u e n t s ,  n a m e l y ,  C a ,  N a ,  C l -  a n d  S O 4
2 -

 i n  s y n t h e t i c  b r i n e s  t o  

a t t a i n  t h e  d e s i r e d  p a s t e  p r o p e r t i e s .  

 

5 . 6 .1  B lend ing  o f  Ca C l 2  and  Na 2 SO 4  So lu t ions  

 

T h i s  s e c t i o n  e x a m i n e s  t h e  i n f l u e n c e  o f  b l e n d i n g  C a C l 2  a n d  N a 2 S O 4  i n  

v a r i o u s  r a t i o s  a s  t h e  m i x i n g  s o l u t i o n s  i n  t h e  p r e p a r a t i o n  o f  f l y  a s h  p a s t e s .  

Y i e l d  s t r e s s  a n d  c o m p r e s s i v e  s t r e n g t h  a r e  u s e d  t o  i n d i c a t e  t h e  e f f e c t  o n  

p a s t e  b o t h  a t  4 0  g / l  a n d  6 0  g / l  s a l i n i t i e s .  
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I n  F i g u r e  5 . 2 0  i t  i s  s h o w n  t h a t  t h e  y i e l d  s t r e s s  o f  p a s t e s  c o n t a i n i n g  t h e  

i n d i v i d u a l  s o l u t i o n s  i s  l o w e r  t h a n  t h o s e  w i t h  b l e n d e d  s o l u t i o n s .  T h e  t r e n d  i s  

m o r e  m a r k e d  i n  t h e  6 0  g / l  s e r i e s .  T h e  i n c r e a s e  i n  y i e l d  s t r e s s  w a s  p r o b a b l y  

c a u s e d  b y  t h e  p r e c i p i t a t e  w h i c h  f o r m e d  d u r i n g  t h e  b l e n d i n g  o f  t h e s e  

s o l u t i o n s  a s  s h o w n  i n  F i g u r e  C 5 . 3  ( a p p e n d i x ) .  I t  i s  b e l i e v e d  t h a t  t h e  

p r e c i p i t a t e  f o r m e d  i s  g y p s u m  ( C a S O 4 . 2 H 2 O ) ,  l i k e l y  t o  c o - e x i s t  w i t h  N a C l .  

T h e  f i n d i n g s  c o u l d  h i g h l i g h t  t h e  c o n v e r s i o n  f r o m  o n e  s e t  o f  c o m p o u n d s  t o  

a n o t h e r  b u t  r e s u l t s  w i l l  p r o b a b l y  e n a b l e  t h e  a u t h o r  t o  m a k e  c o n c l u s i v e  

s t a t e m e n t  o n  t h e  m a t t e r .    
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F i g u r e  5 . 2 0  E f f e c t  o f  N a 2 S O 4  a n d  C a C l 2  b l e n d s  o n  y i e l d  s t r e s s  o f  p a s t e   

 

 

T h e  r e s u l t s  o f  U C S  i l l u s t r a t e d  i n  F i g u r e  5 . 2 1  a r e  s l i g h t l y  e r r a t i c  p r o b a b l y  

b e c a u s e  o f  p r e c i p i t a t i o n  i n  t h e  m i x i n g  s o l u t i o n  s i n c e  s o m e  s a l t s  c o u l d  n o t  b e  

q u a n t i t a t i v e l y  t r a n s f e r r e d  i n t o  t h e  p a s t e  m i x i n g  v e s s e l .  N o n e t h e l e s s ,  d a t a  

i n d i c a t e  t h a t  p a s t e s  c o n t a i n i n g  b l e n d e d  s o l u t i o n s  p r o v i d e  b e t t e r  s t r e n g t h  

d e v e l o p m e n t  t h a n  p a s t e s  p r e p a r e d  w i t h  i n d i v i d u a l  s o l u t i o n s .  F o r  i n s t a n c e  a t  

4 0  g / l  s a l i n i t y ,  p a s t e s  p r e p a r e d  w i t h  1 0 0 %  s o l u t i o n s  o f  N a 2 S O 4  a n d  C a C l 2  

i n d i v i d u a l l y  g a v e  t h e  U C S  v a l u e s  l o w e r  t h a n  2  0 0 0  k P a  w h e r e a s  a  p a s t e  w i t h  

1 : 1  b l e n d e d  s o l u t i o n  e x c e e d e d  2  2 0 0  k P a .  C a C l 2  s o l u t i o n  p r o d u c e d  p a s t e s  

w h i c h  a r e  s t r o n g e r  t h a n  t h o s e  o f  N a 2 S O 4 .   
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F i g u r e  5 . 2 1  E f f e c t  o f  N a 2 S O 4  a n d  C a C l 2  b l e n d s  o n  c o m p r e s s i v e  s t r e n g t h  o f  

p a s t e  

 

 

5 .6 .2  B lend ing  o f  Na C l  and  CaSO 4  So lu t ions   

 

T h e  p a s t e s  c o n t a i n i n g  C a S O 4  s o l u t i o n  w e r e  l e s s  w o r k a b l e  c o m p a r e d  t o  t h o s e  

p r e p a r e d  w i t h  b l e n d e d  N a C l  a n d  C a S O 4  s o l u t i o n s ,  a s  w e l l  a s  N a C l  s o l u t i o n  

a t  b o t h  4 0  g / l  a n d  6 0  g / l  s a l i n i t i e s .  A c c o r d i n g  t o  F i g u r e  5 . 2 2 ,  i t  c a n  b e  

c o n c l u d e d  t h a t  t h e  y i e l d  s t r e s s  r e m a i n s  a l m o s t  c o n s t a n t  b e t w e e n  t h e  t w o  

s a l i n i t i e s .  T h i s  r e a f f i r m s  t h e  v a l i d i t y  o f  t h e  p r e s c r i b e d  b r i n e  s a l i n i t y  r a n g e  

o f  4 0  –  6 0  g / l .  
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F i g u r e  5 . 2 2  E f f e c t  o f  N a C l  a n d  C a S O 4  b l e n d s  o n  y i e l d  s t r e s s   

 

 

T h e  b l e n d i n g  o f  N a C l  a n d  C a S O 4  p r o d u c e d  p a s t e s  w i t h  b e t t e r  p r e c i s i o n  o f  

d a t a  a s  c a n  b e  s e e n  w i t h  U C S  r e s u l t s  i n  F i g u r e  5 . 2 3 .  T h e  U C S  v a l u e s  f o r  t h e  

p a s t e s  w i t h  b l e n d e d  s o l u t i o n s  w e r e  a p p r o x i m a t e l y  2  0 0 0  a n d  2  5 0 0  k P a  f o r  

4 0  a n d  6 0  g / l  s a l i n i t i e s ,  r e s p e c t i v e l y .  T h e  p a s t e s  w i t h  i n d i v i d u a l  s o l u t i o n s  

w e r e  s l i g h t l y  w e a k e r .  T h e  d i f f e r e n c e  b e t w e e n  p a s t e s  p r e p a r e d  f r o m  

i n d i v i d u a l  a n d  b l e n d e d  s o l u t i o n s  s u g g e s t s  a  s y n e r g i s t i c  e f f e c t  i n  t h e  l a t t e r .   
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F i g u r e  5 . 2 3  E f f e c t  o f  N a C l  a n d  C a S O 4  b l e n d s  o n  c o m p r e s s i v e  s t r e n g t h  

 

 

5 .6 .3  C o mpa r i so n  o f  Br in e  Se t s  

 

T h e  s t a t i s t i c a l  a n a l y s i s  o f  y i e l d  s t r e s s  d a t a  u s i n g  t - t e s t ,  a s s u m i n g  e q u a l  

v a r i a n c e  s h o w e d  t h a t  t h e  w o r k a b i l i t y  o f  p a s t e s  c o n t a i n i n g  t h e  b l e n d s  o f  

N a C l  a n d  C a S O 4  s o l u t i o n s  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h a t  o f  

b l e n d e d  N a 2 S O 4  a n d  C a C l 2  s o l u t i o n s .  T h e  d e t a i l s  a r e  a p p e n d e d  i n  T a b l e  

C 5 . 1 .   

 

H o w e v e r ,  t h e  p a s t e s  w i t h  N a 2 S O 4  a n d  C a C l 2  s o l u t i o n s  w e r e  s o m e w h a t  

s t r o n g e r  t h a n  t h o s e  w i t h  N a C l  a n d  C a S O 4 ,  w h i c h  c o r r e l a t e  w i t h  t h e  u s e  o f  

t h e  N a 2 S O 4  a n d  C a C l 2  t o  a c c e l e r a t e  t h e  e a r l y  s t r e n g t h  d e v e l o p m e n t  i n  

c o n c r e t e  ( S h i  a n d  D a y ,  2 0 0 0 ;  E r l i n  a n d  H i m e ,  1 9 7 6 ,  2 0 0 4 ) .  T h e  o b s e r v e d  

t r e n d s  w e r e  c o n s i s t e n t  i n  b o t h  s a l i n i t i e s ,  w h i c h  i m p r o v e s  c o n f i d e n c e  i n  t h e  

c o n c l u s i o n s  m a d e  h e r e .   

 

T h e  d e g r e e  o f  r e p r o d u c i b i l i t y  o f  U C S  w a s  r e l a t i v e l y  l o w  w i t h  t h e  b l e n d s  o f  

N a C l  a n d  C a S O 4  s o l u t i o n s  p r o b a b l y  d u e  t o  p r e c i p i t a t i o n  w h i c h  i n t r o d u c e s  

n o n - h o m o g e n e i t y  i n  t h e  r e s u l t a n t  p a s t e s .  I t  c a n  b e  c o n c l u d e d  t h a t  t h e  
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s a l i n i t y  r a n g e  o f  4 0  –  6 0  g / l  a l s o  h o l d s  t r u e  f o r  s y n t h e t i c  b r i n e s  i n v e s t i g a t e d  

h e r e .  T h e  o p t i m u m  b l e n d i n g  r a t i o s  c o u l d  n o t  b e  e s t a b l i s h e d  a l t h o u g h  1 : 1  

w a s  m o r e  p r o m i s i n g .  A  c o n c e r t e d  s t u d y  f o r  o p t i m i s a t i o n  m a y  b e  r e q u i r e d  i n  

f u t u r e .    

 

5 . 6 .4  Ca l ib ra t ion  o f  the  Br ine  Pro toco l   

 

T h i s  s e c t i o n  a i m s  t o  t e s t  t h e  a c c u r a c y  o f  t h e  d e v e l o p e d  p r e d i c t i v e  b r i n e  

p r o t o c o l  ( m o d e l ) .  T h e  r e s u l t s  o f  t h e  s i m u l a t e d  s a l t y  w a t e r  w i t h  a n d  w i t h o u t  

p H  a d j u s t m e n t  a r e  p r e s e n t e d .  T h e  c l o s e n e s s  o f  t h e  r e s u l t s  w i l l  m e a n  t h a t  

m a j o r  c o m p o n e n t s  i n  b r i n e  a r e  s u f f i c i e n t  t o  d o m i n a t e  t h e  p a s t e  b e h a v i o u r .  

O t h e r w i s e ,  t h e  e f f e c t  o f  m i n o r / t r a c e  e l e m e n t s  a s  w e l l  a s  t r e a t m e n t  c h e m i c a l s  

s u c h  a s  f l o c c u l a n t s  a n d  a n t i s c a l a n t s  s h o u l d  b e  c o n s i d e r e d .   

 

T o  c a l i b r a t e  t h e  d e v e l o p e d  m o d e l ,  s a l t y  w a t e r  w a s  s i m u l a t e d  w i t h  p u r e  

c h e m i c a l s  w h e r e  o n e  o f  t h e  s i m u l a t i o n s  w a s  a c i d i c ,  s e e  T a b l e  C 5 . 2  i n  t h e  

a p p e n d i x .  T h e  y i e l d  s t r e s s  f o r  s a l t y  w a t e r  a n d  a c i d i c  s y n t h e t i c  b r i n e  ( a c i d i c  

s y n b r i n e )  b e a r i n g  p a s t e s  i s  a p p r o x i m a t e l y  2 0 0  P a  ( F i g u r e  5 . 2 4 ) .  B a s e d  o n  

t h e  p r e v i o u s  o b s e r v a t i o n s  m a d e  d u r i n g  s e t t l i n g ,  i t  w a s  n e c e s s a r y  t o  a d j u s t  

t h e  p H  0 . 3  o f  a c i d i c  s y n b r i n e  t o  e m u l a t e  t h a t  o f  s a l t y  w a t e r  ( p H  8 . 8 ) .  N a O H  

p e l l e t s  w e r e  u s e d  f o r  p H  a d j u s t m e n t  t o  1 0 . 0  a t  a n  a d d i t i o n a l  3 8 %  s a l i n i t y  i n  

t h e  s y n b r i n e .   

 

T h e  y i e l d  s t r e s s  o f  p a s t e  w i t h  s y n b r i n e  ( i . e .  a f t e r  p H  a d j u s t m e n t )  

c o n s p i c u o u s l y  d e c r e a s e d  f r o m  2 0 0  P a  t o  7 0  P a  a s  s h o w n  i n  F i g u r e  5 . 2 4 .  T h e  

e f f e c t  o f  p H  o n  t h e  p a s t e  b e h a v i o u r  o b s e r v e d  a s s e r t s  t h e  t e s t i m o n y  ma d e  

d u r i n g  s e t t l i n g  t e s t s .  I t  i s  s p e c u l a t e d  t h a t  t h e  a d d i t i o n  o f  N a O H  n e u t r a l i s e d  

t h e  s u r f a c e  c h a r g e  i m b a l a n c e  c a u s e d  b y  H 3 O +  i o n s ,  w h i c h  S t o c k s  ( 2 0 0 6 )  

r e f e r s  t o  a s  c o a g u l a t i o n .  T h i s  r e s u l t e d  i n  t h e  r e d u c t i o n  o f  y i e l d  s t r e s s  a n d  

t h e  p a s t e  b e c a m e  m o r e  w o r k a b l e  ( V i e t t i  a n d  D u n n ,  2 0 0 6 ;  V i e t t i  a n d  C o g h i l l ,  

2 0 0 6 ) .  
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F i g u r e  5 . 2 4  C a l i b r a t i o n  o f  t h e  b r i n e  p r o t o c o l  i n  t e r m s  o f  y i e l d  s t r e s s  

 

 

T h e  U C S  d a t a  p r e s e n t e d  i n  F i g u r e  5 . 2 5  r e v o l v e  a r o u n d  2  0 0 0  k P a  f o r  p a s t e s  

c o n t a i n i n g  s a l t y  w a t e r  a n d  a c i d i c  s y n b r i n e .  S y n b r i n e  p a s t e  w a s  m a r g i n a l l y  

s t r o n g e r  t h a n  t h e  o t h e r  t w o  p a s t e s ,  i m p l y i n g  t h a t  a l m o s t  e q u i v a l e n t  

c o m p r e s s i v e  s t r e n g t h  w a s  o b t a i n e d  d e s p i t e  t h e  d i f f e r e n c e s  i n  s a l i n i t y  a n d  p H  

o f  t h e s e  b r i n e s  ( a s  a p p e n d e d  i n  T a b l e  C 5 . 2 ) .   
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F i g u r e  5 . 2 5  C a l i b r a t i o n  o f  t h e  b r i n e  p r o t o c o l  u s i n g  c o m p r e s s i v e  s t r e n g t h  

 

 

I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  b r i n e  a c i d i t y  d o e s  n o t  h a v e  a  h u g e  e f f e c t  o n  

t h e  c o m p r e s s i v e  s t r e n g t h  c o m p a r e d  t o  y i e l d  s t r e s s .  T h e  c l o s e n e s s  o f  U C S  

r e s u l t s  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  p H  o f  p a s t e  r i s e s  r a p i d l y  d u r i n g  

m i x i n g  o f  b r i n e  w i t h  f l y  a s h ,  w h i c h  n u l l i f i e s  t h e  e f f e c t  o f  i n i t i a l  p H  o f  t h e  

b r i n e  a s  v a r i o u s  r e a c t i o n s  t a k e  p l a c e  d u r i n g  2 8  d a y s  o f  c u r i n g .  

 

Remarks  on  the  Pro toco l  

 

T h e  a b o v e  r e s u l t s  h a v e  p r o v e n  t h e  v a l i d i t y  o f  t h e  p r o p o s e d  b r i n e  p r o t o c o l  

w h e r e  p r e d o m i n a n t  b r i n e  c o n s t i t u e n t s  w e r e  u s e d  t o  p r e d i c t  t h e  p a s t e  

b e h a v i o u r  a s  w e l l  a s  t h e  a c c e p t a b l e  s a l i n i t y  r a n g e  o f  b r i n e .  N e v e r t h e l e s s ,  i t  

w a s  r e a l i s e d  t h a t  a  h i g h e r  d e g r e e  o f  a c c u r a c y  i s  a c h i e v e d  i n  t h e  U C S  

p r e d i c t i o n  c o m p a r e d  w i t h  t h a t  o f  y i e l d  s t r e s s .  T h i s  d i f f e r e n c e  i s  a t t r i b u t e d  

t o  t h e  d e p e n d e n c e  o f  y i e l d  s t r e s s  t o  i n i t i a l  p H  o f  t h e  b r i n e  s o l u t i o n  w h i l e  

s t r e n g t h  d e v e l o p m e n t  i s  a  l o n g - t e r m  p h e n o m e n o n  i n v o l v i n g  a  c h a i n  o f  

r e a c t i o n s  ( Y l m é n  e t  a l . ,  2 0 0 9 ;  C o l e m a n  a n d  M c w h i n n i e ,  2 0 0 0 ;  C a m p b e l l ,  

1 9 9 9 ) .    
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 5 . 6 . 5  E f fec t  o f  pH  on  Work ab i l i t y  

 

I t  h a s  b e e n  e s t a b l i s h e d  t h a t  s a l i n i t y  a n d  c h e m i c a l  c o m p o s i t i o n  o f  b r i n e  h a v e  

a  p r o f o u n d  e f f e c t  o n  t h e  p a s t e  p r o p e r t i e s .  A c i d s  s h o w e d  a  u n i q u e  i n f l u e n c e  

o n  t h e  f r e s h  p a s t e  p r o p e r t i e s ,  w h i c h  i s  b e i n g  e x a m i n e d  u s i n g  H C l  a n d  H 2 S O 4  

t o  a t t a i n  s o l u t i o n s  i n  a  p H  r a n g e  o f  1  t o  8 .  T h e s e  s o l u t i o n s  w e r e  b l e n d e d  

w i t h  6 5 %  f l y  a s h  c o n t e n t  p r i o r  t o  t h e  d e t e r m i n a t i o n  o f  e f f l u x  t i m e .    

 

T h e  p r e l i m i n a r y  r e s u l t s  o b t a i n e d  w h e n  d e i o n i s e d  w a t e r  w a s  a c i d i f i e d  w i t h  

H C l  a n d  H 2 S O 4  t o  a t t a i n  a  r a n g e  o f  p H  a r e  p r e s e n t e d  i n  F i g u r e  5 . 2 6 .  T h e  

d a t a  s u g g e s t  t h a t  p H  h a s  a  p r o f o u n d  e f f e c t  o n  t h e  w o r k a b i l i t y  o f  p a s t e  

( T o r r a n c e  a n d  P i r n a t ,  1 9 8 4 ;  J e w e l l  e t  a l . ,  2 0 0 2 ;  C h a n g ,  1 9 9 3 ) .  I t  m u s t  b e  

r e m e m b e r e d  t h a t  d e i o n i s e d  w a t e r  l a c k s  a l k a l i n i t y  h e n c e  m i n u t e  d r o p l e t s  

w e r e  u s e d  t o  t r y  a n d  a d j u s t  t h e  p H  o f  d e i o n i s e d  w a t e r .  I n  s p i t e  o f  n e g l i g i b l e  

a d d i t i o n  o f  s a l i n i t y  d u r i n g  a d j u s t m e n t  o f  p H ,  t h e  i n f l u e n c e  o n  w o r k a b i l i t y  

w a s  c o n s p i c u o u s  ( F i g u r e  5 . 2 6 ) .   
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F i g u r e  5 . 2 6  E f f e c t  a c i d i f i c a t i o n  o f  d e i o n i s e d  w a t e r  o n  f l o w  b e h a v i o u r  

 

 

 

 



 

 

5-29

 

A  r e l a t i o n s h i p  s e e m s  t o  e x i s t  b e t w e e n  t h e s e  d a t a  a n d  t h e  p r e v i o u s l y  m a d e  

o b s e r v a t i o n s  w h e r e  H 2 S O 4  r e d u c e d  w o r k a b i l i t y  ( s e c t i o n  5 . 5 )  a l t h o u g h  t h e  

i n f l u e n c e  o f  H C l  w a s  i n c o n c l u s i v e  i n  s e c t i o n  5 . 4 .  T h e  r e d u c t i o n  i n  t h e  

e x t e n t  o f  s l u r r y  s e t t l i n g  w a s  d e m o n s t r a t e d  b y  b o t h  a c i d s  a l t h o u g h  t h e  c a s e  

o f  H 2 S O 4  w a s  m o r e  p r o n o u n c e d .  

 

S t u d y i n g  t h e  e f f e c t  o f  p H  o n  t h e  p a s t e  b e h a v i o u r  w i l l  r e q u i r e  a  d e v o t e d  

r e s e a r c h  e f f o r t .  I n  t h i s  t h e s i s  i t  w a s  c o n s i d e r e d  s u f f i c i e n t  t o  n o t e  t h a t  a c i d s  

i n d u c e  u n d e s i r e d  p a s t e  b e h a v i o u r ,  w h i c h  w a r r a n t s  t h e i r  e x c l u s i o n  i n  p a s t e  

f o r m u l a t i o n s  o r  p r e p a r a t i o n .   

 

5 . 7  CHA RACTERI SAT ION OF  CU RED PAST E S 

 

T h e  f i n d i n g s  p r e s e n t e d  s o  f a r  h a v e  b e e n  b a s e d  o n  f r e s h  a n d  2 8 - d a y  o l d  

p a s t e s .  I t  w a s  c o n s i d e r e d  n e c e s s a r y  t o  p e r f o r m  s o m e  o f  t h e  a n a l y s e s  o n  

p a s t e s  c u r e d  f o r  a  l o n g e r  p e r i o d  o f  t i m e  i n  o r d e r  t o  e s t a b l i s h  w h e t h e r  

c h e m i c a l  w e a t h e r i n g  t a k e s  p l a c e .  T h i s  c h a r a c t e r i s a t i o n  o n l y  i n v o l v e s  p a s t e s  

p r e p a r e d  w i t h  6 8 %  S y n f u e l s  f l y  a s h  a n d  s a l t y  w a t e r ,  r e g e n  b r i n e  a s  w e l l  a s  

d e i o n i s e d  w a t e r  w h i c h  w e r e  c u r e d  f o r  1 8  m o n t h s  u n d e r  a t m o s p h e r i c  

c o n d i t i o n s  a t  2 1    2  ° C .   

 

5 .7 .1  Pa r t i c le  S ize  D i s t r i bu t i on  (PS D)  

 

T h e  P S D  a n a l y s i s  o f  f l y  a s h  r e v e a l s  t h a t  i t  c o n t a i n s  4 0 . 5 %  o f  p a r t i c l e s  <  2 0  

µ m ,  w h i c h  i s  m o r e  t h a n  t w i c e  t h e  g e n e r a l l y  a c c e p t e d  m i n i m u m  t h r e s h o l d  o f  

1 5 %  c o n t e n t  r e q u i r e d  f o r  t h e  f o r m a t i o n  o f  a  s t a b l e  p a s t e  ( J e w e l l  a n d  F o u r i e ,  

2 0 0 6 ;  K w a k  e t  a l . ,  2 0 0 5 ) .  T h e  P S D  p r o f i l e s  o f  f l y  a s h  a n d  p a s t e s  a r e  

a p p e n d e d  i n  F i g u r e  C 5 . 4 .   

  

T h e  p a s t e  s a m p l e s  w e r e  d r i e d  a t  3 5  ° C  a n d  c r u s h e d  b y  h a n d  b e f o r e  P S D  

a n a l y s i s .  T h e  P S D  d a t a  o f  1 8 - m o n t h  o l d  p a s t e s  a n d  t h e  f l y  a s h  ( c o n t r o l )  a r e  

p r e s e n t e d  i n  F i g u r e  5 . 2 7 .  T h e r e  i s  n o  o b v i o u s  d i f f e r e n c e  b e t w e e n  t h e  p a s t e s  

o n  t h e i r  o w n  i m p l y i n g  t h a t  h y d r a t i o n  r e a c t i o n s  d i d  n o t  a l t e r  t h e  r a n g e  o f  

p a r t i c l e  s i z e s  i n  1 8  m o n t h s .  T h e s e  s a m p l e s  i n  t u r n  h a v e  P S D  p r o f i l e s  s i mi l a r  

t o  t h a t  o f  f l y  a s h  i n  t e r m s  o f  s i l t - s i z e d  p a r t i c l e s  ( 5  –  7 5  μm ) ,  w h i c h  i s  t h e  

p r e d o m i n a n t  p a r t i c l e  s i z e  r a n g e .  T h e  c o n t e n t  o f  c l a y - s i z e d  p a r t i c l e s  ( <  5  
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μm )  i n  f l y  a s h  i s  a b o u t  t w i c e  t h a t  o f  t h e  p a s t e s  w h e r e a s  t h e  s a n d - s i z e d  ( 7 5  –  

4 2 5  µ m )  c o n t e n t  i s  a b o u t  3 0 %  l o w e r  i n  f l y  a s h .   
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F i g u r e  5 . 2 7  I l l u s t r a t i o n  o f  P S D  o f  1 8 - m o n t h  o l d  p a s t e s  a n d  f l y  a s h  

 

 

5 .7 .2  M or p ho l o g y Us in g  F EG S E M  

 

T h e  F E G  S E M  w a s  u s e d  t o  p r o v i d e  m i c r o s t r u c t u r a l  i n f o r m a t i o n  o f  d i f f e r e n t  

p a s t e s  a f t e r  1 8  m o n t h s  o f  c u r i n g .  I t  i s  d e m o n s t r a t e d  i n  F i g u r e  5 . 2 8  t h a t  s o m e  

m o r p h o l o g i c a l  a l t e r a t i o n  t o o k  p l a c e  i n  t h e  d i f f e r e n t  p a s t e s  a l t h o u g h  a  g r e a t  

n u m b e r  o f  f l y  a s h  p a r t i c l e s  f a i l e d  t o  r e a c t .  T h i s  i s  n o t  u n e x p e c t e d  s i n c e  a  

s i g n i f i c a n t  v a r i a t i o n  e x i s t s  i n  t h e  c o m p o s i t i o n  o f  i n d i v i d u a l  s p h e r e s  

( V a s s i l e v  a n d  V a s s i l e v a ,  1 9 9 6 ;  K r u g e r ,  2 0 1 0 ;  M a h l a b a  e t  a l . ,  2 0 1 1 ) .   
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2a 2b

 

3a 3b

 

 

F i g u r e  5 . 2 8  F E G  S E M  i m a g e s  o f  1 8 - m o n t h  o l d  p a s t e s  p r e p a r e d  w i t h  ( 1 )  

d e i o n i s e d  w a t e r  ( 2 )  r e g e n  b r i n e  a n d  ( 3 )  s a l t y  w a t e r  

 

 

T h e  F E G  S E M  mi c r o g r a p h  ( d e s i g n a t e d  a s  1 a )  o f  d e i o n i s e d  w a t e r  b e a r i n g  

p a s t e  s h o w s  t h a t  n o  r e a c t i o n  o c c u r r e d  i n  t h e  f l y  a s h  p a r t i c l e s ,  w h e r e a s  

m i c r o g r a p h s  c o r r e s p o n d i n g  w i t h  2 a  a n d  3 a  i n d i c a t e  s o m e  d e g r e e  o f  r e a c t i o n  

( d e s p i t e  b e i n g  s p h e r i c a l )  i n  t h e  p a s t e s  p r e p a r e d  w i t h  r e g e n  b r i n e  a n d  s a l t y  

w a t e r ,  r e s p e c t i v e l y .  A l t e r n a t i v e l y ,  i m a g e s  d e s i g n a t e d  a s  1 b ,  2 b  a n d  3 b  

i l l u s t r a t e  t h e  d i s t i n c t  p r e s e n c e  o f  s e c o n d a r y  p h a s e s  i n  p a s t e s  p r e p a r e d  w i t h  

d e i o n i s e d  w a t e r ,  r e g e n  b r i n e  a n d  s a l t y  w a t e r ,  r e s p e c t i v e l y .  F r o m  F E G  S E M  
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a n a l y s i s ,  i t  i s  e x p e c t e d  t o  d e t e c t  h y d r a t i o n  p r o d u c t s  f r o m  t h e  d i f f e r e n t  

p a s t e s .  A d d i t i o n a l  m i c r o g r a p h s  a r e  a t t a c h e d  i n  F i g u r e s  C 5 . 5  t o  C 5 . 7 .  

 

5 .7 .3  E l eme n ta l  A n a l ys is  U s i n g  XR F  

 

T h e  X R F  t e c h n i q u e  w a s  u s e d  t o  d e t e r m i n e  t h e  e l e m e n t a l  c o m p o s i t i o n  o f  

p a s t e s  a n d  f l y  a s h  a s  r e c e i v e d ,  w h i c h  i s  f u l l y  a p p e n d e d  i n  T a b l e  C 5 . 5 .  

S e l e c t e d  d a t a  r e l e v a n t  t o  h y d r a t i o n  a r e  p r e s e n t e d  i n  T a b l e  5 . 1 .  I t  c a n  b e  

d e d u c e d  t h a t  t h e  c o n t e n t  o f  S i ,  A l ,  F e  a n d  C a  r e m a i n e d  m o r e  o r  l e s s  c o n s t a n t  

w h e r e a s  t h a t  o f  N a  a n d  C l -  i n c r e a s e d  s i g n i f i c a n t l y  i n  p a s t e s  c o n t a i n i n g  

r e g e n  b r i n e  a n d  s a l t y  w a t e r .  T h i s  i n c r e a s e  i s  i n f e r r e d  t o  t h e  d o m i n a n c y  o f  

N a  a n d  C l -  i n  t h e s e  b r i n e s .  C o n c u r r e n t l y ,  S  a l s o  s l i g h t l y  i n c r e a s e d  i n  t h e  

p a s t e s  b e a r i n g  r e g e n  b r i n e  a n d  s a l t y  w a t e r  f o r  t h e  s a m e  r e a s o n .  

 

T a b l e  5 . 1  S u m m a r y  o f  X R F  d a t a  o n  1 8 - m o n t h  o l d  p a s t e s  

 

Sample name Si (%) Al (%) Fe (%) Ca (%) Na (%) S (%) Cl- (%) 

Fly ash 22.40 17.35 2.05 7.45 0.50 0.20 <0.01 

Dwater paste  23.24 17.69 1.70 6.63 0.54 0.16 <0.01 

Regen brine paste 22.12 16.80 1.94 6.99 1.74 0.32 0.38 

Salty water paste 21.03 16.21 1.98 6.89 2.54 0.63 1.29 

 

 

5 .7 .4  M IN ER AL OG Y  

 

(a )  XRD  

 

T h e  X R D  r e s u l t s  o f  1 8 - m o n t h  o l d  p a s t e s  a r e  p r o v i d e d  i n  T a b l e  5 . 2 .  I t  i s  

a p p a r e n t  t h a t  b r i n e  p a s t e s  f o r m e d  n e w  m i n e r a l s  w h i c h  w e r e  n o t  o r i g i n a l l y  

p r e s e n t  i n  t h e  f l y  a s h .  D e i o n i s e d  w a t e r  b e a r i n g  p a s t e  o n  t h e  o t h e r  h a n d  

r e m a i n e d  s i m i l a r  t o  f r e s h  f l y  a s h  e x c e p t  f o r  c a l c i t e  a n d  p e r i c l a s e .  T h i s  

o b s e r v a t i o n  o n c e  a g a i n  h i g h l i g h t s  t h e  p e r t i n e n c e  o f  c h e m i c a l  c o n s t i t u e n t s  i n  

b r i n e s  d u r i n g  h y d r a t i o n  a n d  c h e m i c a l  w e a t h e r i n g .  R e g e n  b r i n e  p a s t e  f o r m e d  

a n a l c i m e  ( N a A l S i 2 O 6 · H 2 O )  a n d  c a l c i t e  w h i l e  s a l t y  w a t e r  p a s t e  a d d i t i o n a l l y  

f o r m e d  g y p s u m  ( C a S O 4 . 2 H 2 O )  a n d  h a l i t e  ( N a C l )  a s  h y d r a t i o n  p r o d u c t s .      
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T a b l e  5 . 2  X R D  r e s u l t s  o f  f l y  a s h  a n d  1 8 - m o n t h  o l d  p a s t e s  

 

Component 

Chemical 

Formula Fly ash 

Dwater 

paste  

Regen brine 

paste 

Salty water 

paste 

Quartz (%) SiO2 10.24 12.00 9.05 10.34 

Mullite (%) Al6Si2O13 20.53 19.66 17.99 18.53 

Hematite (%) Fe2O3 0.68 0.58 0.64 0.60 

Analcime (%) NaAlSi2O6·H2O - - 2.65 2.37 

Lime (%)  CaO 2.22 - - - 

Periclase (%)  MgO - 0.69 0.09 0.64 

Calcite (%)  CaCO3 - 3.54 6.52 4.92 

Halite (%) NaCl - - - 1.24 

Gypsum (%) CaSO4.2H2O - - - 1.66 

Amorphous content (%) N/A 66.32 63.53 63.06 59.70 

Total N/A 99.99 100.00 100.00 100.00 

  

 

A n a l c i m e  w a s  a l s o  i d e n t i f i e d  i n  W F A  a n d  8 - m o n t h  o l d  F A  i n  C h a p t e r  4 .  

H a l i t e  i s  a  N a  b e a r i n g  p r e c i p i t a t e  o b s e r v e d  i n  s a l t y  w a t e r  p a s t e  t h a t  m a y  

e a s i l y  r e d i s s o l v e  o n  c o n t a c t  w i t h  w a t e r .   

 

C a l c i t e  w a s  i d e n t i f i e d  i n  a l l  t h e  p a s t e s  a s  w o u l d  b e  e x p e c t e d  b e c a u s e  i t  

f o r m s  w h e n  c a r b o n  d i o x i d e  r e a c t s  w i t h  h y d r a t i o n  p r o d u c t s .  D e p l e t i o n  o f  

l i m e  w a s  o b s e r v e d  i n  p a s t e s  a s  c h e m i c a l  w e a t h e r i n g  o c c u r r e d  a n d  a  d e c r e a s e  

i n  p H  i s  s u b s e q u e n t l y  e x p e c t e d  d u r i n g  l e a c h i n g .   

 

N o  e t t r i n g i t e  w a s  d e t e c t e d  a n d  g y p s u m w a s  i n s t e a d  i d e n t i f i e d  i n  t h e  s a l t y  

w a t e r  p a s t e .  T h e  a b s e n c e  o f  e t t r i n g i t e  e i t h e r  i m p l i e s  t h a t :  1 8  m o n t h s  o f  

c u r i n g  i s  t o o  s h o r t  f o r  i t s  f o r m a t i o n ,  i t s  q u a n t i t i e s  w e r e  b e l o w  t h e  d e t e c t i o n  

l i m i t  o f  X R D  i n s t r u m e n t  u s e d  f o r  a n a l y s i s  o r  t h e r e  i s  a  d e f i c i e n c y  o f  g l a s s y  

a l u m i n a t e  i n  f l y  a s h .   
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(b )  DSC  

 

T h e  D S C  r e s u l t s  w e r e  u s e d  t o  s u p p l e m e n t  t h e  m i n e r a l o g i c a l  d a t a  o b t a i n e d  

u s i n g  X R D .  D e h y d r a t i o n  p e a k  w a s  o b s e r v e d  b e l o w  1 0 0  ° C  w h i l e  t h a t  o f  

p o r t l a n d i t e  ( c a l c i u m  h y d r o x i d e )  d e c o m p o s i t i o n  w a s  d e t e c t e d  a b o v e  4 0 0  ° C  

i n  a l l  t h e  s a m p l e s  i n c l u d i n g  f l y  a s h  ( P a n e  a n d  H a n s e n ,  2 0 0 5 ) .  A d d i t i o n a l l y ,  

t w o  p e a k s  w e r e  d e t e c t e d  i n  s a l t y  w a t e r  p a s t e  a r o u n d  1 3 0  a n d  3 4 0  ° C  

c o r r e s p o n d i n g  w i t h  c a l c i u m s i l i c a t e  h y d r a t e  ( C - S - H )  g e l  a n d  F r i e d e l ’ s  s a l t  

( C a 3 . A l 2 O 6 . C a C l 2 . 1 0 H 2 O ) ,  r e s p e c t i v e l y  ( S a i k a i  e t  a l . ,  2 0 0 6 ;  R a m a c h a n d r a n  

e t  a l . ,  2 0 0 2 ;  B i r n i n - Y a u r i  a n d  G l a s s e r ,  1 9 9 8 ) .  N o  e x t r a  p e a k s  w e r e  o b s e r v e d  

i n  p a s t e s  p r e p a r e d  w i t h  d e i o n i s e d  w a t e r  a n d  r e g e n  b r i n e .  T h e  D S C  

m i c r o g r a p h s  a r e  a p p e n d e d  i n  F i g u r e  C 5 . 8 .  T h e  m i n e r a l o g i c a l  p h a s e s  

o b t a i n e d  w i t h  D S C  a n d  X R D  c o m p l e m e n t  e a c h  o t h e r  d e s p i t e  t h e i r  d i f f e r e n t  

d e t e c t i o n  l i m i t s  a n d  d e g r e e s  o f  s e n s i t i v i t y  ( D o n a h o e ,  2 0 0 4 ;  R a m a c h a n d r a n  

e t  a l . ,  2 0 0 2 ) .   

 

5 .7 .5  L ea ch a b i l i t y   

 

T h e  p H  a n d  E C  o f  l e a c h a t e s  a r e  n o t  r e g u l a t e d  i n  t h e  S o u t h  A f r i c a n  l e a c h i n g  

m e t h o d .  N e v e r t h e l e s s ,  p H  a n d  E C  a r e  d i s c u s s e d  s i n c e  t h e y  i n d i c a t e  t h e  

e f f e c t i v e n e s s  o f  t h e  s a l t  i m m o b i l i s a t i o n  ( S p e a r s  a n d  L e e ,  2 0 0 4 ) .  T h e  E C  

i n d i c a t e s  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  c o m p o n e n t s  i n  a  l e a c h a t e  w i t h o u t  

d i f f e r e n t i a t i n g  w h e t h e r  i t  i s  t o x i c .  N o n e t h e l e s s ,  h i g h  E C  i n  a  s a m p l e  

s u g g e s t s  t h a t  m o r e  c o n t a m i n a n t s  a r e  l e a c h e d .   

 

I t  c a n  b e  o b s e r v e d  i n  F i g u r e  5 . 2 9  t h a t  p a s t e s  h a v e  p H  v a l u e s  w h i c h  a r e  

s l i g h t l y  l o w e r  t h a n  t h a t  o f  f l y  a s h .  T h e  r e d u c t i o n  i n  p H  i n d i c a t e s  t h a t  

m i x i n g  o f  f l y  a s h  w i t h  l i q u i d s  t o  m a k e  p a s t e s  a l l o w s  m i n e r a l o g i c a l  

t r a n s f o r m a t i o n  w h i c h  c o n s u m e s  l i m e  a n d  a l k a l i s  i . e .  c h e m i c a l  w e a t h e r i n g  

( D o n a h o e ,  2 0 0 4 ;  Z e v e n b e r g e n  e t  a l . ,  1 9 9 9 ;  S p e a r s  a n d  L e e ,  2 0 0 4 ) .   
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F i g u r e  5 . 2 9   p H  o f  p a s t e  l e a c h a t e s         

 

T h e  E C  t r e n d s  i n  F i g u r e  5 . 3 0  i l l u s t r a t e  t h a t  c o - m i x i n g  o f  f l y  a s h  w i t h  b r i n e s  

t o  m a k e  p a s t e  r e d u c e d  t h e  l e a c h i n g  p o t e n t i a l  r e m a r k a b l y  c o m p a r e d  t o  f l y  

a s h .  F l y  a s h  g a v e  a n  E C  v a l u e  o f  8  m S / c m ,  w h i c h  i s  o v e r  3 0 0 %  h i g h e r  t h a n  

p a s t e s .   
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F i g u r e  5 . 3 0  E C  o f  p a s t e  l e a c h a t e s
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T h e  l e a c h a t e  r e s u l t s  a r e  s u m m a r i s e d  i n  T a b l e  5 . 3  w h e r e  i t  i s  e v i d e n t  t h a t  M -

a l k a l i n i t y  ( t o t a l  a l k a l i n i t y )  o f  p a s t e s  d e c r e a s e d  c o n s p i c u o u s l y  f r o m 1  8 0 0  i n  

f l y  a s h  t o  a p p r o x i m a t e l y  1 0 0  m g / l  a s  C a C O 3 .  O f  t h e  p r e d o m i n a n t  b r i n e  a n d  

f l y  a s h  c o n s t i t u e n t s  ( N a ,  C a ,  F e ,  A l ,  S i ,  S O 4
2 -  a n d  C l - )  o n l y  C l -  a n d  S O 4

2 -  

a r e  r e g u l a t e d  a s  i l l u s t r a t e d  i n  T a b l e  5 . 3 .  B o t h  C l -  a n d  S O 4
2 -  a r e  b e l o w  t h e  

s t a t u t o r y  l i m i t s  o f  5  0 0 0  m g / l  C l -  a n d  1 0  0 0 0  m g / l  S O 4
2 - .  

 

T a b l e  5 . 3  S u m m a r y  o f  l e a c h a t e  d a t a  ( m g / l )  

 

Component  Dwater paste  Regen paste Salty water paste  Synfuels fly ash ☼SASLP0  

M-Alkalinity 

(mg/l as CaCO3)    40 112 76 1 800 - 

Cl-          <5 218 466 7 5 000 

SO4
2- 35 136 466 101 10 000 

Na 4 223 519 3 - 

Al 5.45 9.06 6.59 <0.10 - 

Si 3.4 4.9 3.8 <0.2 - 

Fe <0.025 <0.025 <0.025 <0.025 - 

K 1.6 11.6 29 <1 - 

Ca 27 24 21 704 - 
☼ SASLP0 = provides concentration limits for classifying the material as a low risk according to SASLP 

 

 

B a s e d  o n  t h e  p r e v a l e n t  c o m p o n e n t s ,  p a s t e  d i s p o s a l  m e t h o d  p r o v i d e s  a n  

e n v i r o n m e n t a l l y  a c c e p t a b l e  s o l u t i o n  f o r  b r i n e s .  I t  m u s t ,  h o w e v e r ,  b e  n o t e d  

t h a t  b e f o r e  a n y  c o n c l u s i o n s  c a n  b e  d r a w n  o n  t h e  e n v i r o n m e n t a l  i m p a c t ,  m o r e  

e l e m e n t s  i n c l u d i n g  t r a c e  e l e m e n t s  n e e d  t o  b e  c o n s i d e r e d ,  w h i c h  i s  o u t s i d e  

t h e  s c o p e  o f  t h i s  t h e s i s .   

 

5 . 8  INFLUENCE OF  FLY  ASH  

 

T h e  u s e  o f  f l y  a s h  w i t h  d i f f e r e n t  p r o p e r t i e s  w a s  a i m e d  a t  v e r i f y i n g  w h e t h e r  

i t s  c o m p o s i t i o n  p l a y s  a  r o l e  i n  t h e  b e h a v i o u r  o f  p a s t e .  T h e  o u t c o m e  o f  t h a t  

e v a l u a t i o n  o n  t h e  r h e o l o g y  a n d  U C S  o f  p a s t e s  u n d e r  v a r i e d  b r i n e  c o n d i t i o n s  

i s  d i s c u s s e d .   

                                                 
 Leachate data are expressed in mg/l because g/l is too big  



5-37 

 

  

5 .8 .1  D e t e rmina t io n  o f  Pa s te  B eh av io u r s  

 

( a )  Rheo log ica l  Be hav iour  

 

T h e  r h e o l o g i c a l  r e s u l t s  p r e s e n t e d  i n  F i g u r e  5 . 3 1  d e m o n s t r a t e  t h a t  M a t i m b a  

f l y  a s h  d o e s  n o t  r e a c t  t o  b r i n e  v a r i a n c e  s i n c e  t h e r e  w a s  n o  c h a n g e  i n  

w o r k a b i l i t y .  A l l  p a s t e s  g a v e  a  y i e l d  s t r e s s  o f  a p p r o x i m a t e l y  4 0  P a .   

 

O n  t h e  c o n t r a r y ,  p a s t e s  p r e p a r e d  b y  m i x i n g  S y n f u e l s  f l y  a s h  w i t h  r e g e n  

b r i n e  a n d  d e i o n i s e d  w a t e r  g a v e  a  y i e l d  s t r e s s  o f  a p p r o x i m a t e l y  8 0  P a  w h i c h  

i s  t w i c e  t h a t  o f  M a t i m b a  f l y  a s h  p a s t e s .  S a l t y  w a t e r  g a v e  a  h i g h  y i e l d  s t r e s s  

o f  2 1 0  P a  w i t h  S y n f u e l s  f l y  a s h .  I t  i s  c l e a r  t h a t  t h e s e  f l y  a s h e s  r e s p o n d  

d i f f e r e n t l y  t o  b r i n e s  i n  t e r m s  o f  r h e o l o g y .  
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F i g u r e  5 . 3 1  E f f e c t  o f  f l y  a s h  p r o p e r t i e s  o n  w o r k a b i l i t y   

 

 

F i g u r e  5 . 3 2  a l s o  s h o w s  a  n e g l i g i b l e  r e s p o n s e  o f  M a t i m b a  f l y  a s h  b e a r i n g  

p a s t e s  t o  c h a n g e s  i n  b r i n e  s a l i n i t y .  I n  c o n t r a s t ,  S y n f u e l s  f l y  a s h  

d e m o n s t r a t e d  a n  e x p o n e n t i a l  i n c r e a s e  i n  y i e l d  s t r e s s  w h e n  t h e  T D S  o f  t h e  

b r i n e  e x c e e d e d  4 0  g / l .   T h e  i n c r e a s e  i n  t h e  y i e l d  s t r e s s  a s  a  f u n c t i o n  o f  

b r i n e  s a l i n i t y  f o r  p a s t e s  d e r i v e d  f r o m  S y n f u e l s  f l y  a s h  i n d i c a t e s  t h e  



5-38 

 

  

o c c u r r e n c e  o f  e a r l y  h a r d e n i n g  r e a c t i o n s  ( C a m p b e l l ,  1 9 9 9 ) ,  w h i c h  w a s  n o t  

e x h i b i t e d  b y  s i mi l a r  p a s t e s  p r e p a r e d  w i t h  M a t i m b a  f l y  a s h .    
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F i g u r e  5 . 3 2  R h e o l o g i c a l  r e s p o n s e s  o f  p a s t e s  t o  s a l i n i t y  p e r  f l y  a s h  t y p e  

 

 

(b )  Unconf ined  Compress ive  S t reng th  

 

C o m p a r i s o n  o f  s t r e n g t h  d e v e l o p m e n t  i n  p a s t e s  c o n t a i n i n g  d i f f e r e n t  f l y  a s h e s  

a s  a  f u n c t i o n  o f  b r i n e  c o m p o s i t i o n  i s  p r e s e n t e d  i n  F i g u r e  5 . 3 3 .  S y n f u e l s  f l y  

a s h  r e s p o n d s  t o  v a r i a t i o n  i n  b r i n e s  w h e r e a s  M a t i m b a  f l y  a s h  r e m a i n s  

e s s e n t i a l l y  u n a l t e r e d .  T h e  U C S  o f  M a t i m b a  f l y  a s h  p a s t e s  i s  l e s s  t h a n  2 0 0  

k P a  w h i l e  S y n f u e l s  f l y  a s h  p a s t e s  r e a c h e d  1  6 5 0  a n d  1  8 4 0  k P a  w i t h  s a l t y  

w a t e r  a n d  r e g e n  b r i n e ,  r e s p e c t i v e l y .   
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F i g u r e  5 . 3 3  C o m p a r i s o n  o f  f l y  a s h e s  o n  U C S  b e h a v i o u r  a f t e r  2 8  d a y s  

 

 

T h e  a t t e m p t  t o  e x p l a i n  t h e  d i f f e r e n c e s  e x h i b i t e d  b y  p a s t e s  c o n t a i n i n g  t h e s e  

f l y  a s h e s  i s  m a d e  i n  t h e  f o l l o w i n g  s e c t i o n .  

 

5 .8 .2  Ph ys i ca l  Cha ra c t e r is t i c s  

 

B a s i c  p h y s i c a l  p r o p e r t i e s  o f  t h e  t w o  f l y  a s h e s ,  n a m e l y ,  c o l o u r ,  P S D ,  a n d  

p a r t i c l e  m o r p h o l o g y  w e r e  e x a m i n e d .  A s  a  m a t t e r  o f  f a c t  n o  s i g n i f i c a n t  

d i f f e r e n c e s  w e r e  e x p e c t e d  b e c a u s e  b o t h  f l y  a s h e s  o r i g i n a t e  f r o m  p o w e r  

s t a t i o n s  e m p l o y i n g  p u l v e r i s e d  c o a l  c o m b u s t i o n  ( P C C )  s y s t e m s ,  w h i c h  c o u l d  

y i e l d  s i m i l a r  p h y s i c a l  p r o p e r t i e s  i n  f l y  a s h .  

  

( a )  Co lour  

 

T h e  t w o  f l y  a s h e s  a r e  v i s u a l l y  d i f f e r e n t  ( F i g u r e  5 . 3 4 ) ,  M a t i m b a  f l y  a s h  h a s  a  

b r o w n i s h  a p p e a r a n c e  w h e r e a s  S y n f u e l s  f l y  a s h  a p p e a r s  g r e y i s h  i n  c o l o u r .  

T h i s  d i f f e r e n c e  i n  c o l o u r  s e r v e s  a s  a n  i n d i c a t i o n  t h a t  t h e s e  f l y  a s h e s  m a y  

a l s o  d i f f e r  i n  s e v e r a l  o t h e r  a s p e c t s .  
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Synfuels

SynfuelsMatimba

Matimba

 

 

F i g u r e  5 . 3 4  P h o t o  o f  f l y  a s h e s  

 
 

( b )  Pa r t i c le  S i ze  D i s t r ibu t ion   

 

T h e  c o m p a r i s o n  o f  t h e  P S D  f o r  t h e s e  f l y  a s h e s  s h o w s  t h a t  M a t i m b a  f l y  a s h  

i s  c o a r s e r  t h a n  S y n f u e l s  f l y  a s h ,  s e e  F i g u r e  5 . 3 5 .  I n  t e r m s  o f  t h e  r e q u i r e d  

f i n e n e s s  ( p a r t i c l e s  <  2 0  μm )  o f  1 5 %  f o r  p a s t e  ( J e w e l l  a n d  F o u r i e ,  2 0 0 6 ) ,  

M a t i m b a  f l y  a s h  h a s  2 0 %  w h i l e  S y n f u e l s  f l y  a s h  h a s  4 0 %  o f  t h e  m i n i m u m  

r e q u i r e m e n t .    
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F i g u r e  5 . 3 5  P a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  t w o  f l y  a s h e s  
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T h e  P S D  d a t a  o f  t h e  t w o  f l y  a s h e s  w e r e  f u r t h e r  c l a s s i f i e d  a c c o r d i n g  t o  

A S T M  D  4 2 2 - 6 3  ( F i g u r e  5 . 3 6 ) .  T h e  a b u n d a n c e  o f  c l a y - s i z e d  p a r t i c l e s  i n  

S y n f u e l s  f l y  a s h  i s  a l m o s t  t w i c e  t h a t  o f  M a t i m b a  f l y  a s h  w h i l e  t h a t  o f  s i l t -

s i z e d  p a r t i c l e s  i s  1 7 %  h i g h e r  ( i n  t h e  f o r m e r ) .    
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F i g u r e  5 . 3 6  P S D  p r o f i l e s  o f  t h e  t w o  f l y  a s h e s  

 

 

A s  e x p e c t e d ,  t h e  s a n d - s i z e d  p a r t i c l e s  a r e  s i g n i f i c a n t l y  h i g h e r  i n  t h e  

M a t i m b a  f l y  a s h .  T h u s  M a t i m b a  f l y  a s h  i s  c o a r s e r  t h a n  S y n f u e l s  f l y  a s h .  

A c c o r d i n g  t o  l i t e r a t u r e  f i n e r  p a r t i c l e s  a r e  m o r e  r e a c t i v e  t h a n  c o a r s e r  

p a r t i c l e s  w h i c h  a r e  u s u a l l y  r i c h  i n  u n b u r n e d  c a r b o n  ( C a m p b e l l ,  1 9 9 9 ;  

M a h l a b a  a n d  P r e t o r i u s ,  2 0 0 6 ) .  F r o m  a  P S D  p o i n t  o f  v i e w  M a t i m b a  f l y  a s h  

o u g h t  t o  h a v e  b e e n  l e s s  r e a c t i v e  t h a n  S y n f u e l s  f l y  a s h ,  w h i c h  w a s  i n d e e d  t h e  

c a s e .  

 

( c )  Morpho logy  

 

T h e  F E G  S E M  i ma g e s  i n  F i g u r e  5 . 3 7  s h o w  t h a t  t h e  p a r t i c l e s  o f  S y n f u e l s  f l y  

a s h  a r e  p r e d o m i n a n t l y  s p h e r i c a l  w h i l e  t h o s e  o f  M a t i m b a  f l y  a s h  a r e  r a t h e r  

i r r e g u l a r  a s  d e p i c t e d  i n  F i g u r e  5 . 3 8 .  M o r p h o l o g y  o f  f l y  a s h  p a r t i c l e s  a f f e c t s  

w o r k a b i l i t y  a n d  i t s  r e a c t i v i t y  ( K r u g e r ,  2 0 1 0 ;  M a h l a b a  a n d  P r e t o r i u s ,  2 0 0 6 ) .  
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F i g u r e  5 . 3 7  M o r p h o l o g y  o f  S y n f u e l s  f l y  a s h  p a r t i c l e s  

 

 

 

 

F i g u r e  5 . 3 8  M o r p h o l o g y  o f  M a t i m b a  f l y  a s h  p a r t i c l e s  
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5 .8 .3  Chemic a l  a nd  M ine ra l og ic a l  Charac te r i s t i cs  

 

( a )  XRF  

 

T h e  e l e m e n t a l  c o m p o s i t i o n  o f  t h e  t w o  f l y  a s h e s  i s  p r e s e n t e d  i n  T a b l e  5 . 4 .  I t  

i s  e v i d e n t  t h a t  M a t i m b a  f l y  a s h  h a s  a  s i g n i f i c a n t l y  h i g h e r  c o n t e n t  o f  F e 2 O 3 ,  

w h i c h  c o u l d  b e  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  c o l o u r  d i f f e r e n c e .  C o n v e r s e l y ,  

S y n f u e l s  f l y  a s h  h a s  a l m o s t  f o u r  t i m e s  t h e  c o n t e n t  o f  C a O  a n d  s l i g h t l y  m o r e  

A l 2 O 3  a n d  M g O  c o m p a r e d  t o  M a t i m b a  f l y  a s h .     

 

T a b l e  5 . 4  E l e m e n t a l  c o m p o s i t i o n  o f  t h e  t w o  f l y  a s h e s  

 

Component Matimba fly ash (%) Synfuels fly ash (%) 

SiO2 59.48 47.92 

Al2O3 28.55 32.78 

Fe2O3 5.91 2.05 

CaO 2.33 9.48 

MgO 0.38 1.18 

SO3 0.39 0.51 

Na2O N/A 0.67 

K2O 1.00 0.92 

TiO2 1.32 1.63 

SrO 0.04 0.57 

BaO 0.11 0.77 

P2O5 0.24 1.07 

Cl <0.01 <0.01 

MnO 0.06 0.05 

Total 99.81 99.60 

 

 

( b )  XRD  

 

T h e r e  a r e  a p p r e c i a b l e  m i n e r a l o g i c a l  d i f f e r e n c e s  ( T a b l e  5 . 5 )  b e t w e e n  t h e  t w o  

f l y  a s h e s  w h i c h  a r e  i n  l i n e  w i t h  X R F  d a t a .  M a t i m b a  f l y  a s h  h a s  a  h i g h e r  

c o n t e n t  o f  h e m a t i t e  a n d  m u l l i t e  w h i l e  S y n f u e l s  f l y  a s h  i s  r i c h e r  i n  l i m e  a n d  

a m o r p h o u s  p h a s e ,  w h i c h  a r e  e s s e n t i a l  i n  h y d r a t i o n  ( S p e a r s  a n d  L e e ,  2 0 0 4 ) .    
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T a b l e  5 . 5  M i n e r a l o g y  o f  f l y  a s h e s  

 

 

 

 

 

 

 

 

 
 

T h e  p r e s e n c e  o f  l i m e  h a s  a  p r o f o u n d  e f f e c t  o n  t h e  r e a c t i v i t y  o f  f l y  a s h  t o  

i m m o b i l i s e  s a l t s  b y  p r o v i d i n g  a n  a l k a l i n e  e n v i r o n m e n t  ( B o u z a l a k o s  e t  a l . ,  

2 0 0 8 ;  K i m ,  2 0 0 5 ;  B e n - H a h a  e t  a l . ,  2 0 1 0 )  a s  h a s  a l r e a d y  b e e n  m a n i f e s t e d  b y  

p o o r  r e s p o n s e  t o  b r i n e  v a r i a t i o n s  o f  p a s t e s  c o n t a i n i n g  M a t i m b a  f l y  a s h .  

 

( c )  Pore  Wate rs   

 

T h i s  s e c t i o n  p r e s e n t s  t h e  n a t u r e  o f  e x t r a c t e d  p o r e  w a t e r  f r o m  t h e  t w o  f l y  

a s h e s .  F i g u r e  5 . 3 9  d e m o n s t r a t e s  t h a t  M a t i m b a  f l y  a s h  g a v e  a  p H  o f  1 1 . 3  

w h i l e  S y n f u e l s  f l y  a s h  g a v e  1 2 . 2 ,  w h i c h  i s  a l m o s t  a n  o r d e r  o f  m a g n i t u d e  

d i f f e r e n c e  i n  [ H 3 O + ] .   
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F i g u r e  5 . 3 9  C o m p a r i s o n  o f  p H  f o r  t h e  t w o  f l y  a s h e s  

Compound Chemical formula Matimba fly ash (%) Synfuels fly ash (%) 

Mullite Al6Si2O13 28.98 20.53 

Quartz SiO2 11.86 10.24 

Hematite Fe2O3 1.43 0.68 

Lime CaO 0.37 2.22 

Amorphous content N/A 57.36 66.32 

Total N/A 100.00 99.99 
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C o n c u r r e n t l y ,  M a t i m b a  f l y  a s h  s h o w e d  a  h i g h e r  l e a c h a b i l i t y  c o m p a r e d  t o  

S y n f u e l s  f l y  a s h  a s  s h o w n  i n  F i g u r e  5 . 4 0 .  T h e  f o r m e r  r e l e a s e d  s a l t s  

c o r r e s p o n d i n g  w i t h  a n  E C  o f  1 8 . 0 2  m S / c m  w h e r e a s  t h e  l a t t e r  g a v e  o n l y  

a b o u t  h a l f  i . e .  9 . 2 2  m S / c m .  T h i s  d i f f e r e n c e  c o u l d  b e  a  c o m b i n a t i o n  o f  

c h e m i c a l  a n d  p h y s i c a l  f a c t o r s .  
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F i g u r e  5 . 4 0  C o m p a r i s o n  o f  E C  f o r  t h e  t w o  f l y  a s h e s  

 

 

5 . 8 .4  Conc lud ing  Remarks  on  F ly  Ashes  

 

I n i t i a l l y  i t  w a s  b e l i e v e d  t h a t  p h y s i c a l  p r o p e r t i e s  o f  S y n f u e l s  a n d  M a t i m b a  

f l y  a s h e s  w o u l d  b e  a l m o s t  i d e n t i c a l .  E x a m i n a t i o n  o f  d a t a  d e m o n s t r a t e d  t h e  

e x i s t e n c e  o f  c r i t i c a l  d i f f e r e n c e s  e s p e c i a l l y  t h e  P S D  a n d  m o r p h o l o g y  o f  

p a r t i c l e s .  A s  e x p e c t e d  t h e  c h e m i c a l  a n d  m i n e r a l o g i c a l  c h a r a c t e r i s t i c s  o f  

t h e s e  f l y  a s h e s  w e r e  d i f f e r e n t  i n  a c c o r d a n c e  w i t h  f e e d  c o a l s  a n d  o p e r a t i o n  

c o n d i t i o n s .  T h e  d i s t i n c t i v e  b e h a v i o u r s  o f  r e s u l t a n t  p a s t e s  w e r e  t h e r e f o r e  

a t t r i b u t e d  t o  a l l  t h e  a b o v e - m e n t i o n e d  d i f f e r e n c e s  i n  t h e  t w o  f l y  a s h e s .  T h e  

c r i t i c a l  d i f f e r e n c e s  w e r e  l i m e  d e f i c i e n c y ,  r e l a t i v e l y  l o w e r  c o n t e n t  o f  t h e  

a m o r p h o u s  p h a s e  a n d  t h e  c o a r s e r  n a t u r e  o f  M a t i m b a  f l y  a s h  p a r t i c l e s .   

 

I t  i s ,  n e v e r t h e l e s s ,  b e l i e v e d  t h a t  a d d i t i v e s  c a n  a m e l i o r a t e  t h e  r e a c t i v i t y  o f  

M a t i m b a  f l y  a s h  ( G i e r g i c z n y ,  2 0 0 4 ;  S h i ,  1 9 9 6 ) .  T h e  i m p a c t  o f  a d d i t i v e s  o n  

t h e  w o r k a b i l i t y  a n d  s t r e n g t h  d e v e l o p m e n t  o f  p a s t e  w i l l  r e q u i r e  g o o d  b a l a n c e  

a c c o r d i n g  t o  t h e  c r i t e r i a  i n  s e c t i o n  3 . 4 . 7  ( C h a p t e r  3 ) .   
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5 .9  C ON CL U SI ONS  

 

A n  e n c o m p a s s i n g  f i n d i n g  m a d e  i n  t h i s  r e s e a r c h  i s  t h a t  b o t h  b r i n e  a n d  f l y  a s h  

p r o p e r t i e s  h a v e  a  p r o f o u n d  e f f e c t  o n  t h e  p a s t e  b e h a v i o u r .  T h i s  w a s  

m a n i f e s t e d  i n  t h e  w o r k a b i l i t y ,  s t r e n g t h  d e v e l o p m e n t ,  a n d  w e a t h e r i n g  

( i n c l u d i n g  f o r m a t i o n  o f  s e c o n d a r y  p h a s e s  a n d  l e a c h a b i l i t y )  o f  t h e  r e s u l t a n t  

p a s t e s .   

 

T h e  i m p o r t a n t  a s p e c t s  a n d  o b s e r v a t i o n s  w h i c h  l e d  t o  t h e  a b o v e  s t a t e m e n t  a r e  

t h a t :  

 T o t a l  s o l i d s  r a t h e r  t h a n  f l y  a s h  c o n t e n t  i n  p a s t e  p r o v i d e  a  b e t t e r  m e a n s  

o f  a s s e s s i n g  a n d  p r e d i c t i n g  w o r k a b i l i t y .  T h i s  m e a n s  t h a t  s a l i n i t y  o f  

b r i n e  a s  T o t a l  D i s s o l v e d  S o l i d s  m u s t  b e  t a k e n  i n t o  a c c o u n t  d u r i n g  

p a s t e  p r e p a r a t i o n .  

 A n  o p t i m u m  r a n g e  o f  s a l i n i t y  w i t h  t h e  i n d u s t r i a l  b r i n e  w a s  f o u n d  

b e t w e e n  4 0  a n d  6 0  g / l  f o r  a c c e p t a b l e  w o r k a b i l i t y  a n d  a d e q u a t e  s t r e n g t h  

d e v e l o p m e n t  w h e n  m i x e d  w i t h  S y n f u e l s  f l y  a s h .  T h i s  r a n g e  w a s  a l s o  

a p p l i c a b l e  t o  m o s t  p a s t e s  p r e p a r e d  w i t h  s y n t h e t i c  b r i n e s ,  i n d i c a t i n g  i t s  

f l e x i b i l i t y  t o  c h e m i c a l  v a r i a t i o n s  a n d  h e n c e  i t s  r e a l i s m .  

 T h e  e v a l u a t i o n  o f  v a r i o u s  s u l p h a t e  a n d  c h l o r i d e  c o m p o u n d s  p r o d u c e d  

p a s t e s  w i t h  c o m p a r a b l e  w o r k a b i l i t y  a l t h o u g h  c h l o r i d e s  d e m o n s t r a t e d  a  

p r o n o u n c e d  c o n t r i b u t i o n  t o  s t r e n g t h  d e v e l o p m e n t  c o m p a r e d  t o  

s u l p h a t e s .  

 U n l i k e  c h l o r i d e s ,  s u l p h a t e s  p r o d u c e  p a s t e s  p o s s e s s i n g  t h r e s h o l d  U C S  

v a l u e s .  T h e r e f o r e  t h e  u s e  o f  s u l p h a t e  s o l u t i o n s  w o u l d  n e c e s s i t a t e  c l o s e  

m o n i t o r i n g  a n d / o r  t h e  i n s t a l l a t i o n  o f  a c c u r a t e  c o n t r o l  s y s t e m s  o f  t h e  

p a s t e  p l a n t  t o  e n s u r e  p r o d u c t i o n  o f  p a s t e  w i t h  d e s i r e d  c h a r a c t e r i s t i c s .   

 I t  w a s  a s c e r t a i n e d  t h a t  H C l  a n d  H 2 S O 4  s o l u t i o n s  s i g n i f i c a n t l y  r e d u c e  

t h e  e x t e n t  o f  s e t t l i n g  b y  4 7 %  a n d  1 0 0 % ,  r e s p e c t i v e l y .  T h i s  c o u l d  

i n c r e a s e  t h e  h y d r a u l i c  c o n d u c t i v i t y  a n d  h a v e  a n  a d v e r s e  e f f e c t  o n  t h e  

p r o p e r t i e s  o f  t h e  r e s u l t a n t  p a s t e  p r o d u c t ,  w h i c h  w i l l  i n c r e a s e  t h e  

e n v i r o n m e n t a l  l i a b i l i t y .  T h e r e f o r e  h i g h l y  a c i d i c  e f f l u e n t s  m u s t  b e  

a v o i d e d  i n  p a s t e .    
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 U s i n g  C a C l 2  a n d  N a 2 S O 4  a s  m i x i n g  s o l u t i o n s  i n d i v i d u a l l y  p r o d u c e d  

b e t t e r  r e s u l t s  t h a n  N a C l  a n d  C a S O 4  a t  e q u i v a l e n t  c o n c e n t r a t i o n s  o f  t h e  

a n i o n s .   

 M o s t  i m p o r t a n t l y ,  b l e n d i n g  o f  t h e s e  s o l u t i o n s  i m p r o v e d  t h e  p r o p e r t i e s  

w h e n  c o m p a r e d  w i t h  i n d i v i d u a l  s o l u t i o n s .  T h i s  s u g g e s t s  s y n e r g y  o f  

c o m p o n e n t s  i n  a  b r i n e  m a t r i x .   

 I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  s o l u t i o n s  r i c h  i n  c h l o r i d e  a n d  s u l p h a t e  

i o n s  c a n  b e  b e n e f i c i a l l y  u s e d  i n  c e m e n t i t i o u s  p r o d u c t s .  T h i s  d i s c o v e r y  

s u b s t a n t i a t e s  t h e  u s e  o f  s e a w a t e r  i n  c o n c r e t e  a s  o b s e r v e d  b y  o t h e r  

r e s e a r c h e r s .  

 C a l i b r a t i o n  o f  t h e  p r e d i c t i v e  b r i n e  p r o t o c o l  s h o w e d  t h a t  t h e  h y p o t h e s i s  

i s  c o r r e c t  a l t h o u g h  t h e  a c c u r a c y  o f  U C S  p r e d i c t i o n  w a s  h i g h e r  t h a n  

t h a t  o f  t h e  y i e l d  s t r e s s .  T h i s  w a s  i n f e r r e d  t o  t h e  s e n s i t i v i t y  o f  

w o r k a b i l i t y  t o  p r o p e r t i e s  o f  t h e  m i x i n g  w a t e r  e . g .  p H  a n d  s a l i n i t y  

w h i l e  U C S  i s  a  r e s u l t  o f  v a r i o u s  l o n g e r  t e r m  p h e n o m e n a .  

 T h e  m i n e r a l o g y  ( e s p e c i a l l y  C a O  a n d  a m o r p h o u s  c o n t e n t )  i n  a d d i t i o n  t o  

P S D  a n d  m o r p h o l o g y  o f  f l y  a s h  c o n t r o l  i t s  s u i t a b i l i t y  f o r  u s e  i n  t h e  c o -

d i s p o s a l  o f  b r i n e s  a s  p a s t e .  T h u s  t h e  i m m o b i l i s a t i o n  o f  p o l l u t a n t s  d o e s  

n o t  d e p e n d  e n t i r e l y  o n  t h e  a l k a l i n i t y  o f  f l y  a s h ;  i t s  c o m p o s i t i o n  i s  a l s o  

r e l e v a n t .   

 I t  w a s  d e m o n s t r a t e d  t h a t  b r i n e s  r e a c t  w i t h  S y n f u e l s  f l y  a s h  a n d  r e d u c e d  

t h e  l e a c h a b i l i t y  o f  c o m p o n e n t s .  T h i s  w a s  s u p p o r t e d  b y  m i c r o s t r u c t u r a l  

a n d  m i n e r a l o g i c a l  i n f o r m a t i o n .  

 

T h e  o v e r a l l  c o n c l u s i o n  i s  t h a t  p a s t e  t e c h n o l o g y  i s  a  p l a u s i b l e  o p t i o n  f o r  t h e  

s a f e  c o - d i s p o s a l  o f  b r i n e s  i n  f l y  a s h  p a s t e s  p r o v i d e d  s u i t a b l e  b r i n e s  a n d  f l y  

a s h  a r e  m i x e d .  T h e  s t u d y  h a s  s u c c e e d e d  i n  i d e n t i f y i n g  t h e  f a c t o r s  o f  r a w  

m a t e r i a l s  r e q u i r e d  t o  a t t a i n  p a s t e s  w i t h  t h e  d e s i r e d  c h a r a c t e r i s t i c s  a n d  

b e h a v i o u r .   

 

I t  c a n n o t  b e  o v e r e m p h a s i s e d  t h a t  o p t i m i s a t i o n  o f  p a s t e  p r o p e r t i e s  t o  s u i t  t h e  

i n t e n d e d  a p p l i c a t i o n  i s  e s s e n t i a l  f o r  d i f f e r e n t  s e t s  o f  m a t e r i a l s  a n d  

c o n d i t i o n s  d u e  t o  t h e  s p e c i f i c i t y  o f  t h e  p a s t e  d i s p o s a l  m e t h o d .     

 

 



 

 

 

CHAPTER 6  
 
COMPARISON OF SLURRY DISPOSAL WITH PASTE PLACEMENT 

 

6 .1  INTRODUCTIO N 

 

T h e  p u r p o s e  o f  C h a p t e r  6  i s  t o  p r o v i d e  a  b r i e f  c o m p a r i s o n  b e t w e e n  

h y d r a u l i c  a s h  d i s p o s a l  a s  s l u r r y  a n d  p a s t e  p l a c e m e n t .  T h e  f u n d a m e n t a l  

q u e s t i o n  t o  b e  a n s w e r e d  h e r e  i s  w h e t h e r  p a s t e  d i s p o s a l  m e t h o d  w i l l  p r o v i d e  

e n v i r o n m e n t a l  b e n e f i t s  o v e r  s l u r r y  f o r  s a l i n e  b r i n e s  a n d  c o a l  f l y  a s h  a s  

c l a i m e d  i n  t h e  l i t e r a t u r e .  

 

“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it doesn't agree 
with experiment, it's wrong.” Richard Feynman (American physicist: 1918 – 1988)  
 

6 . 2  S E L E CTE D R E S U L T S  

 

T h e  s e l e c t e d  r e s u l t s  a r e  u s e d  t o  c o m p a r e  t h e  t w o  c o - d i s p o s a l  s c e n a r i o s  o f  

f l y  a s h  a n d  b r i n e s .  T h e  d i s p o s a l  s i t e s  o f  s l u r r y  a n d  p a s t e  a r e  e x a m i n e d  t o  

p u t  m a t t e r s  i n t o  p e r s p e c t i v e .  V a r i o u s  l o c a t i o n s  i n  a  d i s u s e d  F i n e  A s h  D a m  

( F A D )  a r e  d e p i c t e d  i n  F i g u r e  6 . 1 .  I t  i s  a p p a r e n t  t h a t  t h e  F A D  ( d r y  s l u r r y )  i s  

h e t e r o g e n e o u s  a n d  s u s c e p t i b l e  t o  e r o s i o n  a l t h o u g h  v e g e t a t i o n  o c c u r s  t o  a  

l i m i t e d  e x t e n t .  W i t h  t h e s e  p o i n t s  i n  m i n d ,  t h e  n e c e s s i t y  t o  r e h a b i l i t a t e  t h e  

F A D  i s  i n e v i t a b l e ,  w h i c h  i s  a n  i n d e p e n d e n t  a r e a  o f  r e s e a r c h .   
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F i g u r e  6 . 1  I l l u s t r a t i o n  o f  v a r i o u s  a r e a s  i n  a  F i n e  A s h  D a m  

 

 

O n  t h e  o t h e r  h a n d ,  F i g u r e  6 . 2  d e p i c t s  a  c u r e d  p a s t e  i n  t h e  f i e l d .  T h i s  p a s t e  

f a c i l i t y  p l a c e s  t h i c k e n e d  t a i l i n g s  f r o m  t h e  r e c o v e r y  o f  c o p p e r  a n d  z i n c ,  b u t  

g e n e r i c  p a s t e  p r o p e r t i e s  a r e  e x p e c t e d  t o  r e m a i n  s i m i l a r .  T h e  d i s p o s a l  s i t e  

l o o k s  h o m o g e n e o u s  d e s p i t e  c r a c k s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e s e  ( c r a c k s )  

b e c o m e  f i l l e d  w i t h  t h e  n e x t  l a y e r  o f  p a s t e  d u r i n g  s u b s e q u e n t  d e p o s i t i o n .  T h e  

s i t e  a l s o  s e e m s  l e s s  p r o n e  t o  e r o s i o n  a n d  i n f i l t r a t i o n ,  w h i c h  m i n i m i s e s  t h e  

r i s k  o f  l e a c h i n g .     
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F i g u r e  6 . 2  I l l u s t r a t i o n  o f  h o m o g e n e i t y  o f  p l a c e d  p a s t e  

 

  

6 .2 .1  Pa r t i c le  S i ze  D i s t r i bu t ion  

 

T h e  P S D  p r o f i l e  o f  m a t e r i a l s  p r o v i d e s  c o m p a r a t i v e  b a s i s  a t  t h e  

m i c r o s t r u c t u r a l  l e v e l .  I t  i s  e v i d e n t  f r o m  F i g u r e  6 . 3  t h a t  t y p i c a l  W e a t h e r e d  

F i n e  A s h  ( W F A )  i s  r e l a t i v e l y  f i n e r  t h a n  b o t h  f r e s h  f l y  a s h  a n d  b r i n e - f l y  a s h  

p a s t e s .   
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F i g u r e  6 . 3  C o m p a r i s o n  o f  P S D  p r o f i l e s  o f  v a r i o u s  a s h  m a t e r i a l s  

 

 

T h e  d i s t i n c t i o n  i n  P S D  p r o f i l e s  i s  a t t r i b u t e d  t o  c h e m i c a l  w e a t h e r i n g  w i t h  t h e  

u n d e r s t a n d i n g  t h a t  s e c o n d a r y  p h a s e s  a r e  f i n e r  t h a n  p a r t i c l e s  o f  u n r e a c t e d  f l y  

a s h .  T h i s  i n c r e a s e s  t h e  s u r f a c e  a r e a  o f  t h e  w e a t h e r e d  a s h  ( Z e v e n b e r g e n  e t  

a l . ,  1 9 9 9 ) .  

 

T h e  p a s t e s  a r e  i n  c o n t r a s t ,  c o a r s e r  t h a n  f l y  a s h  w h i c h  w a s  u s e d  t o  p r e p a r e  

t h e m .  T h i s  d i f f e r e n c e  c a n  b e  a t t r i b u t e d  t o  t h e  e x i s t e n c e  o f  p r e c i p i t a t e s  i n  

t h e  s h o r t - t e r m ,  w h i c h  w i l l  m o s t  p r o b a b l y  a l t e r  i n t o  f i n e r  h y d r a t i o n  p r o d u c t s  

a s  c h e m i c a l  w e a t h e r i n g  p r o c e e d s  ( M e m o n  e t  a l . ,  2 0 0 2 ) .  B a s e d  o n  t h e  r e s u l t s  

o f  t h i s  s t u d y ,  i t  c a n  b e  c o n c l u d e d  t h a t  1 8  m o n t h s  o f  c u r i n g  t h e  p a s t e s  w a s  

i n s u f f i c i e n t  f o r  s i g n i f i c a n t  w e a t h e r i n g  a n d  t h e  e s t a b l i s h m e n t  o f  e q u i l i b r i u m .   
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6 .2 .2  Leach ing  

 

T h e  l e a c h i n g  r e s u l t s  o f  b o t h  p a s t e s  a n d  W F A  p r o v i d e d  i n  T a b l e  6 . 1  a r e  

c o n s i s t e n t l y  l o w e r  t h a n  f o r  f l y  a s h  i n  t e r m s  o f  p H ,  E C ,  a l k a l i n i t y  a n d  C a .  

T h e  q u a n t i t i e s  o f  N a ,  C l -  a n d  S O 4
2 -  a r e ,  a s  e x p e c t e d ,  s o m e w h a t  h i g h e r  i n  t h e  

p a s t e s  p r e p a r e d  w i t h  r e g e n  b r i n e  a n d  s a l t y  w a t e r .  N o n e t h e l e s s ,  

a p p r o x i m a t e l y  9 0 %  c o n c e n t r a t i o n  o f  t h e s e  c o n s t i t u e n t s  p r e s e n t  i n  t h e  

o r i g i n a l  b r i n e s  w a s  i m m o b i l e  d u r i n g  l e a c h i n g .  T h i s  b o d e s  w e l l  f o r  s a f e  

e n v i r o n m e n t a l  d i s p o s a l .   

 

T a b l e  6 . 1  S u m m a r y  o f  l e a c h a t e  r e s u l t s  f o r  f l y  a s h ,  p a s t e s  a n d  t y p i c a l  W F A  

 

Sample pH 

EC 

(mS/cm) 

M-alkalinity 

(mg/l) as CaCO3 

Ca 

(mg/l) 

Na 

(mg/l) 

Cl- 

(mg/l) 

SO4
2- 

(mg/l) 

Fly ash 12.5 6.71 1800 704 3 7 101 

Dwater paste  10.0 0.17 40 27 4 <5 35 

Regen paste 10.6 1.29 112 24 223 218 136 

Salty water paste  9.8 2.72 76 21 519 466 466 

Typical WFA 9.7 0.57 50 53 58 36 172 

 

 

T h e s e  l e a c h i n g  d a t a  ( T a b l e  6 . 1 )  p r o v i d e  t h e  s c i e n t i f i c  e v i d e n c e  t h a t  

i m m o b i l i s a t i o n  o f  p o l l u t a n t s  o c c u r s  w h e n  b r i n e s  i n t e r a c t  w i t h  c o a l  a s h  

e i t h e r  i n  t h e  s l u r r y  o r  p a s t e  f o r m .  I m m o b i l i s a t i o n  o f  c o n t a m i n a n t s  c o n t a i n e d  

i n  t h e  b r i n e  w a s  a c h i e v e d  i r r e s p e c t i v e  o f  t h e  b r i n e  c h a r a c t e r i s t i c s  o r  S : L  

r a t i o  a b o v e  a  m i n i m u m  m o i s t u r e  c o n t e n t  f o r  h y d r a t i o n .   

 

6 .2 .3  E l eme n ta l  C o mp o s i t i o n  

 

I t  i s  a p p a r e n t  f r o m  t h e  r e s u l t s  s h o w n  i n  T a b l e  6 . 2  t h a t  t h e  s a m p l e s  a r e  

s i m i l a r  a t  a n  e l e m e n t a l  c o m p o s i t i o n  l e v e l .  T h e  c o n c e n t r a t i o n s  o f  C l - ,  N a  a n d  

S  a r e  r e l a t i v e l y  h i g h e r  i n  t h e  r e g e n  p a s t e ,  s a l t y  w a t e r  p a s t e  a n d  a  t y p i c a l  

W F A .  T h i s  d i s c r e p a n c y  w a s  a s c r i b e d  t o  t h e  c h e m i c a l  c o m p o s i t i o n  o f  b r i n e s  

t h a t  w e r e  m i x e d  w i t h  e i t h e r  f l y  a s h  o r  t h e  F i n e  A s h  i n  t h e  c a s e  o f  WF A .  
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T a b l e  6 . 2  S u m m a r y  o f  e l e m e n t a l  c o m p o s i t i o n  o f  f l y  a s h ,  p a s t e s  a n d  t y p i c a l  

W F A  

 

Sample Si (%) Al (%) Fe (%) Ca (%) Na (%) S (%) Cl- (%) 

Fly ash 22.40 17.35 2.05 7.45 0.50 0.20 <0.01 

Dwater paste  23.24 17.69 1.70 6.63 0.54 0.16 <0.01 

Regen paste 22.12 16.80 1.94 6.99 1.74 0.32 0.38 

Salty water paste 21.03 16.21 1.98 6.89 2.54 0.63 1.29 

Typical  WFA 18.62 16.14 2.45 5.98 0.98 1.07 0.39 

 

 

6 .2 .4  Mi ne ra lo g y  

 

M i n e r a l o g y  p r o v i d e s  u s e f u l  i n f o r m a t i o n  p e r t i n e n t  i n  d e t e r m i n i n g  t h e  

e f f i c a c y  o f  d i f f e r e n t  d i s p o s a l  m e t h o d s  i n  t e r m s  o f  s t a b i l i s a t i o n ,  a s  w e l l  a s  i n  

u n d e r s t a n d i n g  t h e  i m p l i c a t i o n s  o f  t h e  l e a c h i n g  d a t a .  

 

( a )  XRD  

 

T h e  X R D  r e s u l t s  o f  h y d r a t e d  s a m p l e s  a n d  f l y  a s h  i l l u s t r a t e d  i n  T a b l e  6 . 3  

e x h i b i t  a p p r e c i a b l e  m i n e r a l o g i c a l  d i f f e r e n c e s .  E t t r i n g i t e  w a s  n o t  i d e n t i f i e d  

i n  a n y  o f  t h e  1 8 - m o n t h  o l d  p a s t e s  w h e r e a s  p r e c i p i t a t e s ,  n a m e l y ,  h a l i t e  a n d  

g y p s u m w e r e  o b t a i n e d  i n  s o m e  o f  t h e  p a s t e s .  S o m e  p r e c i p i t a t e s  a r e  s o l u b l e  

u p o n  c o n t a c t  w i t h  w a t e r  i m p l y i n g  a  p o o r  i m m o b i l i s a t i o n  m e c h a n i s m  f o r  C a ,  

N a ,  C l -  a n d  S O 4
2 - .   
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T a b l e  6 . 3  T h e  X R D  r e s u l t s  o f  f l y  a s h ,  t y p i c a l  W F A  a n d  p a s t e s  

 

Component Chemical Formula Fly ash 

Dwater 

paste  

Regen 

paste 

Salty water 

paste 

Typical 

WFA 

Quartz SiO2 10.24 12.00 9.05 10.34 11.03 

Mullite Al6Si2O13 20.53 19.66 17.99 18.53 19.17 

Hematite Fe2O3 0.68 0.58 0.64 0.60 0.64 

Magnetite Fe3O4 - - - - 0.89 

Analcime NaAlSi2O6·H2O - - 2.65 2.37 0.73 

Lime CaO 2.22 - - - - 

Periclase MgO - 0.69 0.09 0.64 0.59 

Ettringite Ca6Al2(SO4)3(OH)12.26H2O - - - - 2.58 

Sillimanite Al2SiO5 - - - - 1.46 

Calcite CaCO3 - 3.54 6.52 4.92 2.60 

Halite NaCl - - - 1.24 - 

Gypsum CaSO4.2H2O - - - 1.66 - 

Amorphous 

content N/A 66.33 63.53 63.06 59.70 60.30 

Total N/A 100.00 100.00 100.00 100.00 100.00 

 

 

T h e  X R D  f i n d i n g s  a r e  s u m m a r i s e d  a s  f o l l o w s :  

 L i m e  o r i g i n a l l y  p r e s e n t  i n  t h e  f l y  a s h  w a s  n o t  d e t e c t e d  a f t e r  h y d r a t i o n  

w h i l e  c a l c i t e  a n d  p e r i c l a s e  w e r e  i d e n t i f i e d  a s  n e w  p h a s e s .  

 T h e  p r e s e n c e  o f  q u a n t i f i a b l e  [ N a + ]  i n  t h e  m i x i n g  w a t e r  w a s  

r e s p o n s i b l e  f o r  t h e  f o r m a t i o n  o f  a n a l c i m e  s i n c e  i t  w a s  n o t  i d e n t i f i e d  

i n  p a s t e  c o n t a i n i n g  d e i o n i s e d  w a t e r .  

 E t t r i n g i t e ,  m a g n e t i t e ,  a n d  s i l l i m a n i t e  w e r e  o n l y  i d e n t i f i e d  i n  t h e  W F A  

a n d  n o t  i n  t h e  p a s t e s  p r e p a r e d  a n d  i n v e s t i g a t e d  d u r i n g  t h i s  s t u d y .  T h i s  

s u g g e s t s  t h a t  t h e i r  f o r m a t i o n  r e q u i r e s  a  m u c h  l o n g e r  c u r i n g  t i m e  t h a n  

1 8  m o n t h s .   

( i )  I t  i s  a l s o  p o s s i b l e  t h a t  f i n e r  p a r t i c l e s  o f  g a s i f i c a t i o n  a s h  d o  c a t a l y s e  

t h e  f o r m a t i o n  o f  e t t r i n g i t e  a n d  s i l l i m a n i t e  b e c a u s e  g a s i f i c a t i o n  f i n e s  

a r e  r i c h  i n  a l u m i n o s i l i c a t e s  ( M a t j i e  a n d  V a n  A l p h e n ,  2 0 0 8 ) .   

( i i )  H o w e v e r ,  e x a m i n a t i o n  o f  8 - m o n t h  o l d  F A  a n d  s h o r t  t e r m  e x p e r i m e n t s  

o f  K o c h  ( 2 0 0 2 )  l a c k e d  e t t r i n g i t e ,  s u g g e s t i n g  t h a t  t i m e  i s  m o r e  o f  a n  

i s s u e  t h a n  d i s t i n c t i o n  b e t w e e n  t h e  m a t e r i a l s .   
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( i i i )  T h e  d i s p o s a l  o f  F e - b a s e d  c a t a l y s t  i n  t h e  F A D  c o u l d  b e  p r o v i d i n g  t h e  

a d d i t i o n a l  F e ,  r e q u i r e d  t o  f o r m  m a g n e t i t e  d u r i n g  c h e m i c a l  

w e a t h e r i n g .  

  

(b )   DSC  

 

T h e  r e s u l t s  o f  D S C  a n a l y s i s  i n d i c a t e  t h a t  C - S - H  g e l  a n d  F r i e d e l ’ s  s a l t  

f o r m e d  w i t h i n  t h e  1 8 - m o n t h  p e r i o d  o f  c u r i n g  o f  t h e  s a l t y  w a t e r  b e a r i n g  

p a s t e .  N o  a d d i t i o n a l  p h a s e s  c o u l d  b e  i d e n t i f i e d  o n  t h e  p a s t e s  p r e p a r e d  w i t h  

r e g e n  b r i n e  a n d  d e i o n i s e d  w a t e r  p r o b a b l y  d u e  t o  s a l i n i t y  d i f f e r e n c e s .    

 

6 .2 .5  Par t i c le  Morpho l og y  

 

F i e l d  E m i s s i o n  G u n  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 y  ( F E G  S E M )  p r o v i d e s  

h i g h  r e s o l u t i o n  i n f o r m a t i o n  a b o u t  t h e  s u r f a c e  p r o p e r t i e s  o f  s o l i d  m a t e r i a l s .  

T h e  i m a g e s  c o n f i r m  o c c u r r e n c e  o f  h y d r a t i o n  a n d  c h e m i c a l  w e a t h e r i n g  i n  

b o t h  p a s t e  a n d  s l u r r y  e n v i r o n m e n t s ,  w h i c h  a r e  d i s t i n c t l y  d i f f e r e n t  f r o m  t h e  

p a r t i c l e s  o f  f r e s h  f l y  a s h ,  a s  i l l u s t r a t e d  i n  F i g u r e  6 . 4 .  
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WFA

Salty water paste

Regen brine paste

Fly ash

 

 

F i g u r e  6 . 4  F E G  S E M  i m a g e s  o f  f l y  a s h ,  s a l t y  w a t e r  p a s t e ,  r e g e n  b r i n e  p a s t e  

a n d  t y p i c a l  WF A  

 

 

6 .3  CON CLUDING RE MAR KS  

 

A s  e x p e c t e d  s l u r r y  a n d  p a s t e s  d i f f e r  b o t h  i n  t e r m s  o f  p h y s i c a l  a n d  

m i n e r a l o g i c a l  p r o p e r t i e s .  A p a r t  f r o m  t h e s e  d i f f e r e n c e s ,  b o t h  d i s p o s a l  

m e t h o d s  r e d u c e d  t h e  e x t e n t  o f  l e a c h i n g  c o m p a r e d  t o  f r e s h  f l y  a s h .   

 

U n l i k e  s l u r r y ,  p a s t e  d o e s  n o t  b l e e d  t h u s  l i t t l e  o r  n o  a d v e r s e  e n v i r o n m e n t a l  

l e g a c y  o f  r e t u r n  w a t e r  i s  i n h e r i t e d .  A n o t h e r  a d v a n t a g e  o f  p a s t e  i s  t h e  

d e v e l o p m e n t  o f  a p p r e c i a b l e  c o m p r e s s i v e  s t r e n g t h  m a k i n g  i t  s u i t a b l e  f o r  

m i n e  b a c k f i l l .  L a s t l y ,  s o l i d i f i c a t i o n  i s  a n o t h e r  v e r y  i mp o r t a n t  c h a r a c t e r i s t i c  

o f  p a s t e  e s p e c i a l l y  f o r  t h e  i m m o b i l i s a t i o n  o f  w a t e r  s o l u b l e  s p e c i e s .  
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I t  i s  p r o p o s e d  t h a t  i n  f u t u r e  c o m p a r a t i v e  i n v e s t i g a t i o n  o f  s l u r r y  a n d  p a s t e  

d i s p o s a l ,  i d e n t i c a l  m a t e r i a l s  b e  u s e d  f o r  p r e p a r a t i o n  a n d  b e  e x p o s e d  t o  

e q u i v a l e n t  c u r i n g  t i m e s  u n d e r  t h e  s a m e  c u r i n g  c o n d i t i o n s .   

 



 

 

 

CHAPTER 7  
 

CONCLUSIONS AND RECOMMENDATIONS 

 

7 .1  B AC K GR OUN D  

 
P r o d u c t i o n  o f  l i q u i d  f u e l s ,  c h e m i c a l s  a n d  e l e c t r i c i t y  f r o m  c o a l  p r o d u c e s  a  

v a r i e t y  o f  b y - p r o d u c t s  w h i c h  i n c l u d e  c o a l  a s h e s  a n d  s a l i n e  b r i n e s .  

M i t i g a t i o n  o f  a n t h r o p o g e n i c  p o l l u t i o n  i s  a  s u b j e c t  o f  i n t e r e s t  t o  a l l  

s t a k e h o l d e r s .   

 

T h e  a i m  o f  t h i s  t h e s i s  w a s  t o  i n v e s t i g a t e  i f  s a l i n e  b r i n e s  c o u l d  b e  m i x e d  

w i t h  c o a l  f l y  a s h  t o  m a k e  a  p a s t e  t h a t  i s  e n v i r o n m e n t a l l y  b e n i g n  u s i n g  

m a t e r i a l s  f r o m  t h e  S A S O L  S y n f u e l s  p l a n t  i n  S e c u n d a .  T h e  t e s t e d  h y p o t h e s i s  

s t a t e s  t h a t  “ a n y  a l k a l i n e  f l y  a s h  c a n  i m m o b i l i s e  s a l i n e  b r i n e s  w h e r e  

r e s u l t a n t  p a s t e  p r o p e r t i e s  a r e  d e t e r m i n e d  b y  t h e  p r e d o m i n a n t  b r i n e  

c o m p o n e n t s ;  a n d  t h e  m i n e r a l o g y  o f  t h e  p a s t e  r e s e m b l e s  t h a t  o f  a  

W e a t h e r e d  F i n e  A s h  ( W F A ) ” .  I t  w a s  b e l i e v e d  t h a t  t h e  f i n d i n g s  o f  t h i s  

s t u d y  w o u l d  p r o v i d e  t h e  b a s i s  f o r  d e v e l o p i n g  a  s u s t a i n a b l e  s o l u t i o n  t o  t h e  

d i s p o s a l  o f  b r i n e s  a n d  c o a l  f l y  a s h ;  b y  e i t h e r  u s i n g  t h e  p a s t e  t o  b a c k f i l l  

v o i d s  w i t h i n  t h e  c o a l  m i n e s  a d j a c e n t  t o  S A S O L  o r  p l a c e d  a b o v e  g r o u n d  a t  

s u i t a b l y  e n g i n e e r e d  d i s p o s a l  s i t e s .  

 

T h e  e x p e r i m e n t s  w e r e  d e s i g n e d  s u c h  t h a t  t h e  i n f l u e n c e  o f  t h e  e x p e c t e d  

v a r i a n c e  i n  t h e  f e e d s t o c k  m a t e r i a l s  o n  t h e  b e h a v i o u r a l  c h a r a c t e r i s t i c s  o f  

p a s t e  i s  u n d e r s t o o d .  T h e  v a r i a n c e  i s  d u e  t o  t h e  f a c t  t h a t  t h e  i n f l u e n t s  t o  t h e  

p a s t e  p r o c e s s  w i l l  b e  i n d u s t r i a l  b y - p r o d u c t s  a n d  w a s t e s  w h i c h  a r e  o b v i o u s l y  

n o t  c o n t r o l l e d  t o  a n y  s p e c i f i c a t i o n s .  T h e  a d o p t e d  r e s e a r c h  s t r a t e g y  w a s  t o  

e v a l u a t e  t h e  e f f e c t  o f  b r i n e  c h a r a c t e r i s t i c s  ( p r i n c i p a l l y ,  s a l i n i t y  a n d  

c h e m i c a l  c o m p o s i t i o n )  o n  t h e  w o r k a b i l i t y ,  s t r e n g t h  d e v e l o p m e n t ,  

m i c r o s t r u c t u r a l  p r o p e r t i e s ,  m i n e r a l o g y  a n d  l e a c h a b i l i t y  o f  t h e  r e s u l t a n t  f l y  

a s h  p a s t e s .  D r i l l i n g  w a s  a l s o  p e r f o r m e d  o n  a  r e d u n d a n t  F i n e  A s h  D a m  ( F A D )  

t o  e s t a b l i s h  l o n g - t e r m  i n f o r m a t i o n  o f  b r i n e - f l y  a s h  s y s t e ms .    
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7 .2  CON CLUS IONS F RO M THE  F IELD INVES TI G ATION  

 

C h a r a c t e r i s a t i o n  o f  a  r e d u n d a n t  F A D  w a s  p e r f o r m e d  t o  o b t a i n  a  h i s t o r i c a l  

r e c o r d  o f  w h a t  t r a n s p i r e s  i n  t h e  l o n g - t e r m ,  i n  a  d i s p o s a l  s i t e  f o r m e d  b y  

m i x i n g  b r i n e s  a n d  f i n e  a s h  i n  a  5 : 1  r a t i o .  F i n e  a s h  i s  a  m i x t u r e  o f  8 3 %  f l y  

a s h  a n d  1 7 %  g a s i f i c a t i o n  f i n e s  ( p a r t i c l e s  <  2 5 0  μm )  w h i c h  r e s u l t s  f r o m  t h e  

t h i c k e n e r s  a f t e r  c l a r i f i c a t i o n  o f  h y d r a u l i c a l l y  r e m o v e d  a s h e s .  I t  w a s  

a s s u m e d  t h a t  g a s i f i c a t i o n  f i n e s  ( 1 7 % )  d o  n o t  a l t e r  s i g n i f i c a n t l y  t h e  

p r o p e r t i e s  o f  W F A ;  h e n c e  f l y  a s h  w a s  u s e d  a s  a  r e f e r e n c e  m a t e r i a l .  B e s i d e s ,  

b o t h  f l y  a s h  a n d  g a s i f i c a t i o n  a s h  o r i g i n a t e  f r o m  c o m b u s t i o n  a n d  g a s i f i c a t i o n  

o f  t h e  s a m e  c o a l  f e e d s t o c k .   

 

T h e  r e s u l t s  o b t a i n e d  f r o m t h e  d e t a i l e d  c h a r a c t e r i s a t i o n  o f  s a m p l e s  d r i l l e d  

f r o m  t h e  d i s u s e d  F A D  a r e  s u m m a r i s e d  a s  f o l l o w s :  

 T h e  F A D  p o s s e s s e s  a  c h a r a c t e r i s t i c  p r o f i l e  i n  t e r m s  o f  p a r t i c l e  s i z e  

d i s t r i b u t i o n  w h i c h  i s  i n  c o n t r a s t  t o  h y d r a u l i c  s o r t i n g  c o m m o n l y  f o u n d  

i n  t h e  g o l d  t a i l i n g s  d a m s .  T h i s  d i s t i n c t i o n  w a s  a t t r i b u t e d  t o  t h e  

m o r p h o l o g i c a l  d i f f e r e n c e s  o f  p a r t i c l e s  p r e s e n t  i n  t h e s e  m a t e r i a l s .  T h e  

m a j o r i t y  o f  f l y  a s h  p a r t i c l e s  i s  s p h e r i c a l  w h i c h  p r o m o t e s  f l o w a b i l i t y  

a n d  b e t t e r  p a r t i c l e  p a c k i n g .  I t  w a s  a l s o  o b s e r v e d  t h a t  c h e m i c a l  

w e a t h e r i n g  a l t e r s  t h e  m i c r o s t r u c t u r e  o f  a s h .  

 T h e  X R F  d a t a  d e m o n s t r a t e  t h e  p r e v a l e n c e  o f  N a ,  S  a n d  C l  i n  WF A ,  

w h i c h  w a s  e x p l a i n e d  a s  a  c o n t r i b u t i o n  o f  t h e  b r i n e  t h a t  w a s  u s e d  a s  a  

c a r r i e r  m e d i u m  o f  f i n e  a s h  t o  t h e  F A D  a s  a  s l u r r y .  M o s t  i m p o r t a n t l y ,  

n o  i n d i c a t i o n  o f  l e a c h i n g  w a s  o b t a i n e d  e x c e p t  C a  a n d  S i  s u g g e s t i n g  

t h a t  t h e  m a j o r i t y  o f  p o l l u t a n t s  w e r e  i m m o b i l i s e d  i n  t h e  F A D .  

 E x a m i n a t i o n  o f  X R D ,  F E G  S E M  a n d  D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  

( D S C )  d a t a  c o n f i r m e d  t h e  e x i s t e n c e  o f  s e c o n d a r y  p h a s e s ,  w h i c h  a r e  t h e  

h y d r a t i o n  p r o d u c t s  o f  f i n e  a s h  a n d  b r i n e s .  T h e y  a r e  p y r r h o t i t e  ( F e 7 S 8 ) ,  

p e r i c l a s e  ( M g O ) ,  a n a l c i m e  ( N a A l S i 2 O 6 . H 2 O ) ,  m a g n e t i t e  ( F e 3 O 4 ) ,  

s i l l i m a n i t e  ( A l 2 S i O 5 ) ,  e t t r i n g i t e  ( C a 6 [ A l ( O H ) 6 ] 2 ( S O 4 ) 3 . 2 6 H 2 O ) ,  

c a l c i u m  s i l i c a t e  h y d r a t e  ( C - S - H )  g e l ,  S t r ä t l i n g i t e  o r  h y d r a t e d  g e h l e n i t e  

( C a 2 A l 2 S i O 2 ( O H ) 1 0 . 8 H 2 O )  a n d  c a l c i t e  ( C a C O 3 ) .  F u r t h e r  f i n d i n g s  a r e :  

( a )  T h e  p o s i t i v e  i d e n t i f i c a t i o n  o f  v a r i o u s  h y d r a t i o n  p r o d u c t s  s e r v e d  a s  

s c i e n t i f i c  e v i d e n c e  t h a t  c o n t a m i n a n t s  p r e s e n t  i n  t h e  b r i n e s  c o u l d  b e  

i m m o b i l i s e d  i n  t h e  a s h  d u r i n g  h y d r a t i o n  a n d  c h e m i c a l  w e a t h e r i n g .   
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( b )  I t  w a s  f u r t h e r  o b s e r v e d  t h a t  c h e m i c a l  w e a t h e r i n g  o c c u r r e d  

s i g n i f i c a n t l y  w i t h i n  t h e  f i r s t  4  y e a r s .  N o  a d d i t i o n a l  t r a n s f o r m a t i o n  

w a s  d e t e c t e d  u p  t o  1 6  y e a r s  a t  t h e  i n v e s t i g a t e d  F A D .    

( c )  E i g h t  m o n t h s  o f  s l u r r y  c u r i n g  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  a n a l c i m e ,  

c a l c i t e  a n d  p e r i c l a s e .  O t h e r  s e c o n d a r y  p h a s e s  l i k e  e t t r i n g i t e  w e r e  n o t  

p r e s e n t  w h i c h  s u g g e s t s  t h a t  t h e y  r e q u i r e  l o n g e r  t i me  t o  f o r m .  T h i s  

w a s  a l s o  f o u n d  b y  K o c h  ( 2 0 0 2 )  w h o  w o r k e d  w i t h  s i m i l a r  m a t e r i a l s  i n  

h e r  M S c  p r o j e c t .    

( d )  A  h i g h  d e g r e e  o f  a m o r p h o u s  c o n t e n t  w a s  r e t a i n e d  i n  t h e  W F A  w h i c h  

s u g g e s t s  i t s  p o t e n t i a l  u t i l i s a t i o n  a s  a  p o z z o l a n .  T h i s  w i l l  r e q u i r e  l i m e  

s u p p l e m e n t a t i o n  s i n c e  i t  w a s  d e p l e t e d  d u r i n g  c h e m i c a l  w e a t h e r i n g  a s  

m a n i f e s t e d  b y  a  p H  r e d u c t i o n  f r o m  1 2 . 5  t o  9 . 5 .  

 

7 .3  CON CLUSI ONS  FRO M LABO RA TO RY  E X PERI MEN TS 

 

T h e  r e s u l t s  f r o m  t h e  l a b o r a t o r y  e x p e r i m e n t s  o f  p a s t e  c a n  b e  s u m m a r i s e d  a s  

f o l l o w s :  

 T o t a l  d i s s o l v e d  a n d  s u s p e n d e d  s o l i d s  ( i n s t e a d  o f  f l y  a s h  c o n t e n t )  i n  

p a s t e  m u s t  b e  t a k e n  i n t o  a c c o u n t  d u r i n g  p a s t e  f o r m u l a t i o n .  T h i s  

p a r a m e t e r  c a n  a l s o  b e  u s e d  t o  a s s e s s  a n d  p r e d i c t  t h e  w o r k a b i l i t y  o f  

f r e s h  p a s t e s .  T h e  i m p l i c a t i o n s  a r e  t h a t  t h e  s a l i n i t y  o f  b r i n e  a s  T o t a l  

D i s s o l v e d  S o l i d s  ( T D S )  m u s t  b e  r e g u l a r l y  d e t e r m i n e d  a n d  f o r m  p a r t  o f  

t h e  p a s t e  o p e r a t i o n a l  p r o c e d u r e .  

 E v a l u a t i o n  o f  w o r k a b i l i t y  t e s t s  f o r  a p p l i c a t i o n  i n  t h e  p a s t e  r e s e a r c h  

w a s  p e r f o r m e d  a s  f o l l o w s :   

( a )  A  r h e o m e t e r  p r o v e d  i n d i s p e n s a b l e .  I t  w a s  c h i e f l y  u s e d  t o  m e a s u r e  

y i e l d  s t r e s s  s i n c e  i t  s h o w e d  h i g h  s e n s i t i v i t y  a n d  r e p r o d u c i b i l i t y  o f  

d a t a  i n  t h e  d e s i r e d  r a n g e  o f  p a s t e  c o n s i s t e n c y .   

( b )  T h e  u s e  o f  f l o w  c o n e s  t o  d e t e r m i n e  f l o w a b i l i t y  i n  t e r m s  o f  e f f l u x  

t i m e  w a s  l i m i t e d  t o  l o w  v i s c o s i t y  p a s t e s ,  d u e  t o  b l o c k a g e s .  T h e  u s e  

o f  f l o w  c o n e s  w i l l  b e  a p p r o p r i a t e  w h e n  m e a s u r i n g  t h e  f l o w  p r o p e r t i e s  

o f  p a s t e  w h i c h  a r e  i n f l u e n c e d  b y  s h e a r i n g .  M o d i f i c a t i o n  o f  c o n e  

d i m e n s i o n s  c a n  b e  c o n s i d e r e d  i n  f u t u r e .  

( c )  T h e  f l o w  t a b l e  w a s  u n s u i t a b l e  t o  s t u d y  t h e  w o r k a b i l i t y  o f  f l y  a s h -

b r i n e  p a s t e s  i n  t h e  r a n g e  c o v e r e d  i n  t h i s  i n v e s t i g a t i o n .  A s  w i t h  f l o w  

c o n e s  m o d i f i c a t i o n s  c o u l d  p r o v i d e  a  s u i t a b l e  i n s t r u m e n t .  
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 A n  a t t e m p t  t o  u n d e r s t a n d  a n d  s i m p l i f y  t h e  e f f e c t  o f  b r i n e  c h e m i s t r y  o n  

p a s t e  l e d  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :  

( a )  A n  o p t i m u m  r a n g e  o f  s a l i n i t y  f o r  b o t h  t h e  i n d u s t r i a l  a n d  s y n t h e t i c  

b r i n e s  w a s  f o u n d  b e t w e e n  4 0  a n d  6 0  g / l  T D S  f o r  a n  a c c e p t a b l e  

w o r k a b i l i t y  ( i . e .  y i e l d  s t r e s s  <  2 0 0  P a )  a n d  a d e q u a t e  s t r e n g t h  

d e v e l o p m e n t  ( U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  >  5 0 0  k P a )  w h e n  

m i x e d  w i t h  S y n f u e l s  f l y  a s h .  

( b )   T h e  e v a l u a t i o n  o f  v a r i o u s  s u l p h a t e  a n d  c h l o r i d e  c o m p o u n d s  a s  

m i x i n g  s o l u t i o n s  i n  p a s t e  d e m o n s t r a t e d  c o m p a r a b l e  d e g r e e s  o f  

w o r k a b i l i t y .  C h l o r i d e s  h a d  a  p r o f o u n d  e f f e c t  o n  s t r e n g t h  

d e v e l o p m e n t .  

( c )  U n l i k e  c h l o r i d e s ,  s u l p h a t e  s o l u t i o n s  p r o d u c e d  p a s t e s  p o s s e s s i n g  

t h r e s h o l d  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h  v a l u e s  t h a t  m a y  n o t  b e  

a c c e p t a b l e .  T h i s  m a y  r e q u i r e  a  s t r i n g e n t  o p e r a t i n g  e n v e l o p e  o r  c l o s e  

m o n i t o r i n g  s y s t e m o f  a  p a s t e  p l a n t  t o  a v o i d  o f f - s p e c  p r o d u c t i o n  f o r  

e i t h e r  u t i l i s a t i o n  o r  b a c k f i l l / s u r f a c e  d i s p o s a l .  

( d )  B o t h  H C l  a n d  H 2 S O 4  m a r k e d l y  r e d u c e d  t h e  c o n s o l i d a t i o n  o f  t h e  

s e t t l e d  m a s s ,  w h i c h  w a s  p r o b a b l y  d u e  t o  t h e  s u r f a c e  c h a r g e  o n  t h e  a s h  

p a r t i c l e s .  I n  a  d i s p o s a l  s c e n a r i o ,  t h i s  c o u l d  i n c r e a s e  t h e  h y d r a u l i c  

c o n d u c t i v i t y  a n d  h a v e  a d v e r s e  e f f e c t s  o n  t h e  p r o p e r t i e s  o f  t h e  

r e s u l t a n t  p a s t e  p r o d u c t .  M o r e o v e r  s u c h  e x p a n s i o n  c a n  p o t e n t i a l l y  

i n c r e a s e  t h e  v o l u m e  o f  m a t e r i a l  t o  b e  l a n d f i l l e d ,  w h i c h  i s  c o s t l y  a n d  

r e q u i r e s  l a n d  s p a c e .  

( e )  W h e n  u s e d  i n d i v i d u a l l y  a s  m i x i n g  s o l u t i o n s ,  C a C l 2  a n d  N a 2 S O 4  

p r o d u c e d  h i g h e r  c o m p r e s s i v e  s t r e n g t h  t h a n  w a s  t h e  c a s e  f o r  N a C l  a n d  

C a S O 4  a t  e q u i v a l e n t  c o n c e n t r a t i o n s  o f  t h e  a n i o n s .  T h e  b l e n d i n g  o f  

t h e s e  p a i r s  i m p r o v e d  t h e  r e s u l t s  e v e n  f u r t h e r  i n d i c a t i n g  s y n e r g y  o f  

b r i n e  c o n s t i t u e n t s .  H o w e v e r ,  a  m a r g i n a l  d i f f e r e n c e  w a s  o b t a i n e d  

b e t w e e n  t h e  t w o  s e t s  o f  b r i n e s ,  i m p l y i n g  t h a t  a  b r i n e  m a t r i x  g i v e s  

m o r e  f l e x i b i l i t y  i n  t e r m s  o f  p r e p a r a t i o n .   

( f )  A  p r e d i c t i v e  m o d e l  o f  b r i n e  w a s  s u c c e s s f u l l y  d e v e l o p e d ,  w h i c h  

d e m o n s t r a t e d  t h a t  t h e  d o m i n a n t  b r i n e  c o n s t i t u e n t s  a r e  s u f f i c i e n t  t o  

p r e d i c t  p a s t e  b e h a v i o u r .  M o r e  a c c u r a t e  p r e d i c t i o n  o f  U n c o n f i n e d  

C o m p r e s s i v e  S t r e n g t h  t h a n  w o r k a b i l i t y  w a s  a c h i e v e d  w i t h  t h e  m o d e l .   

( g )  T h e  d i s c r e p a n c y  i n  p r e d i c t i n g  t h e  w o r k a b i l i t y  o f  f r e s h  p a s t e  w a s  

a s c r i b e d  t o  t h e  d e p e n d e n c e  o f  v a r i o u s  b r i n e  c h a r a c t e r i s t i c s  o n  t h e  
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i n i t i a l  p H  a n d  s a l i n i t y .  I n  c o n t r a s t ,  m e c h a n i c a l  p r o p e r t i e s  

( U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h )  a r e  t h e  l o n g e r - t e r m  p r o p e r t i e s  

w h i c h  i n v o l v e  m i c r o s t r u c t u r a l  a n d  m i n e r a l o g i c a l  a l t e r a t i o n s  d u r i n g  

p a s t e  c u r i n g .   

( h )  F r o m  t h e  a b o v e  p o i n t s ,  t h e r e  e x i s t s  a  p o t e n t i a l  t o  b e n e f i c i a l l y  u t i l i s e  

n o n - a c i d i c  b r i n e s  r i c h  i n  c h l o r i d e  a n d  s u l p h a t e  t o  m a k e  c e m e n t i t i o u s  

p r o d u c t s  s u c h  a s  m o r t a r s  a n d  m a s s  c o n c r e t e .  T h i s  d i s c o v e r y  i s  

s u b s t a n t i a t e d  b y  i m p r o v e m e n t  i n  t h e  s t r e n g t h  d e v e l o p m e n t  o f  

c o n c r e t e  u s i n g  s e a w a t e r  a s  m i x i n g  w a t e r  a s  r e p o r t e d  b y  o t h e r  

r e s e a r c h e r s .  T h e  c u r r e n t  w o r k  h a s  d e m o n s t r a t e d  t h a t  b r i n e s  

a m e l i o r a t e  t h e  w o r k a b i l i t y  o f  p a s t e .   

 T h e  e f f e c t  o f  u s i n g  a  d i f f e r e n t  t y p e  o f  f l y  a s h  o n  t h e  p r o p e r t i e s  o f  

p a s t e  w a s  i n v e s t i g a t e d  a n d  f i n d i n g s  a r e  p r e s e n t e d  b e l o w :  

( a )  I t  w a s  d i s c o v e r e d  t h a t  f l y  a s h  p r o p e r t i e s  h a v e  a  p r o f o u n d  e f f e c t  o n  

t h e  r e s u l t a n t  p a s t e  c h a r a c t e r i s t i c s  s u c h  a s  w o r k a b i l i t y ,  c o m p r e s s i v e  

s t r e n g t h  d e v e l o p m e n t  a n d  l e a c h a b i l i t y .  T h i s  o b s e r v a t i o n  r e i t e r a t e s  t h e  

s i t e - s p e c i f i c i t y  o f  p a s t e  d i s p o s a l  m e t h o d o l o g y  s i n c e  d i f f e r e n t  p l a n t s  

w i l l  m o s t  p r o b a b l y  d i f f e r  i n  t e r m s  o f  c o m b u s t i o n  t e c h n o l o g y ,  c o a l  

s o u r c e s ,  a n d  b r i n e  c h a r a c t e r i s t i c s .   

( b )  T h e  a u t h o r  s t r o n g l y  b e l i e v e s  t h a t  t h i s  t e c h n o l o g y  c a n  b e  t a i l o r - m a d e  

f o r  s i m i l a r  o p e r a t i o n s  b y  d e v e l o p i n g  a n  u n d e r s t a n d i n g  o f  t h e  

f u n d a m e n t a l  c h a r a c t e r i s t i c s  o f  r a w  m a t e r i a l s .   

 M i n e r a l o g i c a l  d e t e r m i n a t i o n  w a s  c o n d u c t e d  o n  1 8 - m o n t h  o l d  p a s t e s  

t h a t  w e r e  c u r e d  u n d e r  l a b o r a t o r y  a m b i e n t  c o n d i t i o n s .  T h e  h y d r a t i o n  

p r o d u c t s  i d e n t i f i e d  a r e  c a l c i t e ,  a n a l c i m e ,  p e r i c l a s e ,  C - S - H  g e l ,  

S t r ä t l i n g i t e ,  a n d  F r i e d e l ’ s  s a l t  ( C a 3 . A l 2 O 6 . C a C l 2 . 1 0 H 2 O ) ,  i n  a d d i t i o n  t o  

h e m a t i t e  ( F e 2 O 3 ) ,  m u l l i t e  ( A l 6 S i 2 O 1 3 )  a n d  q u a r t z  ( S i O 2 ) ,  w h i c h  w e r e  

o r i g i n a l l y  p r e s e n t  i n  t h e  f l y  a s h .  E t t r i n g i t e  w h i c h  i s  a  c o m m o n  

h y d r a t i o n  p r o d u c t  w a s  n o t  i d e n t i f i e d  p r o b a b l y  d u e  t o  t h e  s h o r t e r  c u r i n g  

t i m e .  

 A n  a g r e e m e n t  w a s  f o u n d  b e t w e e n  m i n e r a l o g y  a n d  t h e  c h a n g e  i n  p a r t i c l e  

m o r p h o l o g y .  

 L e a c h a b i l i t y  o f  p a s t e s  w a s  l e s s  t h a n  h a l f  t h a t  a c h i e v e d  w i t h  f l y  a s h  

d e s p i t e  a d d i t i o n  o f  t h e  h i g h l y  s a l i n e  b r i n e s  t o  m a k e  p a s t e ,  i n d i c a t i n g  

t h a t  c o - d i s p o s a l  p r o v i d e s  a n  e n v i r o n m e n t a l  b e n e f i t .    
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7 .4  IMPL IC A TI ONS TO  SUST A INABI LT Y 

 

D r y  f l y  a s h  d i s p o s a l  s h o w e d  h i g h e r  s u s c e p t i b i l i t y  t o  l e a c h i n g .  I n  t h e  w o r s t  

c a s e  s c e n a r i o ,  t h e  c o - d i s p o s a l  o f  b r i n e s  w i t h  f l y  a s h  p r o v i d e s  a  s i n g l e  

p o l l u t i o n  s o u r c e .  T h e  b e s t  c a s e  s c e n a r i o  f o u n d  i n  t h i s  t h e s i s ,  i s  t h a t  

h y d r a t i o n  a n d  c h e m i c a l  w e a t h e r i n g  i m m o b i l i s e  p o l l u t a n t s  e i t h e r  i n  t h e  s l u r r y  

o r  p a s t e  e n v i r o n m e n t .  H o w e v e r ,  p a s t e  d i s p o s a l  h a s  a d d i t i o n a l  b e n e f i t s  o v e r  

s l u r r y ;  t h a t  i n c l u d e s  s o l i d i f i c a t i o n  w h i c h  r e d u c e s  i n f i l t r a t i o n  a n d  t h e  

n e c e s s i t y  t o  i m m e d i a t e l y  r e h a b i l i t a t e  t h e  d i s p o s a l  s i t e  a s  w e l l  a s  w a t e r  

c o n s e r v a t i o n .  H i g h  s t r e n g t h  d e v e l o p m e n t  i n  p a s t e  a l s o  p r e s e n t s  a n  o p t i o n  t o  

b a c k f i l l  a d j a c e n t  m i n e  v o i d s .  

 

T h i s  t h e s i s  h a s  d e m o n s t r a t e d  t h a t  S A S O L  S y n f u e l s  c a n  e m p l o y  p a s t e  

d i s p o s a l  t e c h n o l o g y  t o  i m m o b i l i s e  p o l l u t a n t s  p r e s e n t  i n  s a l i n e  b r i n e s  v i a  

m i x i n g  w i t h  f l y  a s h  i n  a n  e n v i r o n m e n t a l l y  b e n i g n  m a n n e r .  T h e  h y p o t h e s i s  

p r e s e n t e d  i n  C h a p t e r  1  w a s  p r o v e n  t o  b e  c o r r e c t .    

 

“The more original a discovery, the more obvious it seems afterwards.”  Arthur Koestler (Hungarian 
author: 1905 – 1983) 
 
 
7 .5  RE COM MENDATIONS FO R FUTURE WORK  

 

T h e  s t u d y  h a s  h i g h l i g h t e d  a  n u m b e r  o f  p o i n t s  r e q u i r i n g  f u r t h e r  c o n s i d e r a t i o n  

t o w a r d s  t h e  d e v e l o p m e n t  o f  p a s t e  t e c h n o l o g y  a s  a  s u s t a i n a b l e  s o l u t i o n  f o r  

p e t r o c h e m i c a l  c o m p a n i e s  a n d  p o w e r  s t a t i o n s  u s i n g  c o a l .   

 

T h e  f o l l o w i n g  f u t u r e  w o r k  i s  r e c o m m e n d e d :  

 E v a l u a t i o n  o f  t h e  e f f e c t  o f  g a s i f i c a t i o n  f i n e  a s h  o r  a d m i x t u r e s  o n  t h e  

p a s t e  b e h a v i o u r  a n d  m i n e r a l o g y .  

 L e a c h i n g  b e h a v i o u r  o f  t o x i c  a n d  t r a c e  e l e m e n t s  ( h e a v y  m e t a l s  a n d  

o x y a n i o n s ) .  

 T h e  e f f e c t  o f  p r e d o m i n a n t  b r i n e  c o n s t i t u e n t s  o n  t h e  m i n e r a l o g y  o f  

p a s t e .  

 T h e  i n f l u e n c e  o f  l o w  p H  o f  t h e  m i x i n g  w a t e r  o n  t h e  p a s t e  p r o p e r t i e s .  

 R e a c t i o n  k i n e t i c s  o f  w e a t h e r i n g  m u s t  b e  u n d e r s t o o d  s i n c e  r a i n f a l l  

c a n n o t  b e  c o n t r o l l e d  b y  m a n k i n d .    
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 F e a s i b i l i t y  t e s t i n g  o f  t h e  l a b o r a t o r y  f i n d i n g s  o n  a  p i l o t  s c a l e  

 A  w e l l  d e s i g n e d  s t u d y  f o r  d i r e c t  c o m p a r i s o n  o f  s l u r r y  a n d  p a s t e  u s i n g  

t h e  s a m e  s t a r t i n g  m a t e r i a l s .  

 

T h e  r e s e a r c h  w i l l  c o n t i n u e  t o w a r d s  c o m m e r c i a l i s a t i o n  o f  p a s t e  t e c h n o l o g y  

i n  o r d e r  t o  p r o v i d e  a  f e a s i b l e  e n v i r o n m e n t a l  s o l u t i o n  i n  s u p p o r t  o f  c o a l  

u t i l i s a t i o n .    



 

REFERENCES 
 
Abdel-Wahab, A. and Batchelor, B. 2002. Chloride removal from recycled cooling water using ultra-high lime 
with aluminium process. Water Environ. Res., Vol 74, pp 256 – 263, June 2002.  
 
Abell, A.B., Willis, K.L., and Lange, D.A. 1999. Mercury intrusion porosimetry and image analysis of cement-
based materials. Journal of Colloid and Interface Science, Vol 211, pp 39 – 44. 
 
Ahmaruzzaman, M. 2010. A review on the utilization of fly ash. Progress in Energy and Combustion Science, 
Vol 36, pp 327 – 363. 
 
Ahmed, M., Arakel, A., Hoey, D., Thumarukudy, M.R., Goosen, M.F.A, Al-Haddabi, M. and Al-Belushi, A. 
2003. Feasibility of salt production from inland RO desalination plant reject brine: a case study. Desalination, 
Vol 158, pp 109 – 117.     
 
Akinkurolere, O.O., Jiang, C. and Shobola, O.M. 2007. The influence of salt water on the compressive strength 
of concrete. Journal of Engineering and Applied Sciences, Vol 2, No 2, pp 412 – 415. 
 
Alahmad, M. 2010. Prediction of performance of sea water reverse osmosis units. Desalination, Vol 261, pp 131 
– 137. 
 
Alberts, C.J. 1996. The immobilisation of inorganic pollutants in fly ash and other waste components. MEng 
dissertation, University of Stellenbosch, May 1996.  
 
Alejo, B. and Barrientos, A. 2009. Model for yield stress of quartz pulps and copper tailings. International 
Journal of Mineral Processing, Vol 93, No 3 - 4, pp 213 – 219. 
 
Al-Faifi, H., Al-Omran, A.M., Nadeem, M., El-Eter, A., Khater, H.A. and El-Maghraby, S.E. 2010. Soil 
deterioration as influenced by land disposal of reject brine from Salbukh water desalination plant at Riyadh, 
Saudi Arabia. Desalination, Vol 250, pp 479 – 484.  
 
Al-Handhaly, J.K., Mohamed A.M.O. and Maraqa M. 2003. Impact of chemical composition of reject brine 
from inland desalination plants on soil and groundwater, UAE. Desalination, Vol 156, No 89, 2003. 
 
Al-Kudsi, F. and Waring, C. 2000. Effect of sea water desalination waste products on fish development. www-
heb.pac.dfo-mpo.gc.ca/congress/2000/Papers/developpdf/al-kudsi.pdf. Cited 19 January 2007. 
 
Allen, A.J. and Thomas, J.J. 2007. Analysis of C-S-H gel and cement paste by small angle neutron scattering. 
Cement and Concrete Research, Vol 37, pp 319 – 324. 
 
Anthony, E.J., Jia, L., Wu, Y. and Caris, M. 2003. CFBC ash hydration studies. 2003 International Ash 
Utilisation Symposium, Centre for Applied Energy Research, University of Kentucky, Paper #8, 2003. 
 
Antiohos, S. and Tsimas, S. 2004. Activation of fly ash cementitious systems in the presence of quicklime Part 
I. Compressive strength and pozzolanic reaction rate. Cement and Concrete Research, Vol 34, pp 769 – 779. 
 
Aqil, M., Kita, I., Yano, A. and Nishiyama, S. 2007. Analysis and prediction of flow from local source in a river 
basin using a Neuro-Fuzzy modelling Tool. Journal of Environmental Management, Vol 85, pp 215 – 223, 
October 2007. 
 
Arnal, J.M., Sancho, M., Iborra, I., Gozálvez, J.M., Santafé, A. and Lora, J. 2005. Concentration of brines from 
RO desalination plants by natural evaporation. Desalination, Vol 182, pp 435 – 439. 
 
Arandigoyen, M., Bicer-Simsir, B., Alvarez, J.I. and Lange, D.A. 2006. Variation of microstructure with 
carbonation in lime and blended paste. Applied Surface Science, Vol 252, pp 7562 – 7571.  
 
Arvelakis, S. and Frandsen, F.J. 2010. Rheology of fly ashes from coal combustion and biomass co-combustion. 
Fuel, Vol 89, pp 3132 – 3140.  
  



 

 

8-2

Arya, C., Buenfeld, N.R. and Newman, J.B. 1990. Factors influencing chloride-binding in concrete. Cement and 
Concrete Research, Vol 20, pp 291 – 300, 1990. 
 
Asavapisit, S. and Cosanavit, C. 2004. Solidification of the electroplating sludge using blended cements. 
Suranaree Journal of Science and Technology, Vol 11, No 1, pp 9 – 15, January – March 2004.  
 
Asavapisit, S. and Ruengrit, N. 2005. The role of RHA-blended cement in stabilizing metal-containing wastes. 
Cement and Concrete Composites, Vol 27, pp 782–787.  
 
ASTM C 109/C109 M – 02. Standard test method for compressive strength of hydraulic cement mortars 
(using 100 mm cube specimens), ASTM International. 
 
ASTM C230-98. Standard specification for flow table for use in tests of hydraulic cement, ASTM International. 
 
ASTM C618-03. Standard specification for coal fly ash and raw or calcined natural pozzolan for use in concrete, 
ASTM International. 
 
ASTM C 939 - 02. Standard test method for flow of grout for preplaced-aggregate concrete (flow cone method), 
ASTM International.  
 
ASTM D 2216-98. Standard test methods for laboratory determination of water (moisture) content of soil and 
rock by mass, ASTM International. 
 
ASTM D 422 - 63. 2002. Standard test methods for particle size analysis for soils, ASTM International.  
 
ASTM D4972-01. Standard test method for pH of soils, ASTM International. 
 
ASTM D 854 - 02. 2002. Standard test methods for specific gravity of soil solids by water pycnometer, ASTM 
International.  
 
ASTM E 2201 – 02a. Standard terminology for coal combustion products, ASTM International.  
 
Auner, N. and Holl, S. 2006. Silicon as energy carrier – facts and perspectives. Energy, Vol 31, pp 1395 – 1402, 
2006.  
 
Baba, A., Gurdal, G. and Sengunalp, F. 2010. Leaching characteristics of fly ash from fluidised bed combustion 
thermal power plant: Case study: Çan (Çanakkale-Turkey). Fuel Processing Technology, Vol 91, pp 1073 – 
1080. 
 
Bada, S.O. and Potgieter-Vermaak, S. 2008. Evaluation and treatment of coal fly ash for adsorption application. 
Leonardo Electronic Journal of Practices and Technologies, ISSN 1583 – 1078, Issue 12, pp 37 – 48. 
http://lejpt.academicdirect.org/A12/037_048.pdf.   
 
Baltakys, K., Jauberthie, R., Siauciunas, R. and Kaminskas, R. 2007. Influence of modification of SiO2 on the 
formation of calcium silicate hydrate. Materials Science – Poland, Vol 25, No 3, 2007. 
 
Balonis, M., Lothenbach, B., Le Saout, G. and Glasser, F.P. 2010. Impact of chloride on the mineralogy of 
hydrated Portland cement systems. Cement and Concrete Research, Vol 40, pp 1009-1022. 
 
Barberon, F., Barghel-Bouny, V., Zanni, H., Bresson, B., de la Caillerie, J.-B., Malosse, L. and Gan, Z. 2005. 
Interaction between chloride and cement-paste materials. Magnetic Resonance Imaging , Vol 23, pp 267–272.  
 
Barth, E.F., de Percin, P., Arozarena, M.M., Zieleniewski, J.L., Dosani, M., Maxey, H.R., Hokanson, S.A., 
Pryately, C.A., Whipple, T., Kravitz, R., Cullinane, M.J., Jones, L.W. and Malone, P.G. 1990. Stabilisation and 
solidification of hazardous wastes. Noyes Data Corporation, USA. 
 
Barwani, H.H. and Purnama, A. 2008. Evaluating the effect of producing desalinated seawater on 
hypersaline Arabian Gulf. European Journal of Scientific Research, Vol. 22, No. 2, pp. 279 – 285. 
 



 

 

8-3

Baur, I., Keller, P., Mavrocordatos, D., Wehrli, B. and Johnson, C. A. 2004. Dissolution-precipitation behaviour 
of ettringite, monosulfate, and calcium silicate hydrate. Cement and Concrete Research, Vol 34, pp 341 – 348, 
2004. 
 
Bealey, W.J., McDonald, A.G., Nemitz, E., Donovan, R. and Dragosits, U. 2007. Estimating the reduction of 
Urban PM10 concentrations by trees within an environmental information system for planners. Journal of 
Environmental Management, Vol 85, pp 44 – 58, October 2007.   
 
Beaudoin, J.J, Ramachandran, V.S. and Feldman, R.F. 1990. Interaction of chloride and C-S-H. Cement and 
Concrete Research, Vol 20, pp 875 – 883. 
 
Ben-Haha, M., de Weerdt, K. and Lothenbach, B. 2010. Quantification of the degree of reaction of fly ash. 
Cement and Concrete research, Vol 40, pp 1620 – 1629. 
 
Bensted, J. 1983. Early hydration of Portland cement – effects of water/cement ratio. Cement and Concrete 
Research, Vol 13, pp 493 – 498. 
  
Benzaazoua, M., Ouellet, J., Servant, S., Newman, P. and Verburg, R. 1999. Cementitious backfill with high 
sulfur content: Physical, chemical, and mineralogical characterization.  Cement and Concrete Research, Vol 29, 
pp 719 – 725.  
 
Benzaazoua, M., Belem, T. and Bussiére, B. 2002. Chemical factors that influence the performance of mine 
sulphidic paste backfill. Cement and Concrete Research, Vol 32, pp 1133 – 1144. 
 
Benzaazoua, M., Fall, M. and Belem, T. 2004a. A Contribution to understanding the hardening process of 
cemented paste. Minerals Engineering, Vol 17, pp 141 – 152. 
 
Benzaazoua, M., Marion, P., Picquet, I. and Bussiére, F. 2004b. The use of pastefill as a solidification and 
stabilisation process for the control of acid mine drainage. Minerals Engineering, Vol 17, pp 233 – 243. 
 
Bergeson, K. L., Schlorholtz, S. and Demirel, T. 1988. Development of a rational characterisation method for 
Iowa fly ash (final report), Engineering Research Institute, pp. 1 – 37, 30 November 1988. 

Bezuidenhout, N. 1995. Chemical and mineralogical changes associated with leachate production at Kriel 
power station ash dams. MSc Thesis, University of Cape Town, South Africa, pp. 25-90. 

Bhandari, B. S. and Grant, M. 2007. Analysis of Livelihood Security: A Case Study in the Kali-Khola 
Watershed of Nepal. Journal of Environmental Management, Vol 85, pp 17 – 26, October 2007. 
 
Billik, K. and Mashike, J. 1991. Ash water system of the Secunda plants (Sasol II and III). Sasol Technology 
internal report, May 1991. 
 
Bin-Shafique, M. S., Benson, C. H. and Edill, T. B. 2002. Leaching of heavy metals from fly ash stabilised soils 
used in highway pavements. Geo Engineering Report No. 02-14. 18 December 2002. 
 
Birnin-Yauri, U.A. and Glasser, F.P. 1998. Friedel’s salt, Ca2Al(OH)6(Cl,OH).2H2O: its solid solutions and their 
in chloride binding. Cement and Concrete Research, Vol 28, No 12, pp 1713 – 1723. 
 
Black, L., Breen, C. Yarwood, J., Deng, C.S., Phipps, J. and Maitland, G. 2006. Hydration of tricalcium 
aluminate in the presence and absence of gypsum – studied by Raman spectroscopy and X-ray diffraction. J. 
Mater. Chem., Vol 16, pp 1263 – 1272.  
 
Bloetscher, F., Meeroff, D. E. Wright, M.E., Yang, D., Rojas, R., Polar, J., Laas, M., Bieler, B., Sakura-
Lemessy, D. and Aziz, S. A. 2006. Defining the concentrate disposal problem and identifying potential 
solutions. Florida Water Resources Journal, March, pp 26 – 30.  
 
Boger, D.V., Scales, P.J. and Sofra, F. 2006. Rheological concepts. Paste and thickened tailings – A Guide (2nd 
Editions), Jewell and Fourie (eds), Australian Centre for Geomechanics, Perth, Australia, pp 25 – 37. 
 



 

 

8-4

Boger, D.V., Scales, P.J. and Sofra, F. 2008. Paste and thickened tailings and the impact on the development of 
new rheological techniques. Proc., Paste 2008, 11th Seminar on Paste and Thickened Tailings, Kasane, 
Botswana, 5 – 9 May 2008. 
 
Borges, P.H.R., Costa, J.O., Milestone, N.B., Lynsdale, C.J. and Streatfield, R.E. 2010. Carbonation of CH and 
C-S-H in composite cement pastes containing high amounts of BFS. Cement and Concrete Research, Vol 40, pp 
284 – 292. 
 
Bouzalakos, S., Dudeney, A.W.L. and Cheeseman, C.R. 2008. Controlled Low-Strength Materials Containing 
Waste Precipitates from Mineral Processing. Minerals Engineering, Vol 21, pp 252 – 263.   
 
Buhre, B.J.P., Hinkley, J.T., Gupta, R.P., Nelson, P.F. and Wall, T.F. 2006. Fine ash formation during 
combustion of pulverised coal-coal property impacts. Fuel, Vol 85, p. 186. 
 
Bunt, J.R. and Waanders, F.B. 2009. Pipe reactor gasification studies of a South African bituminous coal blend. 
Part 1 – carbon and volatile matter behaviour as a function of feed coal particle size reduction. Fuel, Vol 88, pp 
585 – 594. 
 
Campbell, A.E. 1999. Chemical, physical and mineralogical properties associated with the hardening of some 
South African fly ashes. MSc dissertation. University of Cape Town. South Africa. 
 
Carraro, J.A.H. and Salgado, R. 2004. Mechanical behaviour of non-textbook soils (literature review). Report 
no. FHWA/IN/JTRP-2004/5. Indiana, United States. 
 
Chan, B.K.C. and Dudeney, A.W.L. 2008. Reverse Osmosis Removal of Arsenic Residues from Bioleaching of 
Refractory Gold Concentrates. Minerals Engineering, Vol 21, pp 272 – 278. 
 
Chancey, R.T., Stutzman, P., Juenger, M.C.G. and Fowler, D.W. 2010. Comprehensive phase characterisation 
of crystalline and amorphous phases of a Class F fly ash. Cement and concrete research, Vol 40, pp 146 – 156. 
 
Chang, H.N. 2009. The Effect of Fabric on the Behaviour of Gold Tailings. PhD thesis, University of Pretoria, 
South Africa, April 2009.  
 
Chang, S.H. 1993. The effect of pH, ionic strength, and temperature on the rheology and stability of aqueous 
clay suspensions. Rheological Acta, Vol 32, pp 263 – 269. 
 
Chatveera, B. and Lertwattanaruk, P. 2009. Evaluation of sulphate resistance of cement mortars containing 
black rice husk ash. Journal of Environmental Management, Vol 90, pp 1435 – 1441. 
 
Chen, J. J., Thomas, J. J., Taylor, H.F.W. and Jennings, H. M. 2004. Solubility and Structure of Calcium Silicate 
Hydrate, Cement and Concrete Research, Vol 34, pp 1499 – 1519, 2004. 
 
Chen, C., Zhang, P., Zeng, G., Deng, J., Zhou, Y. and Lu, H. 2010. Sewage sludge conditioning with coal fly 
ash modified by sulphuric acid. Chemical Engineering Journal, Vol 158, pp 616 – 622.   
 
Chen, Q.Y., Tyrer, M., Hills, C.D., Yang, X.M. and Carey, P. 2009. Immobilisation of Heavy Metals in 
Cement-Based Solidification/Stabilisation: A Review. Waste Management, Vol 29, pp 390–403. 
 
Cheng, C.-M. 2005. Leaching of coal combustion products: field and laboratory studies. PhD thesis. The Ohio 
State University. 
 
Chindaprasirt, P., Jaturapitakkul, C. and Sinsiri, T. 2005. Effect of Fly Ash Fineness on Compressive Strength 
and Pore Size of Blended Cement Paste. Cement and Concrete Composites, Vol 27, pp 425 - 428, 2005. 
       
Chi, J.M., Huang, R. and Yang, C.C. 2002. Effects of carbonisation on mechanical properties and durability of 
concrete using accelerated testing method. Journal of Marine Science and Technology, Vol 10, No 1, pp 14 – 
20. 
 



 

 

8-5

Chrysochoou, M. and Dermatas, D. 2006. Evaluation of ettringite and hydrocalumite formation for heavy metal 
immobilisation: Literature review and experimental study. Journal of Hazardous Materials, Vol 136, pp 20 – 
33. 
 
Ciccu, R., Ghiani, M., Peretti, R., Serci, A. and Zucca, A. 2001. Heavy metal immobilisation using fly ash in 
soils contaminated by mine activity. International Ash Utilization Symposium, Centre for Applied Energy 
Research, University of Kentucky, Paper #6. 
 
Ciccu, R., Ghiani, M., Serci, A., Fadda, S., Peretti, R. and Zucca, A. 2003. Heavy metal immobilisation in the 
mining-contaminated soils using various industrial wastes. Minerals Engineering, Vol 16, pp 187 - 192. 
 
Clayton, S., Grice, T.G. and Boger, D.V. 2003. Analysis of the slump test for on-site yield stress measurement 
of mineral suspensions. International Journal of Mineral Processing, Vol 70, pp 3 – 21. 
 
Cohen, H., Lederman, E., Werner, M., Pelly, I. and Polat, M. 2003. Synergistic Effect of Coal Fly Ash as a 
Scrubber to Acidic Wastes of the Phosphate Fertilizers Industry. 2003 International Ash Utilization Symposium, 
Centre for Applied Energy Research, University of Kentucky, Paper #50. 
 
Ćojbašić, L., Stefanvić, G., Sekulić, Ž., Heckmann, S. 2005. Influence of the Fly Ash Chemical Composition on 
the Portland Cement and Fly Ash Mixture Hydration Mechanism. Mechanical Engineering, Vol 3, issue 1, pp 
117 – 125. 
 
Coleman, N.J. and Mcwhinnie, W.R. 2000. The solid state chemistry of metakaolin-blended ordinary Portland 
cement. Journal of Materials Science, Vol 35, pp 2701 – 2710. 
 
Collares-Pareira, Mendes, J.F. and Horta, P. 2003. Advanced Solar Dryer for Salt Recovery from Brine Effluent 
of Desalination Med Plant.  http://horus.psa.es/webeng/aquasol/files/Congresos/EUROSUN_PAPER_536.pdf; 
Cited 17 September 2007.  
 
Collepardi, M. 2003. A State-of-the-Art Review on Delayed Ettringite Attack on Concrete. Cement and 
Concrete Composites, Vol 25, Issue 4-5, pp 401- 407, May-July 2003. 
 
Collepardi, M., Monosi, S., Favoni, O. and Olagot, J.J.O. 2003. Resistance to sulphate attack of mixtures with 
limestone-Portland blended cements. Proc., The 6th CANMET/ACI International Conference on Durability of 
Concrete, Thessaloniki, Greece, 1-7 June 2003, pp 941-949. 
 
Collot, A. 2006. Matching Gasification Technologies to Coal Properties. International Journal of Coal Geology, 
Vol 65, issue 3-4, pp 191 – 212, 2006. 
 
Crous, H. 2010. Development of a revised waste classification system for South Africa. Draft regulations and 
standards for waste classification and management. Report number ESA-HAZR-J-01V3. May 2010. 
 
Csizmadia, J., Balás, G. and Tamás, F.D. 2000. Chloride Ion Binding Capacity of Tetracalcium Aluminate. 
Periodica Polytechnica:  Civil Engineering, Vol 44, No 2, pp 135 – 150, 2000. 
 
Delagrave, A., Marchand, J. Ollivier, J.-P., Julien, S. and Hazrati, K. 1997. Chloride binding capacity of various 
hydrated cement paste systems. Advanced  Cement Based Materials, Vol 6, Issue 1, pp 28 – 35.  
 
Del Bene, J.V., Jirka, G. and Largier, J. 1994. Ocean brine disposal. Desalination, Vol 97, pp 365 – 372. 
 
Demers, I., Bussière, B., Benzaazoua, M., Mbonimpa, M. and Blier, A. 2008. Column test investigation on the 
performance of monolayer covers made of desulphurized tailings to prevent acid mine drainage. Minerals 
Engineering, Vol 21, pp 317 – 329.   
 
Deschamps, T., Benzaazoua, M., Bussière, T., Aubertin, M. and Belem, T. 2008. Microstructural and 
geochemical evolution of paste tailings in surface disposal conditions. Minerals Engineering, Vol 21, pp 341 – 
353. 
 



 

 

8-6

Dey, A.K. and Gandhi, S.R. 2008. Evaluation of liquefaction potential of pond ash. 2008 Science Press Beijing 
and Springer-Verlag GmbH Berlin Heidelberg. Geotechnical Engineering for Disaster Mitigation and 
Rehabilitation. 
  
Dhir, R.K. and Jones, M.R. 1999. Development of Chloride-Resisting Concrete Using Fly Ash. Fuel, Vol 78, pp 
137 – 142. 
 
Diamond, S. 1983. On the glass present in low calcium and in high calcium fly ashes. Cement and Concrete 
Research, Vol 13, pp 459 – 464.  
 
Diaz, E.I., Allouche, E.N. and Eklund, S. 2010. Factors Affecting the Stability of Fly Ash as Source Material for 
Geopolymers. Fuel, Vol 89, pp 992-996. 
 
Ding, J., Fu, Y. and Beaudon, J.J. 1995. Strätlingite formation in high alumina cement – silica fume systems: 
significance of sodium ions. Cement and Concrete Research, Vol 25, No 6, pp 1311 - 1319. 
 
Donahoe, R.J. 2004. Secondary mineral formation in coal combustion byproduct disposal facilities: implications 
for trace element sequestration. In: Gieré, R and Stille, P. (eds) Energy, Waste and the Environment: a 
Geochemical Perspective. Geological Society, London, Special Publications, Vol 236, pp 641 – 658. 
 
Donahoe, R.J. 2007. Chemical fixation of trace elements in coal fly ash.  2007 World of Coal Ash (WOCA), 7 – 
10 May 2007, Kentucky, USA. 
 
Donatello, S., Tyrer, M. and Cheeseman, C.R. 2010. Comparison of test methods to assess pozzolanic activity. 
Cement and Concrete Research, Vol 32, pp 121 – 127.  
  
Double, D.D. 1983. New developments in understanding the chemistry of cement hydration. Philosophical 
Transactions of the Royal Society of London Series A-Mathematical Physical and Engineering Sciences, Vol 
310, No 1511, pp 53 – 66.  
 
DOW. 2006. Calcium chloride in Portland cement concrete. 173-01714-606XQRP. Viewed on 23 June 2010 at 
http://www.cal-chlor.com/PDF/concreteacceleration.pdf. 
 
Downward, S.R. and Taylor, R. 2007. An Assessment of Spain’s Programme AGUA and Its Implications for 
Sustainable Water Management in the Province of Almeria, Southeast Spain. Journal of Environmental 
Management, Vol 82, pp 277 – 289, January 2007. 
 
Dutta, B.K., Khanra, S. and Mallick, D. 2009. Leaching of elements from coal fly ash: Assessment of its 
potential for use in filling abandoned coal mines. Fuel, Vol 88, pp 1314 – 1323. 
 
Ebbing, D.D. 1996. General chemistry. Houghton Mifflin Company, 5th edition, Boston, USA. 
 
Eglinton, M. 2004. Resistance of concrete to destructive agencies. Lea’s chemistry of cement and concrete, 4th 
edition, F.M. Lea (ed), Peter Hewlett Publishers. 
 
 El-Alfi, E.A., Radwan, A.M. and El-Aleem, S.A. 2004. Effect of limestone fillers and silica fume pozzolana on 
the characteristics of sulphate resistant cement pastes. Ceramics - Silikáty, Vol 48, issue 1, pp 29 - 33. 
 
Erlin, B. and Hime, W. 2004. Analytical chemistry and Portland cement-based concrete. Concrete construction, 
October 2004. Cited on http://www.highbeam.com/doc/1G1-123707778.html. 
 
Erlin, B. and Hime, W.G. 1976. The role of calcium chloride in concrete. Cited at 
http://www.concreteconstruction.net/concrete-articles/the-role-of-calcium-chloride-in-concrete.aspx. 
 
Fan, M., Brown, R.C., Wheelock, T.D., Cooper, A.T., Nomura, M. and Zhuang, Y. 2005. Production of a 
complex coagulant from fly ash. Chemical Engineering Journal, Vol 106, pp 269 – 277. 
 
Fatih, T. and Ümit, A 2001. Utilization of fly ash in manufacturing of building bricks. 
http://www.flyash.info/2001/conprod2/13atlay.pdf. Cited  18 August 2004. 
 



 

 

8-7

Feeley, T.J. 2003. A DOE R&D Response to emerging coal by-products and water issues in the electricity-
utility industry. Clean Coal and Power Conference and 2nd Joint U.S.-People’s Republic of China Conference 
on Clean Energy, 17 – 19 November, Washington, DC.    
 
Fernández-Jiménez, A., de la Torre, A.G., Palomo, A., López-Olmo, G., Alonso, M.M. and Aranda, M.A. G. 
2006. Quantitative determination of phases in the alkaline activation of fly ash. part II: degree of reaction. Fuel, 
Vol 85, pp 1960 – 1969. 
 
Fernández-Jiménez, A. and Palomo, A.G. 2003. Characterisation of fly ashes. Potential reactivity as alkaline 
cements. Fuel, Vol 82, pp 2259–2265. 
 
Fernández-Jiménez, A., Palomo, A.G. and Criado, M. 2005. Microstructural Development of Alkali-Activated 
Fly Ash Cement: A Descriptive Model. Cement and Concrete Research, Vol 35, pp 1204 – 1209, 2005. 
 
Fernández-Pereira C, Galiano YL, Rodríguez-Piñero MA, Vale J, Querol X. 2002. Utilisation of zeolitised coal 
fly ash as immobilising agent of metallurgical waste. Journal of Chemical Technology and Biotechnology, Vol 
77, pp 305–10. 
 
Fernández-Torquemada, Y., Sánchez-Lizaso, J.L. and González-Correa, J.M. 2005. Preliminary results of the 
monitoring of the brine discharge produced by the SWRO desalination plant of Alicante (SE Spain). 
Desalination, Vol 182, pp 395 – 402. 
 
Ferraris, C.F., Obla, K.H. and Hill, R. 2001. The influence of Mineral Admixtures on the Rheology of Cement 
Paste and Concrete. Cement and Concrete Research, Vol 31, No 2, pp 245 – 255, 2001. 
 
Fester, V.G., Slatter, P.T., Vadapalli, V.R.K. and Petrik, L. 2008. Use of fly ash to treat acid mine drainage 
before use in backfill. Proc., Paste 2008, 11th Seminar on Paste and Thickened Tailings, Kasane, Botswana, 5 – 
9 May 2008.  
 
Fongsatitkul, P., Elefsiniotis, P., Khuhasawan, N. and Jindal, R. 2009. Use of power plant ash to remove and 
solidify heavy metals from a metal-finishing wastewater. Water, Air and Soil Pollution, Vol 203, pp 147 – 154. 
 
Font, O., Querol, X., Huggins, F.E., Chimenos, J. M., Fernández, A. I., Burgos, S. and Peña, F. G. 2005. 
Speciation of major and selected trace elements in IGCC fly ash. Fuel, Vol 84, pp 1364 – 1371. 
 
Font, O., Moreno, N., Querol, X., Izquierdo, M., Alvarez, E., Diez, S., Elvira, J., Antenucci, D., Nugteren, H., 
Plana, F., López, A., Coca, P. and Peña, F.G. 2010. X-ray diffraction-based method for the determination of the 
glass content and mineralogy of coal (co)-combustion fly ashes. Fuel, Vol 89, pp 2971 – 2976.  
 
Fourie, A.B. 2006. Liquefaction Potential of Surface Deposits of High-Density Thickened Tailings. Proc, Paste 
2006, 9th International Seminar on Paste and Thickened Tailings, Limerick, Ireland, 3-7 April 2006. 
 
Fourie, A.B. 2009. Preventing catastrophic failures and mitigating environmental impacts of tailings storage 
facilities. Procedia Earth and Planetary Science, Vol 1, pp 1067 – 1071. 
 
Fourie, A.B., Papageorgiou, G. and Blight, G.E. 2000. Static liquefaction as an explanation for two catastrophic 
tailings failures in South Africa. Tailings and Mine Waste’00. Fort Collins, USA. 
 
Fu, Q., Mabilat, C., Zahid, M., Brisse, A. and Gautier, L. 2010. Syngas production via high-temperature 
steam/CO2 co-electrolysis: an economic assessment. Energy and Environmental Science, Vol 3, p. 1383 
 
Gabrovšek, R., Vuk, T. and Kaučič, V. 2006. Evaluation of the Hydration of Portland Cement Containing 
Various Carbonates by Means of Thermal Analysis. Acta Chemica Slovenica, Vol 53, pp 159–165.   
 
García-González, C.A., Hidalgo, A., Fraile, J., López-Periago, A.M., Andrade, C. and Domingo, C. 2007. 
Porosity and water permeability study of supercritically carbonated cement pastes involving mineral additions. 
Industrial and Engineering Chemistry Research, Vol 46, pp 2488 – 2496.  
 
Gawu, S.K.Y. and Fourie, A.B. 2004. Assessment of the Modified Slump Test as a Measure of the Yield Stress 
of High-density Thickened Tailings. Canadian Geotechnical Journal, Vol 41, pp 39 – 47. 



 

 

8-8

 
Gemitzi, A., Tsihrintzis, V.A., Christou, O. and Petalas, C. 2007. Use of GIS in Siting Stabilization Pond 
Facilities for Domestic Wastewater Treatment. Journal of Environmental Management, Vol 82, pp 155 – 161, 
January 2007.  
 
Giergiczny, Z. 2004. Effect of some additives on the reactions in fly ash-Ca(OH)2 system. Journal of Thermal 
Analysis and Calorimetry, Vol 76, pp 747–754. 
 
Girão, A.V., Richardson, I.G., Taylor, R. and Brydson, R.M.D. 2010. Composition, morphology and 
nanostructure of C-S-H in 70% white Portland cement-30% fly ash blends hydrated at 55 ºC.  Cement and 
Concrete Research, Vol  40, pp 1350 – 1359. 
 
Gitari, W.M., Fatoba, O.O., Nyamihingura, A., Petrik, L.F., Vadapall, V.K.R., Nel, J., October, A., Dlamini, L., 
Gericke, G. and Mahlaba, J.S. 2009. Chemical weathering in a dry ash dump: An insight from physicochemical 
and mineralogical analysis of drilled cores. World of Coal Ash Conference, 4-7 May 2009, Lexington, USA. 
http://www.flyash.info/  
 
Gitari, WM, Petrik, LF, Etchebers, O, Key, DL, Iwuoha, E, Okujeni, C. 2008. Utilization of fly ash for treatment 
of coal mines waste water: Solubility controls on major inorganic contaminants. Fuel, Vol 87, pp 2450–2462. 
 
Glasser, F.P. 2004. Coal combustion wastes: characterisation, reuse and disposal. In: Gieré, R and Stille, P. (eds) 
Energy, Waste and the Environmental: a Geochemical Perspective. Geological Society, London, Special 
Publications, Vol 236, pp 211 – 222. 
 
Glater, J. and Cohen, Y. 2003. Brine Disposal from Land Based Membrane Desalination Plants: a Critical 
Assessment. Polymer and Separations Research Laboratory, University of California, Los Angeles, July 2003. 
 
Glinicki, M.A. and Zieliński, M. 2008. The influence of CFBC fly ash addition on phase composition 
of air-entrained concrete. Bulletin of the Polish Academy of Sciences: Technical Sciences, Vol 56, No 1, pp 45 - 
52 
 
Goodall, W.R. 2008. Characterisation of Mineralogy and Gold Deportment for Complex Tailings Deposits 
Using QEMSCAN.  Minerals Engineering, Vol 21, pp 518 – 523. 
 
Gordon, D. 2001. Incorporating environmental costs into an economic analysis of water supply planning: A 
case study of Israel. MSc thesis. Simon Fraser University, December 2001.   
 
Gougar, M.L.D., Scheetz, B.E. and Roy, D.M. 1996. Ettringite and C-S-H Portland cement phases for waste ion 
immobilization: a review. Waste Management, Vol 16, No 4, pp 295 – 303. 
 
Gupta, R. P. 2005. Coal Research in Newcastle – Past, Present and Future. Fuel, Vol 84, pp 1176 – 1188. 
 
Haldenwang, B.B. 2005. Alternative Water Supply Sources in a Water Scarce South Africa. Natural 
Environment, Vol 3, No 1, February 2005. 
 
Haering, K.C. and Daniels, W.L. 1991. Fly ash as an amendment for mined land reclamation: a literature 
review. Coal and Energy Journal, Vol 3, pp 36 – 46.  
 
Haley, B.A., Frank, M., Spielhagen, R.F. and Eisenhauer, A. 2008. Influence of brine formation on Arctic ocean 
circulation over the paste 15 million years. Nature Geosciences, Vol 1, p. 68. 
 
Halim, C.E., Scott, J.A., Amal, R., Short, S.A., Beydoun, D., Low, G. and Cattle, J. 2004. Comparison  between 
acetic acid and landfill leachates for the leaching of Pb(II), Cd(II), As(V) and Cr(IV) from cementitious wastes. 
Environmental Science and Technology, Vol 38, pp 3977 – 3983. 
 
Halim, C.E., Scott, J.A., Amal, R., Short, S.A., Beydoun, D., Low, G. and Cattle, J. 2005. Evaluating the 
applicability of regulatory leaching tests for assessing the hazards of Pb-contaminated soils. Journal of 
Hazardous Materials, Vol B120, pp 101 – 111. 
 



 

 

8-9

Hallbom, D.J. 2010. Applying the operating range method to paste backfill systems. Proc., 13th International 
Seminar on Paste and Thickened Tailings, Toronto, Canada, 3-6 May 2010. 
 
Hartman, M.R., Brady, S.K., Berliner, R. and Conradi, M.S. 2006. The evolution of structural changes in 
ettringite during thermal decomposition. Journal of Solid State Chemistry, Vol 179, pp 1259 – 1272. 
 
Hartter, J. and Boston, K. 2007. An integrated approach to modelling resource utilization for rural communities 
in developing countries. Journal of Environmental Management, Vol 85, pp 78 – 92, October 2007. 
  
Hartwil, S. W. and Calovini, F. 1999. Overview of current leaching approaches. http://www.epa.gov/sw-
846/pdfs/current.pdf. Cited 5 December 2006. 
 
Haynes, R.J. 2009. Reclamation and revegetation of fly ash disposal sites – challenges and research needs. 
Journal of Environmental Management, Vol 90, pp 43 – 53. 
 
Heebink, L.V. and Hassett, D.J. 2001. Coal fly ash trace element mobility in soil stabilisation. 2001 
International Ash Utilization Symposium, Centre for Applied Energy Research, University of Kentucky, Paper # 
14. http://www.flyash.info  
 
Heikkinen, P.M. 2009. Active sulphide mine tailings impoundments as sources of contaminated drainage: 
controlling factors, methods of characterisation and geochemical constraints for mitigation. PhD thesis. 
University of Turku, Finland. 
 
Hekal, E.E. 2000. Effect of some admixtures on the hydration of silica fume and hydrated lime. Journal of 
Materials Science and Technology, Vol 16, No 4, pp 375 – 378. 
 
Hicks, J.K. 2007. Mitigation of alkali silica reaction while using highly reactive aggregates with class C fly ash 
and reduction in water to cement ratio. 2007 World of Coal Ash (WOCA), Kentucky, USA. 
 
Hlatshwayo, T.V., Matjie, R.H., Li, Z. and Ward, C.R. 2009. Mineralogical characterisation of Sasol feed coals 
and corresponding gasification ash constituents. Energy & Fuels, Vol 23, pp 2867 – 2873. 
 
Horiuchi, S., Kawaguchi, M. and Yasuhara, K. 2000. Effective use of fly ash slurry as fill material. Journal of 
Hazardous Materials, Vol 76, pp 301 – 337. 
 
Huijgen, W.I.J., Witkamp, G.-J. and Comans, R.N.J. 2005. Mineral CO2 sequestration by steel slag carbonation. 
Environmental Science and Technology, Vol 39, pp 9676 – 9682.  
 
Hürlimann, M., Ledesma, A. and Martí, A. 2001. Characterisation of a volcanic residual soil and its implications 
for large landslide phenomena: application to Tenerife, Canary Islands. Engineering Geology, Vol 59, pp 115 – 
132.  
 
Hussain, S.E., Rasheeduzzafar, A. and Al-Gahtani, S. 1994. Influence of sulfates on chloride binding in cement. 
Cement and Concrete Research, Vol 24, pp 8 – 24. 
 
Huynh, L., Beattie, D. A., Fornasiero, D. and Ralston, J. 2006. Effect of polyphosphate and naphthalene 
sulfonate formaldehyde condensate on the rheological properties of dewatered tailings and cemented paste 
backfill. Minerals Engineering, Vol 19, pp 28-36, 2006. 
 
Ilgner, J.H. 2002. Cost-Effective Utilisation of Fine and Coarse Ash to Maximise Underground Coal Extraction 
and to Protect the Environment.  Proc. of Coal Indaba Conference 2002, Fossil Fuel Foundation of Africa, 
Secunda, South Africa, 16 October 2002.  
 
Ilgner, J.H. 2006. Mine backfill. Paste and Thickened Tailings – A Guide (2nd Editions), Jewell and Fourie 
(eds), Australian Centre for Geomechanics, Perth, Australia, pp. 170 – 178. 
 
Irassar, E.F., Bonavetti, V.L., Trezza, M.A. and González, M.A. 2005. Thaumasite formation in limestone filler 
cements exposed to sodium sulphate solution at 20 °C.  Cement and Concrete Research, Vol 27, pp 77 – 84. 
 



 

 

8-10

Jakka, R.S., Ramana, G.V. and Datta, M. 2010. Shear behaviour of loose and compacted pond ash. Geotech 
Geol Eng, Vol 28, pp 763 – 778. 
 
Jewell, R.J., Fourie, A.B., Lord, E.R. 2002. Paste and Thickened Tailings – A Guide. Australia Centre for 
Geomechanics, Perth, Western Australia. 
 
Jewell, R.J. and Fourie, A.B. 2006. Paste and Thickened Tailings – A Guide, 2nd edition. Australia Centre for 
Geomechanics, Perth, Western Australia. 
 
Johannesson, B. and Utgenannt, P. 2001. Microstructural changes caused by carbonation of cement mortar. 
Cement and Concrete research, Vol 13, pp 925 – 931. 
 
Johnson, C.A. 2004. Cement stabilisation of heavy-metal-containing wastes. In: Gieré, R and Stille, P. (eds) 
Energy, Waste and the Environment: a Geochemical Perspective. Geological Society, London, Special 
Publications, Vol 236, pp 595 – 606. 
 
Jorgenson, R.R., Lee, C. and Nelson, R. 2006. The benefits of paste for coal combustion products (CCPs): a 
case study. Proc. Of Paste 2006, 9th International Seminar on Paste and Thickened Tailings, Limerick, Ireland, 3 
– 7 April 2006. 
 
Joshi, R.C., Hettiaratchi, J.P.A. and Achari, G. 1994. Properties of modified Alberta fly ash in relation to 
utilization in waste management applications. Canadian Journal of Civil Engineering, Vol 21, pp 419 – 426, 
1994.  
 
Jozić, D. and Zelić, J. 2006. The effect of fly ash on cement hydration in aqueous suspensions. 
http://www.ceramics-silikaty.cz/2006/pdf/2006_02_098.pdf; Cited 8 November 2007.  
 
Justice, J.M. 2005. Evaluation of metakaolins for use as supplementary cementitious materials. MSc 
dissertation, Georgia Institute of Technology. 
 
Justnes, H. 2004. A Review of chloride binding in cementitious systems. http://www.itn.is/ncr/publications/doc-
21-4.pdf. Cited 15 March 2004. 
 
Kalinski, M. E. and Yerra, P. K. 2005. Hydraulic conductivity of compacted cement-stabilized fly ash. 
http://www.worldofcoalash.org/2005/ashpdf/10kal.pdf. Cited  9 June 2008. 
 
Kaneko, M., Toyohara, M., Satoh, T., Noda, T., Suzuki, N and Sasaki, N. 2001. Development of high volume 
reduction and cement solidification technique for PWR concentrated waste. WM’01 Conference, Tucson, 
February 25 – March 1, 2001.   
 
Kashef-Haghighi, S. and Ghoshal, S. 2010. CO2 sequestration in concrete through accelerated carbonation 
curing in a flow-through reactor. Industrial Engineering and Chemistry Research, Vol 49, pp 1143 – 1149.  
 
Kearsley, E.P. and Wainwright, P.J. 2003.  The effect of fly ash properties on concrete strength. Journal of the 
South African Institution of Civil Engineering, Vol 45, pp 19 – 24. 
 
Kesimal, A., Yilmaz, E., Ercikdi, B., Alp, I. and Deveci, H. 2005. Effect of properties of tailings and binder on 
the short and long term strength and stability of cemented paste backfill. Materials Letters, Vol 59, pp 3703 – 
3709, 2005. 
 
Kesimal, A., Yilmaz, E. and Ercikdi, B. 2004. Evaluation of paste backfill mixtures consisting of sulphide-rich 
mill tailings and varying cement contents. Cement and Concrete Research, Vol 34, pp 1817 – 1822, 2004. 
 
Kharna, S., Mallick, D., Dutta, S.N. and Chaudhuri, S.K. 1998. Studies on the phase mineralogy and leaching 
characteristics of coal fly ash. Water, Air & Soil Pollution, Vol 107, No 1 – 4, October 1998. 
 
Khordagui, H. 1997. Environmental aspects of brine rejection from desalination industry in the ESCWA Region, 
ESCWA, Beirout, Lebanon, 1997. 
 



 

 

8-11

Khoury, N.N., Zaman, M. and Laguros, J.G. 2004. Use of XRD patterns to evaluate compressive strength of 
stabilized aggregates. International Centre for Diffraction Data 2004, Advances in X-ray Analysis, Vol 47, pp 
379 – 384. 
  
Kim, A.G. 2005. Leaching methods applied to the characterization of coal utilization by-products. National 
Energy Technology Laboratory, US Department of Energy. Pittsburgh. 2005. 
 
Kim, B., Prezzi, M. and Salgado, R. 2005. Geotechnical properties of fly and bottom ash mixtures for use in 
highway embankments. Journal of geotechnical and geoenvironmental engineering. Vol 84, pp 1364-1371. 
 
Kim, K.-T. and Burley, B.J. 1980. A further study of analcime solid solutions in the system NaAlSi3O8-
NaAlSiO4-H2O, with particular note of an analcime phase transformation. Mineralogical magazine, Vol 43, pp 
1035 – 1045. 
 
Klemm, W.A. 1998. Ettringite and oxyanion-substituted ettringites-their characterisation and applications in the 
fixation of heavy metals: a synthesis of the literature. Materials Research and Consulting Group. 
 
Klemm, W.A. and Bhatty, J.I. 2002. Fixation of heavy metals as oxyanion-substituted ettringites. Portland 
Cement Association, PCA R&D Serial no. 2431a, USA, 2002.  
 
Koch, E.W. 2002. An investigation of the chemistry involved in the mixing of an industrial effluent with fine ash. 
MSc thesis. University of Stellenbosch. December 2002. 
 
Koehler, E.P. and Fowler, D.W. 2003. Summary of concrete workability test methods. International Center for 
Aggregates Research. Report No. ICAR 105-1.  
 
Köhler, S., Heinz, D. and Urbonas, L. 2006. Effect of ettringite on thaumasite formation. Cement and Concrete 
Research, Vol 36, pp 697 – 706. 
 
Kolay, P.K. and Singh, D.N. 2001. Effect of zeolitisation on physiocochemico-mineralogical and geotechnical 
properties of lagoon ash. Canadian Geotechnical Journal, Vol 38, pp 1105-1112. 
 
Korngold, E., Aronov, L and Daltrophe, N. 2009. Electrodialysis of brine solutions discharged from an RO 
plant. Desalination, Vol 242, pp 215 – 227.   
 
Kostakis, G. 2009. Characterisation of the fly ashes from the lignite burning power plants of northern Greece 
based on their quantitative mineralogical composition. Journal of Hazardous Materials, Vol 166, pp 972 – 977. 
 
Krolo, P., Krstulović, R., Dabić, P., Žmikić, A. and Bubić, A. 2003. The stalilization of hazardous zeolite wastes 
in cement composites and its effect on hydration processes. Materiali in Tehnologe, Vol 37, No 6, pp 327 – 332. 
 
Kruger, R.A. and Krueger, J. E. 2005. Historical development of coal ash utilization in South Africa. 
http://www.flyash.info/2005/204kru.pdf; Cited 16 August 2007. 
 
Kruger, R.A. 2010. Personal communication. 
 
Kruger, R.A. and Surridge, A.K.J., 2009. Predicting the efficacy of fly ash as a soil ameliorant. In: Proc., World 
of Coal Ash Conference, 4–7 May, 2009, Lexington, USA. http://www.flyash.info/. 
 
Kumar, V. 2004. Compaction and Permeability Study of  Pond Ash Amended with Locally Available Soil and 
Hardening Agent. Journal of the Institution of Engineering, Vol 85, pp 31- 35.  
 
Kurtis, K.E. and Monteiro, P.J.M. 2003. Chemical additives to control expansion of alkali-silica reaction gel: 
proposed mechanisms of control, Journal of Materials Science, Vol 38, pp 2027 – 2036.  
 
Kutchko, B.G. and Kim, A.G. 2006. Fly ash characterisation by SEM-EDX. Fuel, Vol 85, pp 2537-2544. 
 
Kwak, M., James, D. F., Klein, K. A. 2005. Flow behaviour of tailings paste for surface disposal. International 
Journal of Mineral Processing, Vol 77, pp 139 – 153.  
 



 

 

8-12

Lachowski, E.E., Barnett, S.J. and Macphee, D.E. 2003. Transmission electron optical study of ettringite and 
thaumasite. Cement and Concrete Composites, Vol 25, pp 819 – 822.   
 
Lam, L., Wong, Y.L. and Poon, C.S. 2000. Degree of hydration and gel/space ratio of high-volume fly 
ash/cement systems. Cement and Concrete Research, Vol 30, pp 747 – 756.   
   
Lange, L.C., Hills, C.D. and Poole, A.B. 1996. The effect of accelerated carbonation on the properties of 
cement-solidified waste forms. Waste Management, Vol 16, No 8, pp 757 – 763. 
 
Lange, L.C., Hills, C.D. and Poole, A.B. 1997. Effect of carbonation on the properties of blended and non-
blended cement solidified waste forms. Journal of Hazardous Materials, Vol 52, pp 193 – 212. 
 
Laugesen, J. and Eriksson, S.B. 2006. Recent advances in stabilisation and solidification of contaminated soil 
and sediments in the Nordic countries. Norway. 
 
Le Bellégo, C., Gérard, B., Pijaudier-Cabot, G. and Kamali, S. 2000. Chemo-mechanical Coupled Effects in 
Concrete Structures Submitted to an Aggressive Water Attack. EM2000 14th Engineering Mechanics 
Conference Proceedings. 2000. 
 
Lee, S. and Spears, D.A. 1994. Potential groundwater contamination from pulverised fuel ash (PFA). 
Goldschmidt Conference Edinburgh 1994.    
 
Lee, S. and Spears, D.A. 1997. Natural weathering of pulverised fuel ash and porewater evolution. Applied 
Geochemistry, Vol 12, pp 367 – 376.    
 
Lee, S.-J., Chan, H.-C., Um, N., Han, G.-C. and Ahn, J.-W. 2007. Characterisation of coal pond ash for 
reutilisation. International Symposium on Materials Processing KIGAM, Daejeon, Korea, 20 April 2007.    
 
Li, X.D., Zhang, Y.M., Poon, C.S. and Lo, I.M. C. 2001. Study of zinc in cementitious material 
stabilised/solidified wastes by sequential chemical extraction and microstructural analysis. Chemical Speciation 
and Bioavailability, Vol 13, Issue 1, 2001. 
 
Litto, R., Hayes, R.E. And Liu, B. 2007. Capturing Fugitive Methane Emissions from Natural Gas Compressor. 
Journal of Environmental Management, Vol 84, August, pp 347 – 361.  
 
Liu, Y., Gupta, R., Sharma, A., Wall, T., Butcher, A., Miller, G., Gottlieb, P. and French, D. 2005. Mineral 
Matter- Organic Matter Association Characterisation by QEMSCAN and Applications in Coal Utilisation. Fuel, 
Vol 84, pp 1259 – 1267. 
 
Livingston, R.A. and Bumrongjaroen, W. 2005. Optimization of Silica Fume, Fly Ash and Cement Mixes for 
High Performance Concrete. www.flyash.info/2005/79liv.pdf.  
 
Loubser, M and Verryn, S.M.C. 2006. Combining XRF and XRD analyses and sample preparation to solve 
mineralogical problems. The South African Journal of Geology, Vol 111, No 2 – 3, pp 229 – 238.  
 
Lynch, S.T., Rohwer, B. and Lynch, A.F. 2005. Brine/Concentrate Management for Southern California. 
http://www.watereuse.org/ca/2005conf/papers/A4_slynch.pdf. Accessed 13 December 2005.  
 
Ma, J. and Dietz, J. 2002. Ultra High Performance Self Compacting Concrete. Lacer no. 7, 2002. 
 
Macholo, T.K. 2010. Personal communication. 
 
Madwar, K. and Tarazi, H. 2002. Desalination techniques for industrial wastewater reuse. Desalination, Vol 
152, pp 325 – 332. 
 
Mahlaba, J.S. 2007. Evaluation of Paste Technology to Co-dispose of Ash and Brines at Sasol Synfuels 
Complex. MSc (Eng) dissertation. University of the Witwatersrand, Johannesburg. 
 
Mahlaba, J.S., Kearsley, E.P. and Kruger, R.A. 2011. Physical, chemical and mineralogical characterisation of 
hydraulically disposed fine ash from Sasol Synfuels. Fuel, Vol 90, 2491 – 2500. 



 

 

8-13

 
Mahlaba, J.S., Pretorius, P.C. and Augustyn, M.P. 2008. Influence of Admixtures on Paste Behaviour and the 
Role of Surface Area on Remobilisation. Proc., Paste 2008, 11th Seminar on Paste and Thickened Tailings, 
Kasane, Botswana, 5 – 9 May 2008. 
 
Mahlaba, S.J. and Pretorius, P.C. 2006. Exploring Paste Technology as a Co-disposal Option for Fly Ash and 
Brines. Proc, Paste 2006, 9th International Seminar on Paste and Thickened Tailings, Limerick, Ireland, 3-7 
April 2006.  
 
Malkin, A.Y. and Isayev, A.I. 2006. Rheology: Concepts, Methods, and Applications.  Chemtech Publishing, 
Toronto, 2006. 
 
Maree, Y. 2008. Evaluation of paste technology as a salt sink. Sasol Technology R&D Gate C report, October 
2008. 
 
Matjie, H.R., van Alphen C., Xulu, A. 2004. Characterisation of Sasol Coal Combustion Residues (ash). Sasol 
Technology R&D report, July 2004. 
 
Matjie, R.H. 2008. Sintering and slagging of mineral matter in South African coals during the coal gasification 
process. PhD thesis. University of Pretoria, South Africa.  
 
Matjie, R.H. 2010. Personal correspondence. 
 
Matjie, R.H. and van Alphen, C., 2008. Mineralogical features of size and density fractions in Sasol coal 
gasification ash, South Africa and potential by-products. Fuel, Vol 87, pp 1439–1445. 
 
Matjie, R.H., van Alphen, C. and Pistorius, P.C. 2006. Mineralogical Characterisation of Secunda gasifier 
feedstock and coarse ash. Minerals Engineering, Vol 19, pp 256 – 261. 
 
Matschei, T., Lothenbach, B. and Glasser, F.P. 2007. Thermodynamic properties of Portland cement hydrates in 
the system CaO-Al2O3-SiO2-CaSO4-CaCO3-H2O. Cement and Concrete Research, Vol 37, pp 1379 – 1410. 
 
McCarthy, M.J., Csetenyi, L.J., Sachdeva, A. and Jones, M.R. 2009. Role of fly ash in the mitigation of swelling 
in lime stabilised sulphate-bearing soils. 2009 WOCA Conference, Lexington, USA, 4-7 May 2009. 
http://www.flyash.info. 
 
McKinnon, E. 2002. The environmental effects of mining waste disposal at Lihir Gold Mine, Papau New 
Guinea. Journal of Rural and Remote Environmental Health, Vol 1, No 2, pp 40 – 50. 
 
McMurphy, L.M., Biradar, D.P., Taets, C. and Rayburn, A.L. 1996. Differential Effects of Weathered Coal Fly 
Ash and Fly Ash Leachate on the Maize Genome. Archives of Environmental Contamination and Toxicology, 
Vol 31, issue 2, August 1996. 
 
McPhail, G., Noble, A., Papageorgiou, G. and Wilkinson, D. 2004. Development and Implementation of 
Thickened Tailings Discharge at Osborne Mine, Queensland, Australia. 2004 International Seminar on Paste 
and Thickened Tailings.   
 
Meawad, A.S., Bojinka, D.Y. and Pelovski, Y.G. 2010. An overview of metals recovery from thermal power 
plant solid wastes. Waste Management, Vol 30, pp 2548 – 2559. 
 
Medina, A., Gamero, P., Almanza, J.M., Vargas, A., Montoya, A., Vargas, G. and Izquierdo, M. 2010. Fly ash 
from a Mexican mineral coal. II. Source of W zeolite and its effectiveness in arsenic (V) adsorption. Journal of 
Hazardous Materials, Vol 181, pp 91 – 104.  
 
Medvešček, S., Gabrovšek, R., Kaučič, V. and Meden, A. 2006. Hydration products in water suspension of 
Portland cement containing carbonates of various solubility. Acta Chimica Slovenica, Vol 53, pp 172 – 179. 
 
Mehta, P. K. and Monteiro, P. J. M. 2006. Concrete Microstructure, Properties and Materials. 3rd edition, The 
McGraw-Hill Companies, USA, 2006. 
 



 

 

8-14

Memon, A.H., Radin, S.S.,  Zain, M.F.M. and Trottier, J.-F. 2002. Effects of mineral and chemical admixtures 
on high-strength concrete in seawater. Cement and Concrete research, Vol 32, pp 373 – 377.  
 
Mendez, M.O. and Maier, R.M. 2008. Phytostabilisation of mine tailings in arid and semi-arid environments – 
An emerging remediation technology. Environmental Health Perspectives, Vol 116, pp 278–283. 
 
 
Mishra, P. C. and Patel, R. K. 2004. Management of fly ash, in the context of its growing production. 
http://www.eco-web.com/editorial/041201.html. Cited 11 December 2005. 
 
Mobasher, B., Asce, M., Devaguptapu, R. and Arino, A.M. 1996. Effect of copper slag on the hydration of 
blended cementitious mixtures. Proc, Materials Engineering Conference, Materials for the New Millenium, ed. 
K. Chong, pp. 1677 – 1686, 1996. 
 
Moitsheki, L.J., Matjie, R.H., Baran, A., Mooketsi, O.I. and Schobert, H.H. 2010. Chemical and mineralogical 
characterisation of a South African bituminous coal and its ash, and effect on pH of ash transport water. 
Minerals Engineering, Vol 23, pp 258 – 261. 
 
Mollah, M.Y.A., Kesmez, M. and Cocke, D.L. 2004. An X-ray diffraction (XRD) and Fourier transform 
infrared (FT-IR) investigation of the long term effect on the solidification/stabilization  (S/S) of arsenic (V) in 
Portland cement type-V. Science of the Total Environment, Vol 325, Issue 1 – 3, June, pp 255 – 262. 
 
Mooketsi, O.I., Ginster, M., Matjie, R.H. and Riedel, K.J. 2007. Leachate characteristics of ash residues from 
laboratory-scale brine encapsulation simulation process. 2007 World of Coal Ash (WOCA), Kentucky, USA.  
 
Moon, V. and Jayawardane, J. 2004. Geomechanical and Geochemical changes during early stages of 
weathering of Karamu Basalt, New Zealand. Engineering Geology, Vol 74, pp 57 – 72. 
 
Moukwa, M., Farrington, S. and Youn, D. 1992. Determination of Ca(OH)2 in hydrated cement paste by 
differential scanning calorimetry. Thermochimica Acta, Vol 195, January, pp 231 – 237. 
 
Mulenga, D.M., Stark, J. and Nobst, P. 2003. Thaumasite formation in concrete and mortars containing fly ash. 
Cement and Concrete Research, Vol 25, pp 907 – 912.   
 
Muntingh, Y., Mahlaba, J.S. and Pretorius, P.C. 2009. Utilising fly ash as a salt sink media through pasting with 
industrial brines. Proc., The World Congress on Engineering 2009, Vol  I,  July 1 - 3, 2009, London, U.K. 
  
Murat, M. 1983. Hydration reaction and hardening of calcined clays and related minerals. II. Influence of 
mineralogical properties of the raw-kaolinite on the reactivity of metakaolinite. Cement and Concrete Research, 
Vol 13, pp 511-518. 
 
Muriithi, N.G., Gitari, W.M., Petrik, L.F. and Ndungu, P.M. 2010. Carbonation of brine impacted fractionated 
coal fly ash: implications for CO2 sequestration. Journal of Environmental Management, Vol 92, Issue 3, pp 
655 – 664. 
 
Naik, H.K., Mishra, M.K. and Karanam, U.M. 2009. Rheological characteristics of fly ash slurry at varying 
temperature with and without an additive. 2009 World of Coal Ash (WOCA), Lexington, USA. 
http://flyash.info/ 
 
Nakamura A., Nishizawa E., Ohba Y., Daimon, M. 1999. Sorption of chloride-ion, sulphate-ion and phosphate-
ion, in calcium silicate hydrates. Journal of the Chemical Society. Japanese Chemistry and Industrial 
Chemistry, Vol 6, pp 415–20. 
 
Nassar, M.K.K., El-Damak, R.M. and Ghanem, A.H.M. 2008. Impact of desalination plants brine injection wells 
on coastal aquifers. Environmental Geology, Vol 54, pp 445 – 454. 
 
Nehdi, M. and Tariq, A. 2007. Stabilization of sulphidic mine tailings for prevention of metal release and acid 
drainage using cementitious materials: A review. Journal of Environmental Engineering Sciences, Vol 6, pp 423 
– 436.  
 



 

 

8-15

Neithalath, N. and Jain, J. 2010. Relating rapid chloride transport parameters of concretes to microstructural 
features extracted from electrical impedance. Cement and Concrete Research, Vol 40, pp 1041-1051. 
 
Nengovhela, A.C., Yibas, B. and Ogola, J.S. 2006. Characterisation of gold tailings dams of the Witwatersrand 
Basin with reference to their acid mine drainage potential, Johannesburg, South Africa. Water SA, Vol 32, No 4, 
pp 500 – 506. 
 
Nguyen, Q.D., Akroyd, T., De Kee, D. C. and Zhu, L. 2006. Yield stress measurements in suspensions: an inter-
laboratory study. Korea-Australia Rheology Journal, Vol 18, No 1, pp 15 – 24. 
 
Nguyen, Q.D. and Boger, D.V. 1998. Application of rheology to solving tailings disposal problems. 
International Journal of Mineral Processing, Vol 54, Issues 3-4, pp 217-233, August 1998. 
 
Boger, D.V., Scales, P.J. and Sofra, F. 2008. Paste and Thickened Tailings and the Impact on the Development 
of New Rheological Techniques. Proc., Paste 2008, 11th Seminar on Paste and Thickened Tailings, Kasane, 
Botswana, 5 – 9 May 2008. 
 
Nielsen, E.P., Herfort, D. and Geiker, M.R. 2005. Binding of chloride and alkalis in Portland cement systems. 
Cement and Concrete Research, Vol 35, pp 117 – 123.  
 
Nochaiya, T., Wongkeo, W., Primraska, K. and Chaipanich, A. 2010. Utilization of fly ash with silica fume and 
properties of Portland cement-fly ash-silica fume concrete. Fuel, Vol 89, pp 768 – 774. 
 
Nochaiya, T., Wongkeo, W., Primraska, K. and Chaipanich, A. 2009. Microstructural, physical and thermal 
analyses of Portland cement-fly ash-calcium hydroxide blended pastes. Journal of Thermal Analysis and 
Calorimetry.  DOI 10.1007/s10973-009-0491-8. 
 
Ntshabele, K., Cooks, M., Busani, B. and Dodo, J. 2008. The effect of water quality on dewatering properties of 
Debswana Kimberlitic ores. Proc., Paste 2008, 11th Seminar on Paste and Thickened Tailings, Kasane, 
Botswana, 5 – 9 May 2008. 
  
Odler, 2004. Hydration, setting and hardening of Portland cement. Lea’s chemistry of cement and concrete, 4th 
edition, F.M. Lea (ed), Peter Hewlett Publishers. 
 
Ouellet, S., Bussie, B., Mbonimpa, M., Benzaazoua, M. and Aubertin, M. 2008. Reactivity and mineralogical 
evolution of an underground mine sulphudic cemented paste backfill. Minerals Engineering, Vol 19, pp 407 – 
419.  
 
Owsiak, Z. 2003. Microstructure of alkali-silica reaction products in conventional standard and accelerated 
testing, Ceramics – Silikáty, Vol 47, No 3, pp 108 – 115.  
 
Ozdemir, O., Ersoy, B. and Celik, M.S. 2001. Separation of Pozzolanic Material from Lignitic Fly Ash of 
Tuncbilek Power Stations. 2001 International Ash Utilization Symposium, Centre for Applied Energy Research, 
University of Kentucky, Paper #45. 
 
Ozyildirim, C. 1998. Effects of temperature on the development of low permeability in concretes. PhD thesis. 
University of Virginia, February 1998.  
 
Pacewska, B., Blonkowski, G. and Wilińska, I. 2006. Investigation of the influence of different fly ashes on 
cement hydration. Journal of Thermal Analysis and Calorimetry, Vol 86, No 1, pp 179 – 186. 
 
Pagé, M. and Spiratos, N. 2000. The Role of Superplasticizers in the Development of Environmentally-Friendly 
Concrete. Presented at “CANMET/ACI International Symposium on Concrete Technology for Sustainable 
Development.” Canada, April 2000. 
 
Pajares, I., Martínez-Ramírez, S. and Blanco-Varela, M.T. 2003. Evolution of ettringite in presence of carbonate 
and silicate ions. Cement and Concrete Research, Vol 25, pp 861 – 865. 
 



 

 

8-16

Palarski, J., Plewa, F., Strozik, G., 2011. Backfill and grouting technology in underground coal mining using 
saline mine water. In: Proceedings Minefill 2011, 10th International Symposium on Mining with Backfill, 
March 21–25, The South African Institute of Mining and Metallurgy, Cape Town, South Africa, p. 20. 
 
Palumbo, A.V., Tarver, J.R., Fagan, L.A., McNeilly, M.S., Ruther, R. and Amonette, J.E. 2005. Potential for 
metal leaching and toxicity from fly ash applied for increasing carbon sequestration in soil.  
 
Pandian, N.S. 2004. Fly Ash Characterization with Reference to Geotechnical Applications. Journal of Indian 
Institute of Science, Vol 84, November  - December, pp 189 – 216.  
 
Pane, I. and Hansen, W. 2005. Investigation of blended cement hydration by isothermal Calorimetry and 
thermal  analysis. Cement and Concrete Research, Vol 35, pp 1155-1164. 
 
Pando, M. and Hwang, S. 2006. Possible Applications for Circulating Fluidised Bed Coal Combustion By-
products from the Guayama AES Power Plant.  Report from AES Puerto Rico, LP, March 2006. 
 
Paria, S. and Yuet, P. K. 2006. Solidification-stabilization of organic and inorganic contaminants using Portland 
cement: a literature review. Environmental Research, Vol 14, pp 217 – 255.  
 
Payá, J., Monzό, J., Borrachero, M.V., Amahjour, F. and Peris-Mora, E. 2002. Loss on ignition and carbon 
content in pulverized fuel ashes (PFA): two crucial parameters for quality control. Journal of Chemical 
Technology and Biotechnology, Vol 77, pp 251 – 255. 
 
Payá, J., Monzό, J., Borrachero, M.V., Amahjour, F. and Peris-Mora, E. 1995. Mechanical treatment of fly 
ashes. part I: Physio-chemical characterisation of ground fly ashes. Cement and Concrete Research, Vol 25, No 
7, pp 1469-1479.    
 
Pengthamkeerati, P., Satapanajaru, T., Chatsatapattayakul, N., Chairattanamanokorn, P. and Sananwai, N. 2010. 
Alkaline treatment of biomass fly ash for reactive dye removal from aqueous solution. Desalination, Vol 261, 
pp 34 – 40. 
 
Plank, J. and Hirsch, C. 2007. Impact of zeta potential of early cement hydration phases on superplasticizer 
adsorption. Cement and Concrete Research, Vol 37, pp 537–542. 
 
Potvin, Y., Thomas, E. and Fourie, A. B. 2005. Handbook on mine fill. Australia Centre for Geomechanics, 
Australia.  
 
Prasad, J., Jain, D.K. and Ahuja, A.K. 2006. Factors influencing the sulphate resistance of cement concrete and 
Mortar. Asian Journal of Civil Engineering (Building and Housing), Vol 7, No 3, pp 259 – 268.   
 
Prasad, M.,  Manghnani, M.H., Wang, Y. and Zinin, P. 1999. Acoustic microscopy of Portland cement mortar 
aggregate/paste interfaces. Turner-Fairbank Highway Research Centre, McLean, USA, pp 1 – 13, December 
1999.  
 
Pretorius, J.H.C. 2002. The influence of PFA particle size on the workability of cementitious pastes. MSc 
dissertation. University of Pretoria, South Africa, August 2002.  
 
Pretorius, P.C. 2010. Personal correspondence. 
 
Pretorius, P.C. and Nieuwenhuis, J.G. 2002. An investigation into the salt holding capacity of the Secunda ash 
system. Sasol Technology R&D report. May 2002. 
 
Pruckner, F. and Gjørv, O.E. 2004. Effect of CaCl2 and NaCl additions on concrete corrosivity. Cement and 
Concrete Research, Vol 34, pp 1209 – 1217. 
 
Pullum, L., Graham, L., Rudman, M. and Hamilton, R. 2006. High concentration suspension  pumping. 
Minerals Engineering, Vol 19, Issue 5, pp 471-477.  
 
Querol, X., Plana, F., Alastuey, A. and López-Soler, A. 1997. Synthesis of Na-zeolites from fly ash. Fuel, Vol 
76, No 8, pp 793 – 799. 



 

 

8-17

 
Radwan, M. M. and Heikal, M. 2005. Hydration characteristics of tricalcium aluminate phase in mixes 
containing β-hemihydrate and phosphogypsum. Cement and Concrete Research, Vol 35, pp 1601 – 1608. 
 
Raghavendra, S.C., Raibagkar, R.L. and Kulkarni, A.B. 2002. Dielectric properties of fly ash. Bulletin of 
Materials Science, Vol 25, No 1, pp 37 – 39. 
 
Ramachandran, V.S. 1978.  Calcium chloride in concrete- applications and ambiguities.  Canadian Journal of 
Civil Engineering, Vol 5, No 2, pp 213 – 221. 
 
Ramachandran, V.S., Paroli, R.M., Beaudoin, J.J. and Delgado, A.H. 2002. Handbook of thermal analysis of 
construction materials. Noyes Publications, USA. 
 
Ravizky, A. and Nadav, N. 2007. Salt Production by the Evaporation of SWRO brine in Eilat: A Success Story. 
Desalination, Vol 205, pp 374 – 379.  
 
Ray, A. 2002. Hydrothermally Treated Cement-Based Building Materials. Past, Present, and Future. Pure and 
Applied Chemistry, Vol 74, No 11, pp 2131 – 2135. 
 
Renaudin, G., Segni, R., Mentel, D., Nedelec, J.-M., Leroux, F. and Taviot-Gueho, C. 2007. A Raman study of 
sulfated cement hydrates: ettringite and monosulfatoaluminate. Journal of Advanced Concrete Technology, Vol 
5, No 3, pp 299 – 312.  
 
Reynolds, K., Kruger, R., Rethman, N and Truter, W. 2002. The Production of an artificial soil from sewage 
sludge and fly-ash and the subsequent evaluation of growth enhancement, heavy metals translocation and 
leaching potential. WISA proceedings, 2002. http://www.wrc.org.za. 
 
Richardson, I.G. 2008. The calcium silicate hydrates. Cement and Concrete Research, Vol 38, pp 137 – 158. 
 
Rojas, M.F. 2006. Study of hydrated phases present in a MK – lime system cured at 60 °C and 60 months of 
reaction. Cement and Concrete Research, Vol 36, pp 827 – 831. 
 
Sakai, E., Miyahara, S., Ohsawa, S., Lee, S.-H. and Daimon, M. 2005. Hydration of fly ash cement. Cement and 
Concrete Research, Vol 35, pp. 1135 – 1140. 
 
Saikai, N., Kato, S. and Kojima, T. 2006. Thermogravimetric investigation on the chloride binding behaviour of 
MK-lime paste. Thermochimica Acta, Vol 444, pp 16 – 25. 
 
Sarkar, R., Singh, N. and Das, S.K. 2007. Effect of Addition of Pond Ash and Fly Ash on Properties of Ash-clay 
Burnt Bricks. Waste Management and Research, Vol 25, pp 566 – 571. 
 
Saw, H. and Villaescusa, E. 2011. Research on the mechanical properties of minefill: influences of material 
particle size, chemical and mineralogical composition, binder and mixing water. In: Proceedings Minefill 2011, 
10th International Symposium on Mining with Backfill, March 21–25, The South African Institute of Mining 
and Metallurgy, Cape Town, South Africa. 
 
Schutte, C.F., Spencer, T., Aspden, J.D. and Hanekom, D. 1987. Desalination and reuse of power plant 
effluents: from pilot plant to full scale application. Desalination, Vol 67, pp 255 – 269. 
 
Sear, L.K.A. 2001. Fly Ash Standards, Market Strategy and UK Practice. 2001 International Ash Utilization 
Symposium, Centre for Applied Energy Research, University of Kentucky, Paper #36. 
 
Shang, J.Q. and Wang, H. 2005. Coal Fly Ash Contaminant Barrier for Reactive Mine Tailings. 
http://www.flyash.info/2005/52sha.pdf; Cited 25 January 2007. 
 
Shehata, M.H., Thomas, M.D.A. and Bleszynski, R.F. 1999. The effects of fly ash composition on the chemistry 
of pore solution in hydrated cement pastes. Cement and Concrete Research, Vol 29, pp 1915 – 1920. 
 
Shehata, M.H. 2001. The effects of fly ash and silica fume on alkali silica reaction in concrete. PhD thesis. 
University of Toronto, Canada. 



 

 

8-18

 
Sheng, J., Huang, B.X., Zhang, J., Zhang, H., Sheng, J., Yu, S. and Zhang, M. 2003. Production of glass from 
fly ash. Fuel, Vol 82, pp 181 – 185. 
 
Sheoran, A.S. and Sheoran, V. 2006. Heavy metal removal mechanism of acid mine drainage in Wetlands: A 
critical review. Minerals Engineering, Vol 19, pp 105 – 116.  
 
Shi, C. 1996. Early microstructure development of activated lime-fly ash pastes. Cement and Concrete 
Research, Vol 26, No 9, pp 1351 – 1359. 
 
Shi, C. and Day, R.L. 2000. Pozzolanic reaction in the presence of chemical activators Part II. Reaction products 
and mechanism. Cement and Concrete Research, Vol 30, pp 607 – 613. 
 
Shoham-Frider, E., Shelef, G. and Kress, N. 2003. Chemical changes in different types of coal ash during 
prolonged, large scale, contact with seawater. Waste Management, Vol 23, pp 125-134.  
 
Simpson, A.E. and Buckley, C.A. 1987. The treatment of industrial effluents containing sodium hydroxide to 
enable the reuse of chemicals and water. Desalination, Vol 67, pp 409 – 429. 
 
Sivakugan, N., Rankine, R. M., Rankine, K. J. and Rankine, K. S. 2006. Geotechnical considerations in mine 
backfilling in Australia. Journal of Cleaner Production, Vol 14, pp 1168 – 1175. 
 
Skhonde, M.P., Matjie, R.H., Bunt, J.R., Strydom, A.C. and Schobert, H. 2009. Sulfur behaviour in the Sasol-
Lurgi fixed bed dry bottom gasification process. Energy & Fuels, Vol 23, pp 229 – 235. 
 
Slatter, P.T. 2004. The hydraulic transportation of thickened sludges. 
http://www.wrc.org.za/archives/watersa%20archive/2004/No5-special/101.pdf. Cited 29 February 2008. 
 
Smith, B.E. 1990. The use of solar ponds in the disposal of desalting concentrate. Desalination, Vol 78, pp 59 – 
70.  
  
Sofra, F. 2006. Rheological assessment – a road map for plant designers and operators. Proc, Paste 2006, 9th 
International Seminar on Paste and Thickened Tailings, Limerick, Ireland, 3-7 April 2006.  

Solem-Tishmack, J.K., McCarthy, G.J., Docktor, B., Eylands, K.E., Thompson, J.S. and Hassett, D.J. 1995. 
High calcium coal combustion by-products: engineering properties, ettringite formation and potential 
application in solidification and stabilization of selenium and boron. Cement and Concrete Research, Vol 25, 
No 3, pp 658 – 670.   

Song, H.-W. and Kwon, S.-J. 2007. Permeability characteristics of carbonated concrete considering capillary 
pore structure. Cement and Concrete Research, Vol 37, pp 909 – 915. 

Souilah, O., Akretche, D.E. and Amara, M. 2004. Water reuse of an industrial effluent by means of 
electrodeionisation. Desalination, Vol 167, pp 49 – 54.  
 
Spears, D.A. and Lee, S. 2004. Geochemistry of leachates from coal ash. In: Gieré, R and Stille, P. (eds) 
Energy, Waste and the Environment: a Geochemical Perspective. Geological Society, London, Special 
Publications, Vol 236, pp 619 – 639. 
 
Sracek, O., Mihaljevič, M., Kříbek, B., Majer, V. and Veselovský, F. 2010. Geochemistry and mineralogy of Cu 
and Co in mine tailings at Copperbelt, Zambia. Journal of African Earth Sciences, Vol 57, pp 14 – 30. 
 
Steenari, B.M., Schelander, S. and Lindqvist, O. 1998. Chemical and leaching characteristics of ash from 
combustion of coal, peat and wood in a 12 MW CFB- a comparative study. Elsevier Science Ltd. 
 
Stefanović, G., Ojba, L., Sekuli, I. and Matija, S. 2007. Hydration study of mechanically activated mixtures of 
Portland cement and fly ash. Journal of the Serbian  Chemical Society, Vol 72, No 6, pp 591–604. 
 



 

 

8-19

Stephenson, D. and Odirile, P. 2008. Water recovery from slimes on Debswana’s mines. Proc, Paste 2008, 11th 
International Seminar on Paste and Thickened Tailings, Kasane, Botswana, 5-9 May 2008. 
 
Stergaršek, A., Horvat, M., Kotnik, J., Tratnik, J., Frkal, P., Kocman, D., Jaćimović, V.F., Ponikvar, M., Hrastel, 
I., Lenart, J., Debeljak, B. and Čujež, M. 2008. The role of flue gas desulphurisation in mercury speciation and 
distribution in a lignite burning power plant. Fuel, Vol 87, pp 3504 – 3512. 
 
Stocks, P. 2006. Reagents. Paste and Thickened Tailings – A Guide (2nd Editions), Jewell and Fourie (eds), 
Australian Centre for Geomechanics, Perth, Australia, pp 79 – 85. 
 
Stropnik, B. and Južnič, K. 1988. Thick Suspension Technology for Fly Ash Transportation and Disposal at a 
Coal Fired Power Plant. International Journal of Environmental Studies, Vol 33, pp 259 – 260. 
 
Su, N., Miao, B. and Liu, F.-S. 2002. Effect of wash water and underground water on properties of concrete. 
Cement and Concrete Research, Vol 32, pp 777 – 782. 
 
Sugiyama, T., Ritthichauy, W. and Tsuji, Y. 2003. Simultaneous transport of chloride and calcium ions in 
hydrated cement systems. Journal of Advanced Concrete Technology, Vol 1, No 2, July, pp 127-138. 
 
Sulovský, P. 2002. Mineralogy and chemistry of conventional and fluidised bed coal ashes. Bulletin of the 
Czech Geological Survey, Vol 77, No 1, pp 1 – 11. 
 
Sumranwanich, T. and Tangtermsirikul, S. 2004. Time-dependent chloride binding capacity of various types of 
cement pastes. ScienceAsia, Vol 30, pp 127 – 134, 2004. 
 
Suresh, I.V., Padmakar, C., Padmakaran, P., Murthy, M.V.R.L., Raju, C.B., Yadava, R.N. and Rao, K.V. 1998. 
Effect of pond ash on ground water quality: a case study. Environmental Management and Health, Vol 9, No. 5, 
pp 200–208. 
 
Svensson, M. 2005. Desalination and the Environment: Options and Consideration for Brine Disposal in Inland 
and Coastal Locations. Department of Biometry and Engineering, Swedish University of Agricultural Science, 
September 2005. 
 
Swanepoel, J.C. 2001. Utilisation of fly ash and brines in a geopolymeric material. MSc thesis. University of 
Pretoria, South Africa. 
 
Swift, A.H.P., Lu, H. and Becerra, H., 2002. Zero Discharge Waste Brine Management for Desalination Plants. 
University of Texas. Desalination Research and Development Programme Report No. 89. Texas.  
 
Taylor, M.A. and Kuwairi, A. 1978. Effects of ocean salts on the compressive strength of concrete. Cement and 
Concrete Research, Vol 8, pp 491 – 500. 
 
Theschamps, T., Benzaazoua, M., Bussière, B., Aubertin, M. and Belem, T. 2008. Microstructural and 
geochemical evolution of paste tailings in surface disposal conditions. Minerals Engineering, Vol 21, pp 341 – 
353.   
 
Thomas, J.J., FitzGerald, S.A., Neumann, D.A. and Livingston, R.A. 2001. State of Water in hydrating 
tricalcium silicate and Portland cement pastes as measured by quasi-elastic neutron scattering.  Journal of the 
American Ceramic Society, Vol 84, No 8, pp 1811 – 1816.  
 
Tishmack, J.K. and Burns, P.E. 2004. The chemistry and mineralogy of coal and coal combustion products. In: 
Gieré, R and Stille, P. (eds) Energy, Waste and the Environment: a Geochemical Perspective. Geological 
Society, London, Special Publications, Vol 236, pp 223 – 246. 
 
Tishmack, J.K., Olek, J., Diamond, S. and Sahu, S. 2001. Characterisation of pore solutions expressed from 
high-calcium fly-ash-water pastes. Fuel, Vol 80, pp 815 – 819. 
 
Tommaseo, C.E. and Kersten, M. 2002. Aqueous solubility diagrams for cementitious waste stabilisation 
systems. 3. Mechanism of zinc immobilisation by calcium silicate hydrate. Environmental Science and 
Technology, Vol 36, pp 2919 – 2925. 



 

 

8-20

 
Torrance, J.K. and Pirnat, M. 1984. Effect of pH on the rheology of marine clay from the site of the South 
Nation River, Canada, landslide of 1971. Clays and Clay Minerals, Vol 32, No 5, pp 384 – 389.  
 
Tritthart, J. 1989. Chloride binding in cement II. The influence of the hydroxide concentration in the pore 
solution of hardened cement paste on chloride binding. Cement and Concrete Research, Vol 19, pp 683 – 691. 
 
Truter, W.F., Rethman, N.F.G, Reynolds, K.A. and Kruger, R.A. 2001. The use of a soil ameliorant based in fly 
ash and sewage sludge. 2001 International Ash Utilization Symposium, Centre for Applied Energy Research, 
University of Kentucky, Paper #80. 
 
Tu, W., Zand, B., Ajlourni, M.A., Butalia, T.S. and Wolfe, W.E. 2007. The consolidation characteristics of 
impounded class F fly ash – A Case Study. 2007 World of Coal Ash (WOCA), Kentucky, USA. 
 
Valls, S. and Vàzquez, E. 2000. Stabilisation and Solidification of Sewage Sludges with Portland Cement. 
Cement and Concrete Research, Vol 30, pp 1671 – 1678.  
 
Van Alphen, C. 2005. Factors influencing fly ash formation and slag deposit formation on combusting a South 
African pulverised fuel in a 200 MWe boiler. PhD thesis. Wits University, Johannesburg, South Africa. 
 
Van Dyk, J.C., Keyser, M.J. and Coertzen, M. 2006. Syngas production from South African coal sources using 
Sasol-Lurgi gasifiers. International Journal of Coal Geology, Vol 65, issue 3-4, pp 243 – 253, 17 January 2006. 
 
Van Dyk, J.C., Waanders, F.B. and van Heerden, J.H.P. 2008. Quantification of oxygen capture in mineral 
matter during gasification. Fuel, Vol 87, pp 2735 – 2744. 
 
Vassilev, S.V. and Vassileva, C.G. 1996. Mineralogy of combustion wastes from coal-fired power stations. Fuel 
Processing Technology, Vol 47,261–80. 
 
Vedavyasan, C.V. 2001. Combating brine disposal under various scenarios. Desalination, Vol 139, pp 419 – 
421.  
 
Vejahati, F., Xu, Z. and Gupta, R. 2010. Trace elements in coal: associations with coal and minerals and their 
behaviour during coal utilisation – a review. Fuel, Vol 89, pp 904 – 911. 
 
Verburg, R.B.M. 2001. Use of paste technology for tailings disposal: potential environmental benefits and 
requirements for geochemical characterisation. IMWA Symposium 2001. 
 
Vermeulen, N.J. 2001. The composition and state of gold tailings. PhD Thesis. University of Pretoria, January 
2001. 
 
Vietti, A. and Coghill, M. 2006. Slurry chemistry, paste and thickened tailings – A Guide (2nd Editions), Jewell 
and Fourie (eds), Australian Centre for Geomechanics, Perth, Australia, pp 59 – 74. 
 
Vietti, A.J. and Dunn, F. 2006. Another dimension of slump. Proc, Paste 2006, 9th International Seminar on 
Paste and Thickened Tailings, Limerick, Ireland, 3-7 April 2006. 
 
Vilches, L.F., Leiva, C., Vale, J., Fernández-Pereira, C. 2005. Insulating capacity of fly ash pastes used for 
passive protection against fire. Cement & Concrete Composites, Vol 27, pp 776 – 781, 2005. 
 
Voigt, T. and Shah, S. P. 2003. Nondestructive Monitoring of Setting and Hardening of 
Portland Cement Mortar with Sonic Methods. International Symposium (NDT-CE 2003).  
 
Voutchkov, N. 2010. Overview of seawater concentrate disposal alternatives. Desalination, Vol 273, Issue 1, pp 
205 – 219. 
 
Wałek, T.T., Saito, F. and Zhang, Q. 2008. The effect of low solid/liquid ratio on hydrothermal synthesis of 
zeolites from fly ash. Fuel, Vol 87, pp 3194 – 3199. 
 



 

 

8-21

Walton, J., Solis, S., Lu, H., Turner, C. and Hein, H. 1999. Membrane Distillation Desalination with a Salinity 
Gradient Solar Pond. http://rorykate.ce.utep.edu/Projects/1999MembraneTechConcf/1999-17thAnnualMembrn. 
Cited 9 December 2005. 
 
Ward, C.R. 2002. Analysis and significance of mineral matter in coal seams. International Journal of Coal 
Geology, Vol 50, pp 135 – 168. 
 
Ward, C.R. and French, D. 2006. Determination of glass content and estimation of glass composition in fly ash 
using quantitative X-ray diffractometry. Fuel, Vol 85, pp. 2268-2277.  
 
Widerlund, A., Shcherbakova, E., Carlsson, E., Holmström, H. and Öhlander, B. 2005. Laboratory study of 
calcite-gypsum sludge-water interactions in a flooded tailings impoundment at the Kristineberg Zn-Cu mine, 
northern Sweden. Applied Geology, Vol 20, pp 973 – 987. 
 
Williams, R.P. and van Riessen, A. 2010. Determination of the reactive component of fly ashes for geopolymer 
production using XRF and XRD. Fuel, Vol 89, pp 3683 – 3692. 
 
Wiszniowski, J., Surmacs-Górska, J., Robert, D. and Weber, J. –V. 2007. The effect of landfill leachate 
composition on organics and nitrogen removal in an activated sludge system with bentonite additive. Journal of 
Environmental Management, Vol 85, pp 59 – 68, October 2007. 
 
Yeheyis, M.B., Shang, J.Q. and Yanful, E.K. 2009. Chemical and mineralogical transformations of coal fly Ash 
after landfilling. 2009 WOCA Conference, Lexington, USA, 4-7 May 2009. http://www.flyash.info  
 
Yidana, S.M., Ophori, D. and Banoeng-Yakubo, B. 2008. A multivariate statistical analysis of surface water 
chemistry data – The Ankobra Basin, Ghana. Journal of Environmental Management, Vol 86, pp 80 – 87. 
  
Yijin, L., Shiqiong, Z., Jian, Y. and Yingli, G. 2004. The effect of fly ash on the fluidity of cement paste, 
mortar, and concrete. Proc, International Workshop on Sustainable Development and Concrete Technology, 
Beijing, May 20–21, 2004 
 
Ylmén, R., Jäglid, U., Steenari, B.-M. and Panas, I. 2009. Early hydration and setting of Portland cement 
monitored by IR, SEM and Vicat techniques. Cement and Concrete Research, Vol 39, pp 433 – 439. 
 
Younger, P.L. 2004. Environmental impacts of coal mining and associated wastes: a geochemical perspective. 
In: Gieré, R and Stille, P. (eds) Energy, Waste and the Environmental: a Geochemical Perspective. Geological 
Society, London, Special Publications, Vol 236, pp 169 – 209. 
  
Yuan, Q., Shi, C., De Schutter, G., Audenaert, K. and Deng, D. 2009. Chloride binding of cement-based 
materials subjected to external chloride environment – A review. Construction and Building Materials, Vol 23, 
pp 1 – 13. 
 
Yücel, K.T. 2006. Effect of fly ashes on the rheological properties of fresh cement mortars. International 
Journal of Thermophysics, Vol 27, No. 3, pp 906 – 921. 
 
Zevenbergen, C., Bradley, J.P., van Reeuwijk, L.P. and Shyam, A.K. 1999. Clay formation during weathering of 
alkaline coal fly ash. 1999 International Ash Utilisation Symposium, Centre for Applied Energy Research, 
University of Kentucky, paper no. 14. 
 
Zevenbergen, C., van Reeuijk, L.P., Bradley, J.P., Bloemen, P. and Comans, R.N.J. 1996. Mechanism and 
conditions of clay formation during natural weathering of MSWI bottom ash. Clay and Clay Minerals, Vol 44, 
No. 4, pp. 546-552.   
 
Zhu, Q., Sarkis, J. and Lai, K. 2007. Initiatives and outcomes of green supply chain management 
implementation by Chinese manufacturers. Journal of Environmental Management, Vol 85, pp. 179 – 189.  
 
Zibara, H., Hooton, R.D., Thomas, M.D.H. and Stanish, K. 2008. Influence of the C/C and C/A ratios of 
hydration products on the chloride ion binding capacity of lime-SF and lime-MK mixtures. Cement and 
Concrete Research, Vol 38, pp 422 – 426. 
 



 

 

8-22

Zodi, S., Potier, O., Lapicque, F. and Leclerc, J.-P. 2010. Treatment of the industrial wastewaters by 
electrocoagulation: Optimisation of coupled electrochemical and sedimentation processes. Desalination, Vol 
261, pp 186 – 190. 
 
Zuquan, J., Wei, S., Yunsheng, Z., Jinyang, J. and Jianzhong, L. 2007. Interaction between sulphate and 
chloride solution attack of concretes with and without fly ash. Cement and Concrete Research, Vol 37, pp 1223 
– 1232.  



 

APPENDIX A 
 

       DETAILS OF CHEMICALS USED AND COMPLIANCE TABLE 

 

A1  CHEMIC AL INFORMATIO N 

 

T a b l e  A 3 . 1  C h e m i c a l s  u s e d  t o  p r e p a r e  s y n t h e t i c  b r i n e s  a n d  i n  o t h e r  
e x p e r i m e n t s  
 
Chemical Name Chemical Formula Name of Supplier 

Sodium hydroxide pellets NaOH Associated Chemical Enterprises (Pty) Ltd 

Sodium chloride AR NaCl Associated Chemical Enterprises (Pty) Ltd 

95 – 97% sulphuric acid H2SO4 Fluka 

Calcium sulphate dihydrate CaSO4.2H2O Promark Chemicals 

anhydrous calcium chloride 4 to 8 mesh CaCl2 Univar 

anhydrous sodium sulphate Na2SO4 Unilab 

Nitric acid 55% CP HNO3 Associated Chemical Enterprises (Pty) Ltd 

32% hydrochloric acid HCl Associated Chemical Enterprises (Pty) Ltd 

paraffin N/A RIBAS 
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A2 CO MP LIANCE TABLE  

 

S o u t h  A f r i c a n  S t a n d a r d  L e a c h i n g  P r o c e d u r e  ( S A S L P )  a n d  S o u t h  A f r i c a n  

S t a n d a r d  T o t a l  C o n c e n t r a t i o n  ( S A S T C )  t h r e s h o l d  v a l u e s  f o r  w a s t e  r i s k  

p r o f i l i n g  a n d  a s s e s s m e n t  o f  h a z a r d o u s  w a s t e  d i s p o s a l  t o  l a n d f i l l .  O n l y  

i n o r g a n i c  c o m p o n e n t s  w e r e  e x t r a c t e d  f r o m  t h e  c o m p r e h e n s i v e  t a b l e .  

 

T a b l e  A 3 . 2  C o m p l i a n c e  t a b l e  u s e d  t o  c l a s s i f y  l e a c h a t e  u s i n g  S A S L P  (C r o u s ,  

2 0 1 0 )  

Contaminants SASTC0 g/kg SASLP01 g/l SASLP1 g/l SASLP2 g/l 

As, Arsenic 0.50 0.0005 0.001 0.004 
B, Boron 15.00 0.025 0.05 0.20 
Ba, Barium 6.25 0.035 0.07 0.28 
Cd, Cadmium 0.26 0.00025 0.005 0.002 
Co, Cobalt 5.00 0.025 0.05 0.20 
CrTotal, Chromium Total 800.00 0.005 0.01 0.04 
Cr(VI), Chromium (VI) 0.50 0.0025 0.005 0.02 
Cu, Copper 19.50 0.050 0.10 0.40 
Hg, Mercury 0.16 0.00005 0.0001 0.0004 
Mn, Manganese 12.75 0.02 0.04 0.16 
Mo, Molybdenum 1.00 0.0035 0.007 0.028 
Ni, Nickel 10.60 0.0035 0.007 0.028 
Pb, Lead 1.90 0.0005 0.001 0.004 
Sb, Antimony 0.075 0.0005 0.001 0.004

Se, Selenium 0.050 0.0005 0.001 0.004

V, Vanadium 2.68 0.005 0.01 0.04 
Zn, Zinc 160.00 0.16 0.32 1.28 
Cl-, Chloride - 5.00 10.00 40.00 
SO4

2-, Sulphate - 10.00 20.00 80.00 
NO3 as N, Nitrate-N - 0.30 0.60 2.40 
F, Fluoride 10.00 0.05 0.10 0.40 
CN- (total), Cyanide Total 10.50 0.0025 0.005 0.02 

Note: SASLP = South African Standard Leaching Procedure 
           SASTC = South African Standard Total Concentration 
  
 

 



 

 

 

APPENDIX B 
 

       ADDIT IONAL DRILLING RESULTS 

 

B1  WATER TABLE  

 

T h e  l e v e l s  o f  w a t e r  t a b l e  a r e  p r e s e n t e d  i n  F i g u r e s  B 4 . 1  a n d  B 4 . 2  b a s e d  o n  

t h e  r e a d i n g s  w h i c h  w e r e  t a k e n  a f t e r  d r i l l i n g  t h e  b o r e h o l e s  ( A 5 ,  B H 1 ,  B H 2 ,  

C 4 ,  D 4 ,  E 4 ,  a n d  F 4 )  l o c a t e d  a t  t h e  t o p  s u r f a c e  o f  t h e  d a m .  B o r e h o l e s  C 4  a n d  

D 4  a r e  l o c a t e d  a t  t h e  n o r t h - w e s t  c o r n e r  o f  F A D  w h i c h  i s  s o m e t i m e s  i r r i g a t e d  

w i t h  a s h  w a t e r .   

 

T h i s  i s  s u p p o r t e d  b y  d e t e c t i o n  o f  w a t e r  t a b l e  a t  a s  h i g h  a s  1 0  m  f r o m  t h e  t o p  

i n  t h e s e  b o r e h o l e s  a s  s h o w n  i n  F i g u r e  B 4 . 1 .   
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F i g u r e  B 4 . 1  W a t e r  t a b l e s  f o r  d i f f e r e n t  b o r e h o l e s   
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F i g u r e  B 4 . 2  a l s o  s h o w s  t h a t  b o r e h o l e s  C 4  a n d  D 4  h a d  t h e  h i g h e s t  d e g r e e  o f  

s a t u r a t i o n  b e c a u s e  w a t e r  w a s  o b t a i n e d  n e a r  t h e  t o p  s u r f a c e .  
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F i g u r e  B 4 . 2  S a t u r a t i o n  a r e a  i n  e a c h  b o r e h o l e  ( % )  
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B2 PHYS I CAL PR OPE RTIE S  OF  WF A 
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F i g u r e  B 4 . 3  P r o f i l e  o f  c l a y - s i z e d  p r o p o r t i o n s       
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F i g u r e  B 4 . 4  P r o f i l e  o f  s i l t  p r o p o r t i o n s  
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F i g u r e  B 4 . 5  P r o f i l e  o f  s i l t  p r o p o r t i o n s  i n  b o r e h o l e s  
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F i g u r e  B 4 . 6   T h e  D 5 0  t r e n d  o f  b o r e h o l e s  a g a i n s t  f l y  a s h  
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B3 CHEM ICAL C O MP OSIT I ON OF  WFA 

 

B3 . 1  T rac e  E l eme nts  
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F i g u r e  B 4 . 7  P r o f i l e  o f  K  i n  b o r e h o l e s  
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F i g u r e  B 4 . 8  B e h a v i o u r  o f  T i  i n  t h e  W F A  
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F i g u r e  B 4 . 9  B e h a v i o u r  o f  P  i n  t h e  W F A  
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F i g u r e  B 4 . 1 0  B e h a v i o u r  o f  B a  i n  t h e  W F A  
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F i g u r e  B 4 . 1 1  B e h a v i o u r  o f  S r  i n  t h e  W F A  

 

 

B4 MI NE RALOGY OF  WFA 
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F i g u r e  B 4 . 1 2    B e h a v i o u r  o f  a m o r p h o u s  c o n t e n t  b y  L a b  B  
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B 4. 1  Ma j o r  Mi n er a l s  
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F i g u r e  B 4 . 1 3  B e h a v i o u r  o f  m u l l i t e  i n  e a c h  b o r e h o l e   
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F i g u r e  B 4 . 1 4  B e h a v i o u r  o f  q u a r t z  i n  e a c h  b o r e h o l e  
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B 4. 2  Mi n or  M in e r a l s  
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F i g u r e  B 4 . 1 5  B e h a v i o u r  o f  m a g n e t i t e  o f  W F A  f r o m  L a b  B   
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F i g u r e  B 4 . 1 6  B e h a v i o u r  o f  e t t r i n g i t e  o f  W F A  f r o m  L a b  B  
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F i g u r e  B 4 . 1 7  B e h a v i o u r  o f  c a l c i t e  o f  W F A  f r o m L a b  B  

 

 

T a b l e  B 4 . 1  V a r i a t i o n  o f  p y r r h o t i t e  i n  W F A  

 

Depth (m) A5 BH2 F4 E4 
1.5 0.1 - 0.1 - 
10.5 0.1 - - - 
16.5 - - - 0.8 
21 - - - 2.9 
25.5 - - - 1.0 
31.5 - - 0.2 0.1 
42 - 0.2 - -  
45 - 1 0.1 0.1 
 

 

B5  DS C MI CROGRAPH S  

 
T h e  D S C  m i c r o g r a p h s  o f  f l y  a s h  a n d  a  t y p i c a l  w e a t h e r e d  f i n e  a s h  a r e  

p r e s e n t e d  i n  F i g u r e s  B 4 . 1 8  a n d  B 4 . 1 9 .  T h e  m a i n  p u r p o s e  o f  t h i s  w o r k  w a s  t o  

i l l u s t r a t e  t h a t  a d d i t i o n a l  s e c o n d a r y  p h a s e s  c a n  b e  i d e n t i f i e d  u s i n g  t h e r m a l  

a n a l y s i s  w h i c h  c a n n o t  b e  d e t e c t e d  b y  X R D .   
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Lime decomposition @ 450 ºC

Dehydration @ 75 ºC

 

F i g u r e  B 4 . 1 8  D S C  g r a p h  o f  r a w  f l y  a s h  

 

 

C2SAH8 @ 
180 ºC

CSH @ 110 ºC

Lime decomposition @ 450 ºC

Dehydration @ 92 ºC

  

F i g u r e  B 4 . 1 9  D S C  g r a p h  o f  a  t y p i c a l  WF A   
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B6  SEM MICR OGRAP HS 

 
A d d i t i o n a l  S E M  i ma g e s  o f  W F A  a r e  p r e s e n t e d  i n  F i g u r e  B 4 . 2 0 .  
 
 

 
 
F i g u r e  B 4 . 2 0  A d d i t i o n a l  F E G  S E M  i m a g e s  o f  W F A    
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B7  THE 8 -MONTH OLD F IN E  ASH  

 

T h e  F E G  S E M  i m a g e s  o f  8 - m o n t h  o l d  F A  a r e  s h o w n  i n  F i g u r e  B 4 . 2 1  w h e r e  

l i t t l e  e x i s t e n c e  o f  n e w  p h a s e s  i s  p r e s e n t .  
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F i g u r e  B 4 . 2 1  M o r p h o l o g i c a l  p r e s e n t a t i o n  o f  8 - m o n t h  o l d  f i n e  a s h  



 

 

  

APPENDIX C 
 

ADDITIONAL DATA FROM EXPERIMENTAL WORK 

 

C1  WOR KABIL IT Y  DATA 
 

y = 3E-10e0.3827x

R2 = 0.9574
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F i g u r e  C 5 . 1  E q u a t i o n  t o  p r e d i c t  y i e l d  s t r e s s  o f  p a s t e s  w i t h  S y n f u e l s  f l y  a s h   
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F i g u r e  C 5 . 2  T h e  e f f e c t  o f  N a C l  a n d  C a C l 2  s o l u t i o n s  o n  e f f l u x  t i m e s  o f  p a s t e  
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F i g u r e  C 5 . 3  I l l u s t r a t i o n  o f  p r e c i p i t a t i o n  d u r i n g  b l e n d i n g  N a 2 S O 4  a n d  C a C l 2  

s o l u t i o n s  

 

 

 T a b l e  C 5 . 1  S t a t i s t i c a l  a n a l y s i s  o f  y i e l d  s t r e s s  u s i n g  d i f f e r e n t  b r i n e  s e t s  

 

  Variable 1 Variable 2 
Mean 72.95 62.87 
Variance 886.84 467.48 
Observations 30 30 
Pooled Variance 677.16  
Hypothesized Mean Difference 0  
df 58  
t Stat 1.50  
P(T<=t) one-tail 0.07  
t Critical one-tail 1.67  
P(T<=t) two-tail 0.14  

t Critical two-tail 2.00   
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T a b l e  C 5 . 2  B a s i c  p r o p e r t i e s  o f  b r i n e s  u s e d  t o  c a l i b r a t e  t h e  m o d e l  

 

Component  Salty water #acidic synbrine  *synbrine 

pH 8.8 0.3 10.0 

EC (mS/cm) 124 93 181 

Na  21.0 21.0 36.9 

Ca  2.1 2.1 2.1 

Cl  34.3 34.3 34.3 

SO4
2- 15.2 15.2 15.2 

OH- - - 11.7 

TDS 108.0 72.6 100.2 
#acidic synbrine = simulated industrial brine which is acidic  
*synbrine = simulated industrial brine after pH adjustment 
 

 

C2 ADDI T I ONAL DATA OF  PASTES  

 

0

10

20

30

40

50

60

70

80

90

100

0.1 1 10 100 1000

Particle size (micron)

C
u

m
u

la
ti

ve
 p

as
si

n
g

 (
%

)

Fly ash Regen paste Salty w ater paste Dw ater paste

 

 

F i g u r e  C 5 . 4  P a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  p a s t e s  a n d  f l y  a s h  
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E x t r a  F E G  S E M  i ma g e s  f o r  1 8 - m o n t h  o l d  p a s t e s  a r e  d e p i c t e d  i n  F i g u r e s  C 5 . 5  

–  C 5 . 7 ,  i l l u s t r a t i n g  s i m i l a r i t y  w i t h  f l y  a s h  p a r t i c l e s  a s  w e l l  a s  e v i d e n c e  o f  

s e c o n d a r y  p h a s e s .  

 

 

 

 

F i g u r e  C 5 . 5  F E G  S E M  i m a g e s  o f  d e i o n i s e d  w a t e r  b e a r i n g  p a s t e  
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F i g u r e  C 5 . 6  F E G  S E M  i m a g e s  o f  r e g e n  b r i n e  b e a r i n g  p a s t e  
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F i g u r e  C 5 . 7  F E G  S E M  i m a g e s  o f  s a l t y  w a t e r  b e a r i n g  p a s t e  
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T a b l e  C 5 . 3  D e t a i l e d  X R F  d a t a  o f  1 8 - m o n t h  o l d  p a s t e s  

 

Component (%) Synfuels fly ash Dwater paste Regen paste Salty water paste 

SiO2 47.92 49.71 47.31 44.99 

TiO2 1.63 1.56 1.60 1.60 

Al2O3 32.78 33.43 31.75 30.63 

Fe2O3 2.05 1.70 1.94 1.98 

MnO 0.05 0.04 0.05 0.04 

MgO 1.18 1.37 1.66 1.68 

CaO 9.48 8.44 8.89 8.77 

Na2O 0.67 0.73 2.35 3.43 

K2O 0.92 0.95 0.98 1.07 

P2O5 1.07 1.22 1.20 0.94 

Cr2O3 0.03 0.02 0.03 0.02 

NiO 0.01 <0.01 <0.01 0.01 

V2O5 0.03 0.03 0.03 0.03 

ZrO2 0.10 0.03 0.06 0.09 

SO3 0.51 0.39 0.81 1.58 

BaO 0.77 0.12 0.28 0.48 

Y2O3 0.01 0.01 0.01 0.01 

SrO 0.57 0.19 0.39 0.52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

C-8

 

T a b l e  C 5 . 3  D e t a i l e d  X R F  d a t a  o f  1 8 - m o n t h  o l d  p a s t e s  ( c o n t i n u e d )  

 

Component (ppm) Synfuels fly ash Dwater paste Regen paste Salty water paste 

As 3.00 3.00 3.00 3.00 

Cu 36.51 9.21 16.08 23.92 

Ga 27.04 4.95 12.17 18.41 

Mo 1.00 1.00 1.00 1.00 

Nb 13.12 2.00 2.00 2.00 

Ni 37.47 3.35 11.24 20.20 

Pb 24.72 3.00 3.07 14.12 

Rb 14.47 2.00 2.00 2.00 

Sr 2370.86 237.39 798.11 1460.33 

Th 5.00 3.00 3.00 3.00 

U 3.00 3.00 3.00 3.00 

W* 6.00 6.00 6.00 6.00 

Y 48.00 3.00 9.73 22.58 

Zn 50.58 38.27 41.51 45.32 

Zr 236.77 23.65 71.20 132.45 

Cl* 7.58 7.58 3779.42 12875.69 

Co 10.90 7.28 8.28 9.47 

Cr 168.70 142.65 164.22 184.54 

F* 7352.71 7166.25 7849.66 8119.08 

S* 778.96 371.80 1029.59 2349.16 

Sc 27.28 28.97 29.78 29.84 

V 152.81 132.78 138.74 144.77 

Cs 11.70 9.43 15.98 13.27 

Ba 2447.31 2349.27 2330.49 2224.63 

La 93.86 94.86 85.77 88.29 

Ce 234.45 181.26 201.49 207.57 

 

NB: Results for elements indicated with an * should be considered semi-quantitative. 
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F i g u r e  C 5 . 8  D S C  m i c r o g r a p h s  ( a )  f l y  a s h  ( b )  s a l t y  w a t e r  p a s t e  ( c )  D e i o n i s e d  w a t e r  p a s t e  ( d )  r e g e n  b r i n e  p a s t e  

a b 

c 
d 
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