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A B S T R A C T 

S i n c e the A b e r f a n c o l l i e r y spo i l heap d i s a s t e r the Na t i ona l 

Coal B o a r d has s p o n s o r e d a r e s e a r c h p r o g r a m m e on e x i s t i n g B r i t i s h 

s p o i l heaps . T h i s t h e s i s is p a r t of that p r o g r a m m e and c o n s i d e r s an 

u n b u r n t , u n w a s h e d , con i ca l spo i l heap at L i t t l e t o n C o l l i e r y , S t a f f o r d s h i r e . 

T i p p i n g took p lace f r o m about 1900 to about 1940 and r e c o r d s r e l a t i n g 

to d i s c a r d c o n s t i t u e n t s a r e v e r y s p a r s e . A s lope f a i l u r e in 1970 

i n s t i g a t e d th i s r e s e a r c h p r o j e c t w h i c h is a imed at e l u c i d a t i n g the 

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

of s p o i l s in the L i t t l e t o n a r e a . 

M i n e r a l o g i c a l , chemica l and shea r s t r e n g t h ana l yses w e r e 

c a r r i e d out on samp les f r o m the s p o i l heap and c o n t r i b u t i n g u n d e r g r o u n d 

m e a s u r e s . The absence of an u n d e r g r o u n d measu re f r o m the o r i g i n a l 

l i s t o f c o n t r i b u t o r s was de tec ted d u r i n g the m i n e r a l o g i c a l and chemica l 

a n a l y s e s . T h i s m e a s u r e was i d e n t i f i e d , show ing the v a l u e of such 

a n a l y s e s in c l a r i f y i n g the h i s t o r y of such anc ien t t i p s . . M i n e r a l o g y was 

found to c o r r e l a t e w e l l w i t h the chemica l ana l yses of the samp les , and 

the a n a l y s e s of the spo i l heap m a t e r i a l s c o r r e l a t e d w e l l w i t h those of the 

u n d e r g r o u n d m a t e r i a l s . N o ev idence of l each ing o r w e a t h e r i n g was found 

in the t i p . The s h e a r s t r e n g t h s of the m a t e r i a l s tes ted c o r r e l a t e d w e l l 

w i t h the m i n e r a l o g i c a l and chemica l a n a l y s e s , the unusua l l y low shear 

s t r e n g t h s of L i t t l e t o n S p o i l Heap N o . 1 be ing r e f l e c t e d by h igh c l a y 

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

T h e s l o p e s t a b i l i t y p rob l ems o c c u r r i n g in the spo i l heap a r e 

b e l i e v e d to be r e l a t e d to the Mac lane T i p p l e r method of spo i l p lacement 

w h i c h has r e s u l t e d in the s p o i l heap m a t e r i a l app roach ing o r ach iev i ng 

r e s i d u a l s h e a r s t r e n g t h . A p e r c h e d w a t e r - t a b l e w i t h i n the spo i l heap has 

i n i t i a t e d i n s t a b i l i t y , g i v i n g r i s e to a d e e p - s e a t e d , c i r c u l a r s l i p . 
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C H A P T E R I 

I N T R O D U C T I O N 

The N a t i o n a l Coa l B o a r d ' s m in ing a c t i v i t i e s a r e p r o d u c i n g about 

55 m i l l i o n tonnes of c o a r s e d i s c a r d pe r y e a r . T h i s m a t e r i a l is d i sposed of 

by t i p p i n g onto some of the two thousand spo i l heaps owned by the Na t i ona l 

Coa l B o a r d ( T a y l o r , 1975) . T h e A b e r f a n d i s a s t e r (B i shop et a l . , 1969) 

f o c u s e d p u b l i c and N a t i o n a l Coa l B o a r d a t t en t i on on s t a b i l i t y p rob lems in 

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

e x i s t i n g spo i l heaps in B r i t a i n . T h e main a im of the p rog ramme has been 

to i d e n t i f y p o s s i b l e m i n e r a l o g i c a l c o n t r o l s on the phys i ca l and mechan ica l 

p r o p e r t i e s of c o l l i e r y s p o i l s . 

T h i s r e s e a r c h p r o j e c t c o n c e r n s L i t t l e t o n C o l l i e r y near Cannock , 

S t a f f o r d s h i r e , G r i d R e f e r e n c e S J 969131 ( F i g . I. 1 ) , and the w o r k was 

c a r r i e d out w i t h the i n ten t i on of e l u c i d a t i n g the compos i t i ona l and shea r 

s t r e n g t h f a c t o r s a f f e c t i n g the i n s t a b i l i t y of s p o i l s f r o m the Cannock Chase 

a r e a . S p o i l Heap N o . 1 at L i t t l e t o n ( F i g . 1.2 and P l a t e I. 1) has long shown 

s i g n s of i n s t a b i l i t y and th is r e s e a r c h p r o j e c t was i ns t i ga ted by a s l i p on the 

wes t f a c e of the s p o i l heap ( F i g . I I . 1). A p r e l i m i n a r y r e p o r t s e r v e d as a 

s t a r t i n g po in t f o r the i n v e s t i g a t i o n ( T a y l o r and H a r d y , 1971). 

S p o i l Heap N o . 1 is an unwashed , l a r g e l y unburn t con i ca l t i p 

w h i c h was p laced by Mac lane T i p p l e r , t i p p i n g hav ing ceased in about 1940 

( P h i l l i p s , p e r s o n a l c o m m u n i c a t i o n ) . The spo i l had been p r o c e s s e d be fo re 

t i p p i n g by " p i c k i n g " of the coa l con ta i ned in the d i s c a r d . The o r i g i n a l 

he igh t of the t ip was 52 . 7m (173 f t ) but a f t e r the last s lope f a i l u r e th i s 

was r e d u c e d to 4 0 . 5 m (133 f t ) . The a v e r a g e ang le of r epose was 2 2 ° , and 

the max imum was 3 8 ° . The coa l seams whose e x t r a c t i o n had g i ven r i s e to 

the d i s c a r d con ta i ned in the spo i l heap w e r e the B r o o c h , B e n c h e s , E igh t 

F e e t , P a r k and Deep ( F i g . 1.3). It was p roposed to examine the r o o f and 

f l o o r h o r i z o n s of these seams and compa re t h e i r phys i ca l and chemica l 

p r o p e r t i e s w i t h those of s p o i l heap samp les . In th is way i t was hoped to 
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P l a t e I , 1, A e r i a l photograph of L i t t leton C o l l i e r y and Huntington 

V i l l a g e . A r e a shown on F i g , 1.2. 
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f i n d w h e t h e r w e a t h e r i n g of the t ip m a t e r i a l was an impor tan t f a c t o r in 

the i n s t a b i l i t y of the t i p . 

F o r t h i s p u r p o s e i t was n e c e s s a r y to a s c e r t a i n the pe rcen tages 

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

U n f o r t u n a t e l y the age of the t i p made a c c u r a t e q u a n t i f i c a t i o n d i f f i c u l t . 

H o w e v e r , a s u r v e y of o l d r e c o r d s a l l o w e d the. A r e a C i v i l E n g i n e e r of 

the N a t i o n a l Coal B o a r d to supp l y the f o l l o w i n g es t imated f i g u r e s ( B y g o t t , 

p e r s o n a l c o m m u n i c a t i o n ) : 

B r o o c h 60% f l o o r 40% r o o f 

Benches 60% f l o o r 40% r o o f 

P a r k 60% f l o o r 40% r o o f 

Deep 100% f l o o r 

E i g h t Fee t 100% f l o o r 

Of t h e s e , the B r o o c h and Benches w e r e m ino r cons t i t uen t s 

w h e n c o m p a r e d w i t h the E i g h t F e e t , P a r k and Deep . Subsequent 

m i n e r a l o g i c a l and chemica l r e s e a r c h showed that these m a t e r i a l s w e r e 

u n l i k e l y to be the on l y m a t e r i a l s con ta ined in the spo i l heap (Chap. I I . 3. b ) . 

C o n s e q u e n t l y , the C i v i l E n g i n e e r at L i t t l e t o n C o l l i e r y was asked to p u r s u e 

the q u e s t i o n of the s p o i l heap c o n s t i t u e n t s . He p roduced the f o l l o w i n g 

f i g u r e s ( P h i l l i p s , p e r s o n a l commun ica t i on ) : 

Deep F l o o r < 50% 

E i g h t Fee t Roof c. 30% 

P a r k F l o o r and Roof c. 15% 

Benches Roof c. 5% 

B r o o c h Roof c. 2% 

S h e a r s t r e n g t h tes ts w e r e c a r r i e d out to i n ves t i ga te any 

c o r r e l a t i o n s be tween s h e a r s t r e n g t h and chemica l and m i n e r a l o g i c a l 

p r o p e r t i e s ( T a y l o r , 1975) . The r e l a t i o n s h i p s between these p r o p e r t i e s 

and 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 w e r e a l s o s t u d i e d . 

S l o p e s t a b i l i t y ana l yses w e r e used in c o n j u n c t i o n w i t h shea r 

s t r e n g t h r e s u l t s to i n v e s t i g a t e the n a t u r e of the 1970 f a i l u r e , and the 

f a c t o r s w h i c h may have lead to i t o c c u r r e n c e . 



T h e f o l l o w i n g c h a p t e r s of t h i s t hes i s a r e : M i n e r a l o g y , 

S h e a r S t r e n g t h I n v e s t i g a t i o n , C h e m i s t r y , and S l o p e S t a b i l i t y . M i n e r a l o g y 

and c h e m i s t r y a r e s e p a r a t e d in the text to f a c i l i t a t e the con t i nua l 

r e f e r e n c e to m i n e r a l o g y w h i c h is n e c e s s a r y on r e a d i n g the chap te r on 

s h e a r s t r e n g t h i n v e s t i g a t i o n . It is r e c o g n i z e d that m i n e r a l o g y and 

c h e m i s t r y a r e i n t i m a t e l y r e l a t e d , but a main pu rpose of th i s r e s e a r c h 

p r o j e c t has been to r e l a t e m i n e r a l o g y to shea r s t r e n g t h . In c o n s i d e r a t i o n 

of t h i s m i n e r a l o g y and s h e a r s t r e n g t h a r e c o n s i d e r e d in ad jacent c h a p t e r s . 



C H A P T E R I I 

M I N E R A L O G Y 

The samples c o l l e c t e d f r o m S p o i l Heap N o . 1 and f r o m 

the u n d e r g r o u n d Coa l M e a s u r e s at L i t t l e t o n C o l l i e r y w e r e sub jec ted 

to m i n e r a l o g i c a l and chemica l i n v e s t i g a t i o n . 

The l o c a t i o n of the sample s i t e s on the t i p a r e shown in 

F i g . I I . 1 , the u n d e r g r o u n d m a t e r i a l be ing c o l l e c t e d f r o m the r e l e v a n t 

h o r i z o n s in L i t t l e t o n C o l l i e r y . 

The n o m e n c l a t u r e of the samples c o l l e c t e d i s : 

S P O I L H E A P 

T T O - T i p Top O u t e r 

T T C - T i p Top C e n t r e 

T S L - T i p S u r f a c e L a y e r 

T F B - T i p F l a n k Bot tom 

T I P 1 - F r o m a b e r m at ha l f he ight on t ip 

U 4 - D r i v e n U 4 ' s f r o m the sadd le between 
the two mounds c o m p r i s i n g the t ip 

U N D E R G R O U N D 

R O O F M E A S U R E S : 

B N C H - Benches Roof 

B R - B r o o c h Roof 

F L O O R M E A S U R E S : 

P F - P a r k F l o o r 

8 F F - E i g h t Fee t F l o o r 

D F - Deep F l o o r 

The samples c o l l e c t e d each we ighed c. 50kg , w h i c h was 

enough m a t e r i a l f o r t h r e e 1 2 - i n c h d i r e c t s h e a r - b o x t e s t s , as w e l l as 

c h e m i c a l and 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 s . 
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(11.1) S A M P L I N G A N D S A M P L E L O C A T I O N 

T h e c h o i c e of samp le l o c a t i o n s , bo th u n d e r g r o u n d and on 
the t i p , w a s l i m i t e d by the need to ob ta in heavy samples and by the 
consequen t need f o r easy a c c e s s . H o w e v e r , th i s p r o b l e m was p a r t i a l l y 
o v e r c o m e by us ing N . C . B. t r a n s p o r t f a c i l i t i e s u n d e r g r o u n d . 

( I I . 1 . a) S A M P L I N G T E C H N I Q U E T h e boxes c o n t a i n i n g the samples w e r e 
s p e c i a l l y made of a l u m i n i u m , f o r l i gh tness and to p reven t s p a r k i n g 
a g a i n s t r o c k u n d e r g r o u n d . T h e y w e r e of s u f f i c i e n t s i z e to c a r r y the 
b l o c k spec imens f o r the 1 2 - i n c h d i r e c t s h e a r - b o x (0 .82m long x 0 .36m 
w i d e X 0 .21m deep) . In f a c t , bu l k spec imens w e r e c o l l e c t e d s i n c e 
b l o c k samp les w e r e found to be i m p r a c t i c a b l e and u n n e c e s s a r y in the 
n o r m a l l y c o n s o l i d a t e d t i p m a t e r i a l . 

T h e samp les w e r e w r a p p e d in a lum in ium f o i l , and an a i r 

t i g h t sea l was e f f e c t e d by p o u r i n g p a r a f f i n w a x a round the f o i l l i n i n g . 

Thus the n a t u r a l m o i s t u r e con ten t of the m a t e r i a l was p r e s e r v e d un t i l 

the samp les w e r e needed f o r t e s t i n g . T h i s p r e v e n t e d d e s i c c a t i o n and 

the consequen t anomalous b r e a k d o w n of the m a t e r i a l when i t was f l ooded 

w i t h w a t e r in the s h e a r - b o x . 

It was d i f f i c u l t to ob ta i n r e p r e s e n t a t i v e samples f r o m the 

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

m i n e r a l o g y can be q u i t e p ronounced in a s e d i m e n t a r y sequence ( S p e a r s 

et al . . 1971) . S o the s i t i n g of samp le p o s i t i o n s was impo r tan t . E v e n 

w i t h i n L i t t l e t o n C o l l i e r y v a r i a t i o n s a r e m a r k e d , as a r e age r e l a t i o n s h i p s 

w i t h i n the t ips ' . T h i s r a i s e s doubts about the p r e v a i l i n g type of spo i l 

p r o d u c e d at any one t ime . T h i s type of p r o b l e m o b v i o u s l y makes 

r e p r e s e n t a t i v e samp l i ng d i f f i c u l t . 

The samp le s i t e s w e r e s e l e c t e d a f t e r d i s c u s s i o n s w i t h N . C . B. 

o f f i c i a l s , one p r i o r i t y be i ng that the samp les shou ld come f r o m f r e s h l y 

exposed f a c e s . T h i s c o n d i t i o n c o u l d not be met in the Deep F l o o r s i n c e 

m i n i n g of t h i s seam has been d i s c o n t i n u e d . T h e r e f o r e th i s samp le was 
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c o l l e c t e d f r o m an o l d e x p o s u r e in an e x i s t i n g r oadway . 

( I I . l . b ) S A M P L E L O C A T I O N T h e u n d e r g r o u n d samples w e r e c o l l e c t e d f r o m 

c u r r e n t w o r k i n g s , excep t that of the Deep F l o o r , as i nd i ca ted above . 

T h e t i p samp les w e r e c o l l e c t e d f r o m po in t s on the heap as 

s h o w n in F i g . I I . 1 . 

D u r i n g s a m p l i n g the t i p was be ing r e g r a d e d to d e c r e a s e the 

s l o p e ang le in the 1970 S l i p A r e a . The top of the s o u t h e r n mound was 

r e m o v e d , r e v e a l i n g b u r i e d m a t e r i a l w h i c h was c o l l e c t e d at T T C and 

T T O . T h e s e s a m p l e s , t h e n , r e p r e s e n t the body of the s o u t h e r n mound. 

The samp le U4 c o n s i s t e d of f o u r d r i v e n 100 mm tubes taken 

f r o m the s a d d l e be tween the n o r t h and sou th mounds. T h e i r leve l i s 

c . 0. 3m be low g r o u n d leve l (b . g . I . ) and they r e p r e s e n t the p o r t i o n of 

the t i p p r o b a b l y w e a t h e r e d to the g r e a t e s t d e p t h , s i n c e they con ta in 

m a t e r i a l l y i n g on leve l g r o u n d a f f ec ted by r u n - o f f f r o m two s l o p e s . 

T I P 1 was taken f r o m a be rm h a l f - w a y up the t i p s l o p e . 

M a t e r i a l f r o m 0. 2m b, g . I. to 0. 5m b. g . I. is i n c l u d e d . 

T F B w a s taken f r o m an e x c a v a t i o n in the l o w e r f l a n k of the 

t i p , 3m b. g . I. 

T S L r e p r e s e n t s the s k i n m a t e r i a l of the t i p . T h i s sample 

was s c r a p e d o f f the t i p s u r f a c e , to a depth of 0 . 0 2 m . T h i s m a t e r i a l 

s h o u l d show the maximum e f f ec t of s u r f a c e w e a t h e r i n g and leach ing 

on the t i p , when T S L is c o m p a r e d w i t h b u r i e d s a m p l e s , such as T F B and 

T T C . 

T h r e e samp les ( M l , 2 and 3) w e r e taken f r o m the a r e a d i r e c t l y 

a f f e c t e d by the 1970 f a i l u r e ( T a y l o r and H a r d y , 1971). 

M l is m a t e r i a l f r o m the s l i p p l a n e , 

M2 i s m a t e r i a l f r o m the toe of the si i p , 

M3 is m a t e r i a l f r o m the top of the t i p . 
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(11.2) M I N E R A L O G I C A L T E C H N I Q U E S 

S u b - s a m p l e s ob ta ined f r o m the boxed samples w e r e used f o r 

q u a n t i t a t i v e X - r a y d i f f r a c t i o n a n a l y s i s . T h e r e s u l t s w e r e c o r r e l a t e d 

w i t h the p h y s i c a l p r o p e r t i e s (Chap . I l l ) and the c h e m i s t r y (Chap. IV) 

of the m a t e r i a l . 

(11.2. a) S A M P L E P R E P A R A T I O N A l l the samples w e r e d r i e d at 60°C to 

r e m o v e excess w a t e r , and w e r e fed in to a tungs ten c a r b i d e d i s c m i l l , 

w h i c h r e d u c e d them to a f i n e p o w d e r of a p p r o x i m a t e l y 20yU.m s i z e . 

T h i s p o w d e r was then used f o r X - r a y d i f f r a c t i o n d e t e r m i n a t i o n s . 

T o o b t a i n q u a n t i t a t i v e d a t a , an i n t e r n a l s t a n d a r d of s y n t h e t i c boehmi te 

was a d d e d , in a mod i f i ed v e r s i o n of the method d e s c r i b e d by G r i f f i n (1954) . 

U s i n g an a c c u r a t e chemica l b a l a n c e , 0. 9000gm^ of sample was we ighed o u t , 

then 0, 1000 gm;, o f s y n t h e t i c boehmi te we ighed out and m ixed t h o r o u g h l y 

w i t h the samp le . T h i s gave a m i x t u r e of 10% boehmi te and 90% n a t u r a l 

m a t e r i a l . 

T h e i n t e n s i t y of an X - r a y d i f f r a c t i o n peak is d i r e c t l y 

p r o p o r t i o n a l to the c o n c e n t r a t i o n of the component m i n e r a l p r o d u c i n g i t , 

when a l l o w a n c e is made f o r a b s o r p t i o n e f f e c t s (K lug and A l e x a n d e r , 1954). 

Hence i t has been p o s s i b l e to deve lop q u a n t i t a t i v e a n a l y t i c a l methods 

based on peak i n t e n s i t i e s . 

C u r v e s f r o m e x i s t i n g s t a n d a r d s whose compos i t i ons w e r e 

c o m p a r a b l e to those of the samp les tes ted enab led q u a n t i t a t i v e es t imates 

to be made f o r the p e r c e n t a g e s of q u a r t z , i l l i t e , k a o l i n i t e , c h l o r i t e , 

a n k e r i t e , c a l c i t e and s i d e r i t e con ta i ned in the samp les . C u r v e s of th i s 

t ype have been used in a l l p r e v i o u s w o r k on t ips c a r r i e d out in D u r h a m , 

and a r e r e f e r r e d to by T a y l o r (1971b) . 

T h e m a t e r i a l was ana l ysed in smea r moun ts , us ing acetone 

as the l i q u i d med ium. T h e advantage of ace tone o v e r w a t e r is that i t s 

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

the l i q u i d e v a p o r a t e s q u i c k l y . 

1 2 



( M . 2 . b) X - R A Y D I F F R A C T I O N T E C H N I Q U E T h e X - r a y equ ipment used 

was a 3kW P h i l i p s P W 1130 X - r a y d i f f r a c t o m e t e r us ing i r o n - f i l t e r e d 

c o b a l t Ko( r a d i a t i o n at 60 k V and 30 m A , w i t h d i v e r g e n t , s c a t t e r , and 

r e c e i v i n g s l i t s of 1 ° , 1 ° and 0. 1 ° r e s p e c t i v e l y . 

A l l the spec imens w e r e r u n at a scann ing speed of 1 ° of 

20 p e r m inu te o v e r a r a n g e of 4 ° ct̂ o " 4 0 ° o f 2 0 , P r e v i o u s w o r k on 

c o l l i e r y s p o i l s used 1 kW and 2 k W mach ines w i t h Cu n i c k e l - f i l t e r e d 

r a d i a t i o n . 

A s e a l e d p r o p o r t i o n a l c o u n t e r in c o n j u n c t i o n w i t h a pu l se 

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

w a s used to m o n i t o r peak i n t e n s i t i e s . T h i s c o u n t e r was connec ted 

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

of the d i f f r a c t i o n p e a k s . 

T h e peak i n t e n s i t i e s w e r e taken as the a r e a of the g r a p h 

l y i n g u n d e r the peak a f t e r s u b t r a c t i o n of the b a c k g r o u n d i n t e r f e r e n c e . 

T h e a r e a of the peak is a b e t t e r a p p r o x i m a t i o n to m ine ra l c o n c e n t r a t i o n 

than peak he igh t ( G r i f f i n , 1954) . 

T h e a r e a s r e l a t i n g to d i f f e r e n t m i n e r a l s w e r e measured 

w i t h an " A l l b r i t " p o l a r p l a n i m e t e r . 

T h e peaks r e l a t i n g to d i f f e r e n t m i n e r a l s w e r e i d e n t i f i e d 

by the B r a g g ang le (20) at w h i c h they o c c u r r e d . T h i s ang le depends 

upon the c h a r a c t e r i s t i c l a t t i c e spac ing of i nd i v i dua l m i n e r a l s 

( T a b l e I I . 1). 

N e w w o r k i n g c u r v e s have been c o n s t r u c t e d in D u r h a m 

( T a y l o r , 1971b) , p l o t t i n g (peak a r e a f o r m i n e r a l X ) / ( p e a k a r e a 10% 

boehmi te ) v e r s u s the c o n c e n t r a t i o n of m i n e r a l X . Us ing these c u r v e s , 

the a r e a of the peak w i l l g i v e the p e r c e n t a g e of m i n e r a l X p resen t in 

the m u l t i - c o m p o n e n t m i n e r a l s u i t e . 
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M I N E R A L 20 (coba l t ) 

_«o 
C h l o r i t e 7 .22 

I l l i t e 1 0 . 2 7 ° 

Kao l i n i t e 1 4 . 3 8 ° 

Boehmi te 1 6 . 8 5 ° 

Q u a r t z 2 4 . 2 5 ° 

C a l c i t e 3 4 . 2 5 ° 

A n k e r i t e 35 . 9 5 ° 

S i d e r l t e 37 . 4 2 ° 

T A B L E I I . 1 . P R I N C I P A L 20 I D E N T I F I E R S 
U S E D F O R M I N E R A L S IN 
C O L L I E R Y S P O I L S 

( I I . 3) M I N E R A L O G I C A L R E S U L T S 

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

f r o m L i t t l e t o n C o l l i e r y a r e shown in T a b l e 11.2. K a o l i n i t e , i l l i t e , 

c h l o r i t e , q u a r t z , a n k e r i t e , s i d e r i t e , and c a l c i t e w e r e al I de te rm ined 

by X - r a y d i f f r a c t i o n . R u t i l e and apa t i t e c o n c e n t r a t i o n s w e r e c a l c u l a t e d 

f r o m the X - r a y f l u o r e s c e n c e pe rcen tages f o r t i t an ium and phosphorous 

r e s p e c t i v e l y (Chap. IV and T a b l e IV . 1). O r g a n i c c a r b o n d e t e r m i n a t i o n s 

w e r e ob ta ined by the c a r b o n t r a i n method ( G r o v e s , 1951) (Chap. IV . I . b ) . 

B e f o r e c o n s i d e r i n g v a r i a t i o n s in m i n e r a l o g y , some po in ts w h i c h 

a r o s e d u r i n g the i n t e r p r e t a t i o n of X - r a y d i f f r a c t i o n s w i l l be d i s c u s s e d . 

( I I . 3 . a) M I X E D - L A Y E R C L A Y M I N E R A L A l t h o u g h not d e t e r m i n e d , some samples 

. s h o w e d the p r e s e n c e of a m i x e d - l a y e r c l a y m i n e r a l . T h i s man i fes ted 

i t s e l f by a " t a i l ' ' o n the h i g h - a n g s t r o m s i de of the 1 0 - i ^ i l l i t e X - r a y 

d i f f r a c t i o n peak , caused by s l i g h t v a r i a t i o n s in the d - s p a c i n g of the 

m i n e r a l . T h i s was s t r o n g e s t - i n d i c a t i n g a l a r g e r p r o p o r t i o n of expand ing 

c l a y to i l l i t e - i n P F , B R and 8 F F . T h e t i p spec imens showed a w i d e 
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v a r i a t i o n f r o m q u i t e s t r o n g ( in T F B , T I P 1 and U 4 ) , t h rough weak 

( T S L and T T O ) , to absent ( T T C ) . Samp le B N C H showed l i t t l e " ta i iw, 

and in D F the " t a i l " w a s absen t . P r e v i o u s w o r k on L i t t l e t o n t i p m a t e r i a l 

( T a y l o r and H a r d y , 1971) showed that m i x e d - l a y e r c l a y accoun ts f o r 

some 10 to 19% of the to ta l t i p c o n s t i t u e n t s . M o r e o v e r , T a y l o r and 

S p e a r s (1970) c o n c l u d e d that in the P a r k F l o o r and the B r o o c h s e a t - e a r t h 

m i x e d - l a y e r c l a y accoun ts f o r 2 1 % and 23% r e s p e c t i v e l y , of the to ta l 

c l a y m i n e r a l components ( o r i e n t e d d i s c t echn ique ) . 

( I I , 3 . b) C R Y S T A L L I N I T Y T h e d i f f r a c t i n g a b i l i t y of a m i n e r a l depends upon 

the o r d e r of the s t r u c t u r a l a r r a n g e m e n t . By s u b s t i t u t i o n of a toms , the 

s t r u c t u r e of a m i n e r a l may be v a r i e d . Hence the d i f f r a c t i o n t r a c e of 

a m i n e r a l g i v e s an i n d i c a t i o n of i t s c r y s t a l Un i t y ( G r i f f i n , 1954 and G i b b s , 

1967) . A m e a s u r e of the c r y s t a l I in i ty may be made by o b t a i n i n g shape 

f a c t o r s f r o m the d i f f r a c t i o n t r a c e . T h e shape f a c t o r is the r a t i o of peak 

w i d t h a t h a l f peak h e i g h t to peak he igh t ( T a y l o r , 1971a). F o r muscov i t e 

a f a c t o r o f 0 . 0 0 1 was o b t a i n e d ; M o r r i s I l l i t e w i t h m i x e d - l a y e r c l a y gave 

0. 134 and M a n s f i e l d M a r i n e Band sha les w i t h m i x e d - l a y e r c l a y gave 

0. 213 to 0. 215 . Shape f a c t o r s f o r the 1 0 - ^ i l l i t e peak a r e shown in 

T a b l e I I . 3 . 

S i n c e shape f a c t o r = (w id th of peak at ha l f peak he igh t ) d i v i d e d 

by (peak h e i g h t ) , an i n c r e a s e In shape f a c t o r denotes a d e c r e a s e in d e g r e e 

of c r y s t a l Un i t y . T a b l e I I . 3 shows that c r y s t a l l i n i t y was h i g h e r in the t ip 

samp les than in those f r o m u n d e r g r o u n d , w h i c h is p a r a d o x i c a l s i n c e 

e x p a n s i o n of the m i x e d - l a y e r c l a y , in r e s p o n s e to any d e g r a d a t i o n p r o c e s s e s , 

ought to d e c r e a s e c r y s t a l l i n i t y . F u r t h e r m o r e , the Deep F l o o r c o n s t i t u t e s 

about 5 0 % o f the t i p m a t e r i a l ( P h i l l i p s , p e r s o n a l c o m m u n i c a t i o n ) , and 

the Deep F l o o r i l l i t e has a shape f a c t o r o f 1 . 000 , yet a l l the t i p samp les 

show l o w e r shape f a c t o r s than any o f the p a r e n t r o c k s . 

In v i e w of t h i s , the o r i g i n a l i n f o r m a t i o n c o n c e r n i n g the 

p r o p o r t i o n s of u n d e r g r o u n d m a t e r i a l s con ta ined In the t ip ( B y g o t t , 

p e r s o n a l commun ica t i on ) yyas q u e s t i o n e d . 
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S A M P L E 
I L L I T E S H A P E 

F A C T O R 

B E N C H E S 0. 221 
R O O F 

B R O O C H 0. 402 

E I G H T F E E T 0 .257 

F L O O R P A R K 0 .311 

D E E P 1.000 

T T O 0. 151 

T T C 0. 114 

T S L 0. 165 

T I P T F B 0. 185 

T I P 1 0 .218 

U 4 0. 174 

T A B L E I I . 3, I L L I T E S H A P E F A C T O R S F O R L I T T L E T O N 
M A T E R I A L 
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P h i l l i p s ( p e r s o n a l commun ica t i on ) b e l i e v e d that 30% of 

the t i p w a s made up of E i g h t Fee t Roof m a t e r i a l , w h i c h had not appeared 

in B y g o t t ' s es t ima te of the t i p c o n s t i t u e n t s . C o n s e q u e n t l y , samples of 

the E i g h t F e e t Roof m a t e r i a l w e r e c o l l e c t e d , at a l a t e r date in the 

r e s e a r c h . 

T h e E i g h t F e e t Roo f immed ia te l y above the coa l seam 

p r o v e d to be a c a n n e l o i d s h a l e , and a samp le 0 .45m above the coa l seam 

c o n t a i n e d abundant m ica ( h y d r o m u s c o v l t e ) w i t h a shape f a c t o r of 0. 065 , 

t o g e t h e r w i t h k a o l i n i t e , q u a r t z and m i n o r c h l o r i t e . A f u r t h e r sample 

0 . 6 m above the coa l seam showed e s s e n t i a l l y the same m i n e r a l o g y w i t h a 

l i t t l e m o r e q u a r t z . T h e m ica component was now a mica and m i x e d - l a y e r 

c l a y s u i t e i . e , i t had become m o r e i l l i t i c , and i t had a shape f a c t o r o f 0, 171, 

A samp le f r o m a he igh t of 1.0m above the coa l seam con ta ined I l i i t e and 

m i x e d - l a y e r c l a y w i t h a shape f a c t o r of 0 . 2 6 7 . 

F r o m t h i s i n f o r m a t i o n i t is conc luded that the t i p d o e s , in 

f a c t , c o n t a i n a s u b s t a n t i a l p r o p o r t i o n of the E i g h t Fee t Roo f , and that the 

m a t e r i a l i s p r o b a b l y f r o m the f i r s t 0 .45m above the coa l seam, so 

s u p p o r t i n g P h i l l i p s ' e s t i m a t e . 

T h i s is a p a r t i c u l a r l y s t r i k i n g example of the use of 

m i n e r a l o g y as a tool in the e l u c i d a t i o n of t i p h i s t o r y . 

( I I . 4 ) C O N C L U S I O N S 

V a r i a t i o n s in the m i n e r a l o g i c a l c o m p o s i t i o n s of the samples ( T a b l e I I . 2 , 

F i g I I . 2) a r e most p r o n o u n c e d in the g r o u p of u n d e r g r o u n d spec imens . 

T h e t i p m a t e r i a l shows a c e r t a i n cons tancy of c o m p o s i t i o n , b e a r i n g out 

i t s f o r m a t i o n as a m i x t u r e o f the u n d e r g r o u n d m e a s u r e s . C o n s i d e r i n g 

i n d i v i d u a l m i n e r a l s and t h e i r d i s t r i b u t i o n , i t is p o s s i b l e to ga in an. 

a p p r e c i a t i o n of the m a j o r po in t s found d u r i n g the i n v e s t i g a t i o n . 

The c o m p o s i t i o n s of i n d i v i d u a l samples a r e r e f e r r e d to in 

l a t e r c h a p t e r s , w h e r e they may a f f ec t phys i ca l and chemica l c h a r a c t e r i s t i c s . 

T h e s e c o m p o s i t i o n s a r e l i s t e d In T a b l e 11.2. 
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( I I . 4 . a) Q U A R T Z The q u a r t z d e t e r m i n a t i o n s showQ an o v e r a l l r a n g e of 3 . 0 % 

( P F ) to 5 1 . 4 % ( D F ) ; the t i p m a t e r i a l range be ing 2 0 . 0 % (M J ) to 3 4 . 6 % 

( T F B ) . 

T h e r e seems no d i s t i n c t i o n be tween r o o f and f l o o r m e a s u r e s , 

I. e. that one set shows a g r e a t e r q u a r t z c o n c e n t r a t i o n than the o t h e r . 

H o w e v e r , the r o o f m e a s u r e s show a m o r e cons tan t v a l u e than the f l o o r 

s a m p l e s , w h i c h c o n t a i n the e x t r e m e c o n c e n t r a t i o n s of q u a r t z . 

The t i p m a t e r i a l shows a low v a r i a t i o n compared to i t s pa ren t 

m a t e r i a l s . T h i s i n d i c a t e s a good d e g r e e of m i x i n g of the measu res in 

the t i p . T h e a v e r a g e p e r c e n t a g e of q u a r t z in the t ip ( 2 8 . 0 % ) is h i g h e r 

than that in the u n d e r g r o u n d measu res ( 2 5 . 8 % ) . T h i s i nd i ca tes that 

the Deep F l o o r (5tl,). 4% q u a r t z ) f o r m s a l a r g e p r o p o r t i o n of the t i p 

m a t e r i a l . P h i l l i p s ( pe r sona l commun ica t i on ) has i nd i ca ted that the Deep 

F l o o r may c o n s t i t u t e 50% o f the t ip m a t e r i a l , w h i c h b e a r s out t h i s 

c o n t e n t i o n . 

( 1 1 . 4 . b) C A R B O N A T E S The n o n - d e t r i t a l c a r b o n a t e m i n e r a l s i d e n t i f i e d in the 

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

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

c o n c e n t r a t i o n of s i d e r i t e v a r i e d f r o m 0 . 0 % ( P F ; D F ; M, 2) to 4 . 6 % ( 8 F F ) . 

C a l c i t e o c c u r r e d in on l y two s a m p l e s : 1.2% in B R , and 0. 1 % in 8 F F . 

A n k e r i t e was a l s o r a r e , aga in o c c u r r i n g in on l y two samp les ; 2 . 0 % 

In B N C H , and 3 . 5 % in M. 1 . 

T h e h igh v a l u e s f o r s i d e r i t e in the t ip m a t e r i a l may be 

e x p l a i n e d by the m i n e r a l ' s l o n g - t e r m s t a b i l i t y ( T a y l o r and S p e a r s , 1970). The 

c a l c i t e and a n k e r i t e a r e m o r e s u s c e p t i b l e to chemica l w e a t h e r i n g , and 

t h i s e x p l a i n s t h e i r a lmos t comp le te absence in the t i p m a t e r i a l . In the 

Y o r k s h i r e Main t i p It was found that a n k e r i t e and c a l c i t e o r i g i n a t e d as 

s e c o n d a r y m i n e r a l s w h i c h I n f i l l e d the c l e a t of the coa l ( S p e a r s et a l . , 1 9 7 1 ) , 

In o t h e r w o r d s , c a r b o n a t e s found In t i ps a r e not a l l n e c e s s a r i l y d e r i v e d 

f r o m a s s o c i a t e d r o o f and f l o o r m e a s u r e s . F u r t h e r m o r e , some of the t ip 

c a r b o n a t e w i l l have been d e r i v e d f r o m the f o s s i l d e b r i s In the canne lo id 

s h a l e o f the E i g h t F e e t Roof (Chap . I I . 3. b ) . 
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( I I . 4 . C ) R U T I L E and A P A T I T E The c o n c e n t r a t i o n s of r u t i l e and apa t i t e a r e 

l o w , as in most n o n - m a r i n e Coal M e a s u r e s r o c k s , but on ly the D F sample 

shows an absence of a p a t i t e . The d e t e r m i n a t i o n of these low c o n c e n t r a t i o n s 

i s a r e s u l t o f the m o r e r e f i n e d a n a l y t i c a l techn ique used f o r these ox ides 

( X - r a y f l u o r e s c e n c e , Chap . I V ) . 

On an X - r a y d i f f r a c t i o n t r a c e , the r u t i l e and apa t i t e peaks 

w o u l d c e r t a i n l y be o v e r l o o k e d in c o n c e n t r a t i o n s of less than about 1 % . 

The r u t i l e in the samp les is p r o b a b l y p resen t as need les in 

the c l a y m i n e r a l s ( T a y l o r , 1971a; R e e v e s , 1971). 

L i t t l e can be i n f e r r e d f r o m the c o n c e n t r a t i o n s p r e s e n t in t i p 

and u n d e r g r o u n d s a m p l e s , except that the g e n e r a l l y h i g h e r c o n c e n t r a t i o n s 

of a p a t i t e in the t ip i n d i c a t e i ncomp le te s a m p l i n g , and may be due to 

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

L i m e s t o n e . 

( I I . 4 . d) C L A Y M I N E R A L S It i s obv ious f r o m T a b l e 11.2- that the bu l k of the 

m a t e r i a l i n v e s t i g a t e d is made up of the c l a y m i n e r a l s : i l l i t e , k a o l i n i t e , 

and m i n o r c h l o r i t e . 

I l l i t e is the main c o n t r i b u t o r of these t h r e e . As ment ioned 

a b o v e , t h i s is somet imes a s s o c i a t e d w i t h a m i x e d - l a y e r c l a y , w h i c h has 

been i n c l u d e d in the i l l i t e c o n c e n t r a t i o n p e r c e n t a g e s . O v e r a l l , the 

p e r c e n t a g e of i l l i t e v a r i e s f r o m 2 9 . 0 % ( D F ) to 79% ( P F ) . The t i p samples 

l i e be tween these e x t r e m e s , as is to be expec ted . The lowest t i p 

c o n c e n t r a t i o n is 3 9 . 0 % ( T S L ) , and the h ighes t is 5 9 . 0 % (M^ 1 and T I P 1) . 

K a o l i n i t e a l s o o c c u r s in a l l the samples ana lysed^ rang ing f r o m 

a c o n c e n t r a t i o n of 7 . 8 % ( B R ) to 1 4 . 9 % ( T I P 1) . T h i s d i s t r i b u t i o n , l i k e 

that of a p a t i t e , is anomalous in that the h ighes t c o n c e n t r a t i o n is in t i p 

m a t e r i a l , w h e r e a s the maximum v a l u e ought to o c c u r in one of the pa ren t 

s a m p l e s . T h i s appa ren t p a r a d o x w i l l be ment ioned aga in w i t h r e s p e c t to 

c h l o r i t e . 

C h l o r i t e is the r a r e s t of the c l a y - m i n e r a l s , r a n g i n g f r o m 0. 1% 

( P F and D F ) to 6 . 5 % (M l ) . T a y l o r and H a r d y (1971) i d e n t i f i e d the 
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c h l o r i t e ( 14 .26 - i S peak) as m a g n e s i u m - r i c h , n o n - s w e l l i n g p e n n i n i t e . 

T h e p r e s e n c e of the maximum c o n c e n t r a t i o n of c h l o r i t e and k a o l i n i t e in 

the t i p m a t e r i a l led to the c o n c l u s i o n that some r o o f measu re m a t e r i a l 

may have been unaccoun ted f o r in the t i p . R e c o r d s r e l a t i n g to measures 

c o n t r i b u t i n g to o l d e r t i ps a r e o f ten incomp le te and indeed may at t imes be 

a m a t t e r o f p e r s o n a l r e c o l l e c t i o n s . W i t h L i t t l e t o n the m i n e r a l o g y of the 

t i p i n d i c a t e s the o m i s s i o n of some m a t e r i a l f r o m the i n t i a l samp l i ngs : 

p o s s i b l y r o o f m e a s u r e s . T h i s has subsequen t l y been shown to be the 

c a s e (Chap . M. 3. b ) . 

( I I . 4 . e) C A R B O N The c a r b o n c o n c e n t r a t i o n s show a d e f i n i t e i n c r e a s e in the 

t i p samp les ( a v e r a g e 4 . 0%) when compared w i t h those f r o m u n d e r g r o u n d 

( a v e r a g e 2 . 1 % ) . 

T h i s may be adequa te l y accoun ted f o r by the m in ing p r o c e s s . 

Coa l r e m o v e d w i t h the a s s o c i a t e d r o o f and f l o o r measures d u r i n g e x t r a c t i o n 

i n v a r i a b l y f i n d s i t s way in to a t i p in g r e a t e r o r l e s s e r amoun ts , thus 

i n c r e a s i n g the amount of c a r b o n p r e s e n t . 

Hence the l a r g e d i s c r e p a n c y be tween the t i p m a t e r i a l and 

u n d e r g r o u n d m e a s u r e s may be e x p l a i n e d by means o t h e r than samp l ing e r r o r . 

Q u a n t i t a t i v e m i n e r a l o g i c a l ana l yses a r e by t h e i r n a t u r e somewhat i m p r e c i s e 

( e . g . t o ta l m i n e r a l o g i c a l r a n g e s - 8 8 . 7 % to 1 1 6 . 6 % ; T a b l e 11.2). P r e v i o u s 

w o r k on t i p m a t e r i a l s has shown that such v a r i a t i o n s a r e due to v a r i a t i o n s 

in c r y s t a l I i n i t y not r e f l e c t e d by the c a l i b r a t i o n c u r v e s . W i t h f r e s h r o o f 

and f l o o r m a t e r i a l s the e r r o r is g r e a t l y r educed (about 95% to 105%; 

R e e v e s , 1971). H o w e v e r , they do p r o v i d e a use fu l c o m p a r a t i v e gu ide 

as men t i oned b e l o w . 

( I I . 4 . f ) C O M P A R I S O N O F U N D E R G R O U N D A N D T I P S A M P L E S D e s p i t e 

f a i l i n g s in q u a n t i t a t i v e m i n e r a l o g i c a l p r e c i s i o n , the main po in ts shown in 

t h i s i n v e s t i g a t i o n a r e p l a i n . T h e most i m p o r t a n t f e a t u r e i s the cons tancy 

of c o m p o s i t i o n of the t ip s a m p l e s . F i g . 11.2 shows a p lo t of q u a r t z / t o t a l 

c l a y v e r s u s 1 0 - ^ d i f f r a c t i o n peak a r e a ( I I I i t e ) / 7-iS d i f f r a c t i o n peak a rea 

({=?aol i n i t e and m i n o r c h l o r i t e ) ( T a y l o r and S p e a r s , 1970) . I gno r i ng 
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m i n o r c o n s t i t u e n t s such as c a r b o n ( < 6 . 8 % ) , c a r b o n a t e s ( < 4 . 7 % ) , 

r u t i l e ( < 1 . 3 % ) , and apa t i t e ( < 0 . 5 % ) , t h i s g r a p h g i ves a r e p r e s e n t a t i o n 

of the ma in m i n e r a l o g i e s of the samp les a n a l y s e d . The t ip samples f a l l 

i n a d i s t i n c t g r o u p , i n d i c a t i n g a c o n s i s t e n c y of compos i t i on w h i c h is c l e a r l y 

not d e m o n s t r a t e d by the w i d e s c a t t e r of the u n d e r g r o u n d s a m p l e s . 

Of the u n d e r g r o u n d s a m p l e s , the most impor tan t Is the Deep 

F l o o r s i n c e It f o r m s up to 50% of the t i p m a t e r i a l . The e x t r e m e l y h igh 

q u a r t z con ten t ( 5 1 . 4 % ) and low i l l i t e ( 2 9 , 0 % ) of the Deep F l o o r a r e 

r e f l e c t e d in i t s p o s i t i o n on F i g . l l . 2 . 

In the same w a y , the P a r k F l o o r is shown to be ou t s i de the 

n o r m a l c o m p o s i t i o n a l l i m i t s . I ts p o s i t i o n on F i g . I I . 2 ; ; r e f l e c t s a v e r y 

h igh I l l i t e con ten t ( 7 9 . 0 % ) and a v e r y low q u a r t z c o n c e n t r a t i o n ( 3 , 0 % ) , 

T h e i l l i t e c o n c e n t r a t i o n in the t ip m a t e r i a l is h igh when 

c o m p a r e d w i t h that of the Deep F l o o r . H o w e v e r , the v e r y h igh c o n c e n t r a t i o n 

of i i l i t e in the P a r k F l o o r ( ( 15% of the t ip ) can account f o r t h i s . 

T h e t i p shows a h i g h e r q u a r t z c o n c e n t r a t i o n than might be 

e x p e c t e d , but that Is r e a d i l y e x p l a i n e d by the h igh pe rcen tage of q u a r t z 

in the Deep F l o o r , w h i c h may c o n t r i b u t e 50% of the s p o i l : heap. 

T h e absence of p y r l t e in a l l the samples ana lysed f r o m L i t t l e t o n 

(an u n b u r n t t i p ) is an i m p o r t a n t f e a t u r e and tends to r e f l e c t the low o r g a n i c 

c a r b o n (coa l ) con ten t of the t i p . 

T h e m i n e r a l o g i e s o f the u n d e r g r o u n d and t i p samp les w e r e 

c o m p a r e d s t a t i s t i c a l l y , u s i n g the ' 'S tudent 's " - t method ( M o r o n e y , 1970). 

T h i s is a method of c o m p a r i n g means of p o p u l a t i o n s . T h e s i g n i f i c a n c e of 

the d i f f e r e n c e s ( the p r o b a b i l i t y that they a r e d i f f e r e n t ) is ass igned t h r e e 

c o n f i d e n c e l e v e l s : 95% ( p r o b a b l y s i g n i f i c a n t ) , 99% ( s i g n i f i c a n t ) , a n d 

9 9 , 9 % ( h i g h l y s i g n i f i c a n t ) . T h e r e s u l t s o f t h i s tes t a r e shown in T a b l e 11.4. 

O n l y c h l o r i t e and a p a t i t e a r e s i g n i f i c a n t l y d i f f e r e n t in the two 

s e t s of da ta w i t h o r g a n i c c a r b o n (coa l ) f a l l i n g v e r y c l o s e to the l o w e r 

b o u n d a r y ; a l l a r e s i g n i f i c a n t l y h i g h e r In the t i p m a t e r i a l than in the 

u n d e r g r o u n d s a m p l e s . A s ment ioned a b o v e , a l l these t h r e e components 
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a r e r e p r e s e n t e d as m i n o r c o n s t i t u e n t s and the d e f i c i e n c y in c h l o r i t e in 

the u n d e r g r o u n d m a t e r i a l s can v e r y r e a s o n a b l y be accounted f o r by the 

absence o f the E i g h t F e e t Roof f r o m the s t a t i s t i c a l a n a l y s i s . The coa l 

con ten t of the t i p is low in c o m p a r i s o n w i t h o t h e r t i ps (13%) and o b v i o u s l y 

m a r g i n a l f r o m a s t a t i s t i c a l v i e w p o i n t . It shou ld a l so be ment ioned that 

' ^ 2 ^ 5 apa t i t e ) is a l s o found in o r g a n i c m a t t e r . 

G e n e r a l l y , h o w e v e r , the "S tuden tV- t tes t demons t ra tes the 

s i m i l a r i t y be tween the u n d e r g r o u n d m a t e r i a l m i n e r a l o g y and that of S p o i l 

Heap N o , 1 at L i t t l e t o n C o l l i e r y . 
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C H A P T E R I I I 

S H E A R S T R E N G T H I N V E S T I G A T I O N 

T h e bu l k samp les f r o m the t i p and u n d e r g r o u n d measu res 

w e r e s u b j e c t e d to d i r e c t s h e a r tes ts in a 1 2 - i n c h s h e a r - b o x (mod i f i ed 

F a r n e l l 305) and c o n s o l i d a t e d - d r a i n e d t r i a x i a l t es ts in a conven t iona l 

4 - i n c h c e l l , u s i n g a 5 - t o n Wykeham F a r r a n c e c o m p r e s s i o n mach ine . 

T h e s e t e s t s w e r e used t oge the r f o r eva lua t i on of peak shear s t r e n g t h 

p a r a m e t e r s . The n a t u r e of the m a t e r i a l s t e s t e d , and the need f o r 

r e s i d u a l s h e a r s t r e n g t h e v a l u a t i o n , n e c e s s i t a t e d the deve lopment 

of new t e s t i n g techn iques and the m o d i f i c a t i o n of the s t a n d a r d s h e a r - b o x 

equ ipmen t . 

( I l i . l ) 1 2 - I N C H S H E A R - B O X T E C H N I Q U E 

T h e F a r n e l l Model 305 1 2 - i n c h s h e a r - b o x was o r i g i n a l l y 

d e s i g n e d to f i n d the peak s h e a r s t r e n g t h of c o n s t r u c t i o n a g g r e g a t e s . 

D i f f i c u l t i e s a r o s e when a t t emp t i ng to use i t f o r m u l t i p l e r e v e r s a l 

e v a l u a t i o n of r e s i d u a l s h e a r s t r e n g t h . 

M o d i f i c a t i o n s w e r e made , and they a r e d e s c r i b e d be low. 

( I I I . 1 . a) B O X R E V E R S A L A s d e l i v e r e d , the d r i v e - m o t o r of the s h e a r - b o x was 

r e v e r s i b l e . H o w e v e r , the t h r u s t r am connec t i ng the g e a r - b o x to the 

l o w e r ha l f of the s h e a r - b o x was not r i g i d l y a t tached to the box ( F i g . I I I . 1) . 

T h e r e f o r e , when the mo to r was r e v e r s e d the t h r u s t ram r e t r a c t e d , but the 

box w a s not d r a w n b a c k w a r d s . T h i s l e f t the box in a s h e a r e d p o s i t i o n 

on r e v e r s a l . 

A new t h r u s t r a m was f a b r i c a t e d , w i t h a f l ange at the end in 

c o n t a c t w i t h the box . H i g h - t e n s i l e s tee l bo l t s w e r e tapped in to the s h e a r -

box t h r o u g h the f l a n g e , f a s t e n i n g the box s e c u r e l y onto the ram ( F i g . I I I . 2 ) . 

On r e v e r s i n g the m o t o r , the t h r u s t r am r e t r a c t e d , now d r a w i n g 

the box w i t h i t . 

26 



T H R U S T R A M 

S H E A R BOX 
C O N T A I N E R 

G E A R - B O X 

forward — 

N O N - F A S T E N E D 

B E A R I N G 

F i g . I I I . 1. N o n - f a s t e n e d t h r u s t b e a r i n g on the s h e a r - b o x , 
r i g i d o n l y in f o r w a r d t r a v e l . 

HIGH T E N S I L E 
S T E E L B O L T S 

MACHINED 
I N T E R F A C E 

M I C R O S W I T C H 
A C T I V A T I O N 
G R O O V E S 

F i g . I I I . 2-. F a s t e n i n g of t h r u s t b e a r i n g f o r r i g i d i t y 
in f o r w a r d and r e v e r s e t r a v e l . 
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( I I I . l . b ) S H E A R I N G IN R E V E R S E H a v i n g ach ieved r e v e r s a l of the box i t was 

f ound that the samp le d i d not s h e a r on r e v e r s a l . The f r a m e connec t i ng 

the uppe r h a l f o f the box to the p r o v i n g r i n g c o n s t r a i n e d the movement of 

the box o n l y in the f o r w a r d d i r e c t i o n ( F i g . I I I . 3 ) . On r e v e r s a l , the 

l o w e r h a l f o f the box d r e w the uppe r h a l f o f the box b a c k w a r d s in a 

s h e a r e d p o s i t i o n . Hence i t was n e c e s s a r y to p r e v e n t the uppe r ha l f o f 

the box f r o m mov ing b a c k w a r d s , in s u c h a way that the upper f r a m e was 

s t i l l r e m o v a b l e , to f a c i l i t a t e l oad ing and un load ing the box . 

I t was t h e r e f o r e d e c i d e d to bo l t a heavy b r a c k e t onto the 

s t r u c t u r a l f r a m e w o r k at the r e a r of the m a c h i n e , w h i c h he ld the upper 

h a l f o f the box r i g i d w h i l e the l o w e r ha l f was d i s p l a c e d d u r i n g r e v e r s a l . 

It was n e c e s s a r y to p l a c e t h i s in the l i ne of f o r c e p r o d u c i n g 

the s h e a r , so that no o v e r t u r n i n g moments w e r e c r e a t e d . 

A 2 5 . 4 m m d i a m e t e r bo l t w a s tapped th rough the b r a c k e t , 

p a r a l l e l t o , and c o n c e n t r i c w i t h , the d r i v e - r a m of the g e a r - b o x (P l a t e I I I . 1). 

T h i s ac ted upon the r e a r of the f r a m e w o r k w h i c h a c t i v a t e d the p r o v i n g 

r i n g . B y a d j u s t i n g the b o l t , a z e r o p o s i t i o n on the p r o v i n g r i n g d ia l gauge 

was matched to a min imum d e a d - t i m e between f o r w a r d and r e v e r s e 

s h e a r s . 

In the w a t e r r e s e r v o i r , w h i c h con ta i ns the two ha lves of the 

s h e a r - b o x , pack ing had to be i n s e r t e d be tween the bot tom ha l f of the box 

and the f o r w a r d w a l l of the r e s e r v o i r . T h i s p r e v e n t e d the l o w e r ha l f of 

the box s l i d i n g d u r i n g r e v e r s e r u n s , w i t h consequent n o n - s h e a r i n g of 

the samp le ( F i g . I I I . 4 ) . 

( I I I . I . c ) S A M P L E C O N S E R V A T I O N D u r i n g the s h e a r i n g e x p e r i m e n t , m i g r a t i o n 

of the samp le o c c u r s . T h i s i n v o l v e s movement of sample m a t e r i a l in 

r e s p o n s e to the h o r i z o n t a l s t r e s s e s set up d u r i n g s h e a r i n g ( F i g . I I I . 5 ) . 

T h e u p w a r d movement of the sample tends to l i f t the upper h a l f o f the box 

away f r o m the l o w e r ha l f . T h i s exposes sample o n , and a b o v e , the s h e a r 

p l a n e . Some of the samp le is then f o r c e d out t h rough the gap be tween the 

box h a l v e s by the v e r t i c a l load and the s h e a r d i sp l acemen t . 
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F O R W A R D 

N O N - R I G I D J O I N T A L L O W S BACKWARD 

M O V E M E N T O F U P P E R S H E A R - B O X 

D U R I N G R E V E R S E S H E A R 

F i g . I I I . 3. V e r t i c a l v i e w of s f i e a r - b o x s h o w i n g n o n - c o n s t r a i n t of 
the uppe r h a l f o f the s h e a r - b o x d u r i n g r e v e r s e s h e a r . 

P la te 111. 1. R e t a i n i n g b r a c k e t a t t a c h e d to the r e a r o f the s h e a r - b o x 
to p r e v e n t movement of the u p p e r h a l f o f the s h e a r - b o x 

d u r i n g r e v e r s e s h e a r . 
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U P P E R S H E A R - B O X H A L F 

L O W E R . S H E A R - B O X H A L F 

F O R W A R D 
S H E A R 

' P A C K I N G P I E C E S 

F i g . I I I . 4 , P a c k i n g I n s e r t e d in the s h e a r - b o x c o n t a i n e r to p r e v e n t 
movement of the l o w e r ha l f of the s h e a r - b o x d u r i n g 
r e v e r s e s h e a r i n g . 

S H E A R I N G F O R C E 

S H E A R I N G F O R C E 

F O R W A R D 
S H E A R 

S A M P L E M O V E M E N T 

F i g . I I I . 5 . Movement of m a t e r i a l w i t h i n the spec imen d u r i n g s h e a r i n g . 
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F u r t h e r m o r e , each s h e a r i n g movement c a r r i e s m a t e r i a l out of 

the b o x , i n t o the space be tween the " l i p s " . A s t h i s m a t e r i a l i s added to 

on a l t e r n a t e s h e a r s , i t wedges the box ha lves a p a r t ( F i g . I I I . 6 ) . 

T h i s was r e c t i f i e d by p r e v e n t i n g ver* t ica l movement of the 

uppe r box as much as p o s s i b l e . Means of e f f e c t i n g th is w e r e r e s t r i c t e d 

s i n c e any i n h i b i t i o n of movement of the upper box must a f f ec t the i n t e r n a l 

f r i c t i o n of the mach ine and the v e r t i c a l load on the samp le . T h i s in t u r n 

must a f f e c t the s t r e s s r e a d i n g s and subsequent c a l c u l a t i o n s of shea r 

s t r e n g t h . 

The r e s t r a i n i n g mechan ism must o b v i o u s l y be s e l f - s u p p o r t i n g . 

M e r e l y w e i g h t i n g down the upper box w o u l d a f f e c t the s t r e s s r e a d i n g s by 

a l t e r i n g the v e r t i c a l load on the s p e c i m e n . 

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

a c r o s s the b o x - e n d of the m a c h i n e , be ing a n c h o r e d to p la tes we lded onto 

the legs of the s h e a r - b o x ( F i g . I I I . 7 and P l a t e I I I . 2 ) . 

A top b a r , w i t h r e c e s s e s on the u n d e r s i d e to take b a l l - b e a r i n g s , 

was s c r e w e d down on to the top of the upper ha l f of the s h e a r - b o x , us ing 

nu t s on the t h readed s i d e a r m s . S h e a r s t r e s s read ings cou ld on l y be 

taken d u r i n g a f o r w a r d s h e a r , s i n c e the p r o v i n g r i n g d e f l e c t i o n mechanism 

o n l y o p e r a t e d in c o m p r e s s i o n ( F i g . I I I . 3 ) . T h e r e f o r e , the ba r was s c r e w e d 

down t i g h t l y on the b a c k w a r d r u n , when no r e a d i n g s w e r e taken . T h i s 

m o d i f i c a t i o n s u b s e q u e n t l y he lped to r e d u c e samp le loss to a m in imum. 

D u r i n g the f o r w a r d r u n , the two ha l ves o f the box c o u l d not be 

b r o u g h t t o g e t h e r , because of the r e s u l t i n g f r i c t i o n between them, so the 

b a r was lessened to g i v e a 1 mm c l e a r a n c e between the b a l l - b e a r i n g s and 

the b a r . T h i s c l e a r a n c e was g r a d u a l l y taken up as the test p r o g r e s s e d . 

U n t i l the c l e a r a n c e was taken u p , a l l r ead ings w e r e o b v i o u s l y 

a c c u r a t e , s i n c e no r e s t r a i n t was be ing a p p l i e d . A f t e r the upper ha l f of 

the box began to s t r e s s the top b a r , i t was n e c e s s a r y to e n s u r e that 

t h e r e w a s a m in ima l e f f ec t on the s t r e s s r e a d i n g s , and the r e s t r a i n i n g 

b a r s t r u c t u r e was des igned w i t h t h i s in m ind . 
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F i g . I I I . 6 . Wedg ing a p a r t of the s h e a r - b o x ha l ves by d i s p l a c e d 
m a t e r i a l . 
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F i g . I I I . 7. F r a m e w o r k to p r e v e n t v e r t i c a l movement of the uppe r 
s h e a r - b o x h a l f d u r i n g s h e a r i n g . 
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T o m i n i m i z e the h o r i z o n t a l s t r e s s induced by the b a r , 

the s i d e a r m s of the f r a m e w e r e made as long as p o s s i b l e , and ba l l 

b e a r i n g s w e r e i n s e r t e d be low i t . 

In l eng then ing the s i de a r m s , the d o w n w a r d movement 

of the b a r w a s kept to a min imum (Sig"^ I I I . 8 ) . C o n s i d e r i n g O A v:- as 

the s i d e a r m of the f r a m e , d u r i n g movement of the upper ha l f of the 

b o x , the p o i n t A moves- to a \ t r a c i n g A A S an a r c of a c i r c l e , c e n t r e 

O ( the l o w e r f i x i n g po in t of the s i d e a r m ) . T h i s movement induces a 

v e r t i c a l movement of leng th C D . F o r equal lengths of AA^ (equal 

s t r a i n s o f a s a m p l e ) , C D w i l l d e c r e a s e as A O i n c r e a s e s . 

H e n c e , even assuming that the b a l l - b e a r i n g s do not r o t a t e , 

and c o n s e q u e n t l y that the b a r does not move r e l a t i v e to the b o x , the 

v e r t i c a l movement of the uppe r box w i l l d e c r e a s e w i t h an i n c r e a s e in 

the l eng th o f the s i d e a r m s . 

T h e v o l u m e of samp le used f o r each test in the 12 - i nch s h e a r -

box depends on the depth of the m a t e r i a l , s i n c e the a r e a is cons tan t . 

O r i g i n a l l y , the F a r n e l i 305 was b u i l t to take a sample 153mm deep , but 

t h i s was r e d u c e d by p l a c i n g the bot tom p l a t e n , on w h i c h the sample l i e s , 

on top of two 2 5 . 4 m m b a r s on the bot tom of the box c o n t a i n e r . T h i s 

r e d u c e d the vo lume of samp le used in each t e s t , g i v i n g a sample t h i ckness 

o f 5 0 . 8 mm be low the s h e a r p l a n e . Skemp ton (1964) has shown that 

s h e a r p l a n e s , in m a t e r i a l not u n l i k e a f i n e - g r a i n e d s p o i l , c o m p r i s e a 

f a m i l y of s h e a r p lanes up to 20mm t h i c k , l y i n g in a band about 24mm a c r o s s . 

H e n c e , r e d u c i n g the t h i c k n e s s of the sample does not a f f ec t the s h e a r 

p l anes d e v e l o p e d . 

The v o i d c r e a t e d be low the bot tom p la ten was f i l l e d w i t h w a t e r 

when s a t u r a t i n g the samp le b e f o r e tes ts w e r e begun. 

( H I . I . d ) R A T E O F S H E A R I N G T h e s h e a r s t r e n g t h of a s o i l can be s a i d to 

depend uponf:-. (a) the appa ren t i n t e r n a l f r i c t i o n of the s o i l , and (b) the 

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

33 



F i g . I I I . 8 . V e r t i c a l movement of the f r a m e w o r k d u r i n g h o r i z o n t a l 
s h e a r i n g . 

34 



T h e s e t h r e e a r e r e l a t e d by Cou lomb 's l aw : 

= c + <r tan ^ ( I I I . 1) 

w h e r e the ang le is the ang le of s h e a r i n g r e s i s t e n c e , "c." is the 

a p p a r e n t c o h e s i o n , " T ^ " is the s h e a r s t r e s s at f a i l u r e , and "<r" is the 

to ta l n o r m a l s t r e s s ( F i g . I I I . 9 ) . T h e cons tan ts " c " and " j i " in equat ion 

( I I I . 1) r e f e r to the to ta l a p p l i e d s t r e s s e s . 

In the s h e a r - b o x , much of the p o r e space be tween g r a i n s is 

f i l l e d w i t h w a t e r , s i n c e the samp le is immersed at least to the shear 

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

s t r e n g t h p a r a m e t e r s to be eva lua ted f o r that c o n d i t i o n . When the sample 

is l o a d e d , p a r t o f the a p p l i e d s t r e s s "<rii is t r a n s m i t t e d by i n t e r p a r t i c u l a t e 

c o n t a c t : the " e f f e c t i v e s t r e s s " , "<r'". T h e r e m a i n d e r of the app l i ed 

s t r e s s i s t r a n s m i t t e d by the f l u i d p r e s s u r e " u " deve loped in the p o r e -

w a t e r . 

T h e r e f o r e , the e x t e r n a l s t r e s s is ba lanced by^the sum of 

o p p o s i n g i n t e r n a l s t r e s s e s : 

cr = ( <r' + u) ( I I I . 2 ) 

and c o n s e q u e n t l y , the e f f e c t i v e s t r e s s i s : 

<r' = { cr - u) ( I I I . 3 ) 

g i v i n g a m o d i f i e d Cou lomb equa t ion : 

-rf= c»+ (< r - u) tan jẑ ' ( I I I . 4 ) 

in t e r m s of e f f e c t i v e s t r e s s e s . 

The d r a i n a g e of a spec imen in the l a r g e s h e a r - b o x depends 

upon the so i I's pe rmeab i I i t y . S h o u l d the d r a i n a g e be poor - as in the 

c a s e o f t h i s t ype of t i p m a t e r i a l w h i c h has a h igh c l a y con ten t - the r a t e 

o f s h e a r i s c r i t i c a l . T h i s p e r t a i n s because w i t h a r a p i d r a t e of s h e a r , 

p o r e - w a t e r p r e s s u r e w i l l be b u i l t up r a p i d l y , and d i s s i p a t i o n w i l l be 

impeded by the low p e r m e a b i l i t y . C o n s e q u e n t l y , in equat ion ( I I I . 4) 

" u " w i l l i n c r e a s e to g i v e a l o w e r v a l u e of (<r - u ) , and the s h e a r s t r e s s 

at f a i l u r e is r e d u c e d . 
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N O R M A L S T R E S S 

F i g . I I I . 9. C o u l o m b ' s l a w . 

C O N S T A N T 
VOLTAGE 
SUPPLY 

P O R O U S D I S C 

B R A S S " 

S E N S O R P R E S S U R E V O L T M E T E R D I G I T A L 

T R A N S D U C E R R E A D O U T 

F i g . I I I . 10, P o r e - p r e s s u r e m o n i t o r i n g s y s t e m . 
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T w o methods a r e a v a i l a b l e to es t ima te accep tab le s h e a r 

r a t e s ( B i s h o p and H e n k e l , 1972) . Bo th w e r e des igned f o r the t r i a x i a l 

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

the accep ted leve l of 95% d i s s i p a t i o n . 

T h e f i r s t method i n v o l v e s the d i r e c t measurement of p o r e - w a t e r 

p r e s s u r e , c h e c k i n g that i t does not r i s e above 5% of the v e r t i c a l s t r e s s . 

T h e second method i n v o l v e s c a l c u l a t i o n based upon c o n s o l i d a t i o n 

p a r a m e t e r s . T h i s i s p a r t l y based on the geome t r y and d r a i n a g e 

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

t e s t s . 

F o r the d i r e c t me thod , a p r e s s u r e senso r was p laced in the 

s p e c i m e n d u r i n g emplacement of the samp le . C o n s i d e r i n g the p r o b a b l e 

t h i c k n e s s of the s h e a r i n g z o n e , the s e n s o r was p laced so that i t lay not 

m o r e t h a n 5 mm be low the s h e a r p lane of the s h e a r - b o x ha lves a f t e r 

c o n s o l i d a t i o n . T h i s gave a c c e p t a b l e v a l u e s f o r p o r e - p r e s s u r e r ead ings 

on the s h e a r plan.e. 

A b r a s s i n l e t , masked by a po rous d i s c , f o r m e d the s e n s o r i n le t 

( F i g I I I . 10) . 

F r o m the i n l e t , a p l a s t i c tube passed down th rough a d r a i n h o l e 

i n the bo t tom p l a t e n , in to the v o i d be low the samp le . The tube was led 

t h r o u g h a ho le in the s i d e of the l o w e r s h e a r - b o x to a 6 8 9 . 5 k N / m 
2 

(100 I b f / i n ) p r e s s u r e t r a n s d u c e r ( E l e c t r o Mechan isms L t d . , Type P . S . G . ) . 

B e f o r e s e a l i n g , w a t e r was passed t h r o u g h the p i p e , and a l l a i r evacua ted . 

The ou tpu t f r o m the p r e s s u r e t r a n s d u c e r was m o n i t o r e d on a 

d i g i t a l v o l t m e t e r ( S o l a r t r o n T y p e L M 1 4 2 0 . 2 ) . 
The sys tem was c a l i b r a t e d , aga ins t a Budenburg tes t gauge, 

2 

in 1,0 k N / m s t e p s . F r o m F i g . l I I . 11 i t can be seen that a range f r o m 0 to 

2 
100 j k N / m is l i n e a r aga ins t the v o l t m e t e r r e a d i n g s . 

D u r i n g s h e a r i n g of the Deep F l o o r samp le , at a no rma l s t r e s s of 
2 2 8 0 . 3 k N / m , a maximum p o r e p r e s s u r e of 3. 0 k N / m r e s u l t e d . T h i s 

r e p r e s e n t s a p o r e - w a t e r p r e s s u r e component of on ly 3 . 7 % . The r a t e of 

37 



I C O r 

z 

LU 
cc 

D 

Ul 
a a 

8 0 I 

6 0 h 

4 0 

2 0 

- 4 - 2 . -I O 

V O L T M E T E R R E A D I N G S mv 

F i g I I I . 11. D i g i t a l v o l t m e t e r c a l i b r a t l o n c u r v e f o r p o r e p r e s s u r e 
m e a s u r e m e n t . 
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s h e a r was 0 .076 m m / m i n (E8 on the mach ine g e a r - b o x ) . T h i s is 

a c c e p t a b l e w i t h i n the t e rms of 95% p o r e - w a t e r p r e s s u r e d i s s i p a t i o n and 

E8 \is the r a t e used In the c u r r e n t w o r k . 

The second method is t h e o r e t i c a l , the r e q u i r e d t ime to 

f a i l u r e of a spec imen " t ^ " , b e i n g : 

20 h^ . , , , , 
t . = T T Q - m m ( I I I . 5 ) 

w h e r e h is the he igh t of the s p e c i m e n , C^ Is the c o e f f i c i e n t of c o n s o l i d a t i o n 

and is " a f a c t o r pend ing upon d r a i n a g e c o n d i t i o n s at the sample 

b o u n d a r i e s " ( B i s h o p and H e n k e l , 1972, p. 125). 

T h i s f o r m u l a Is based upon T e r z a g h l ' s T h e o r y of O n e -

D l m e n s l o n a l C o n s o l i d a t i o n , and It ought to be p o s s i b l e to a l l o w f o r the 

g e o m e t r y of the s h e a r - b o x s p e c i m e n , as opposed to that of the t r i a x i a l 

s p e c i m e n f o r w h i c h the f o r m u l a was deve loped . H o w e v e r , the d r a i n a g e 

f a c t o r " > \ " is d i f f i c u l t to d e t e r m i n e In the case of the s h e a r - b o x . In 

the t r i a x i a l t e s t , the f a c t o r v a r i e s in v a l u e f r o m 3. 0 f o r the case of d r a i n a g e 

f r o m both ends of the s p e c i m e n , to 4 0 . 4 f o r the case of d r a i n a g e f r o m 

bo th ends and a r a d i a l b o u n d a r y . The d i f f e r e n c e be tween these two 

v a l u e s is v e r y l a r g e , and s i n c e t^ v a r i e s i n v e r s e l y w i t h i t is most 

I m p o r t a n t to d e t e r m i n e an a c c u r a t e v a l u e of . 

C o n s i d e r i n g the s h e a r - b o x sample as a mod i f i ed t r i a x i a l 

s a m p l e , It Is obv ious that d r a i n a g e o c c u r s at both ends. L e s s obv ious 

i s the p a r t p l ayed by the s h e a r p lanebetween the shea r boxes . P o r e - w a t e r 

p r e s s u r e must be d r a i n e d at the p e r i m e t e r of the s a m p l e , but i t is d i f f i c u l t 

to e s t i m a t e how f a r In to the sample th i s e f fec t p e n e t r a t e s . T h e r e f o r e 

the s h e a r p lane^cannot be c o n s i d e r e d as a t r u e r a d i a l boundary in the 

s h e a r - b o x s p e c i m e n , w h e r e spec imen t h i c kness is a f r a c t i o n of spec imen 

l e n g t h . 

In v i e w of the d i f f i c u l t i e s Invo l ved In app l y i ng th is me thod , 

the e m p i r i c a l tes t was taken as s u f f i c i e n t ev idence that 95% p o r e - w a t e r 

p r e s s u r e d i s s i p a t i o n was ach ieved at the r a t e of shea r used d u r i n g t e s t i n g , 

w h i c h was 0 . 0 7 6 m m / m i n . 
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( l l l . I . e ) A U T O M A T I O N O F T E S T R E S U L T S T h e s h e a r - b o x w a s a l r e a d y 

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

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

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

0\ate M l . 3 ) . 

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

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

g e a r - b o x w a s p r e v e n t e d . 

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

o u t l i n e d a b o v e , t h e d u r a t i o n o f e a c h s h e a r w a s 6 j - h o u r s . T h i s a l l o w e d 

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

a t a l o w e r s p e e d , g i v i n g a 2 4 - h o u r c y c l e . T o a c c o m m o d a t e t w o r e c o r d i n g 

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

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

O n a v e r a g e t h e l e n g t h o f s h e a r t a k e n to r e a c h r e s i d u a l w a s 0 . 6 -

0 . 7 m , h e n c e 12 d a y s w e r e r e q u i r e d t o o b t a i n a r e s i d u a l v a l u e . F u r t h e r 

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

M a n u a l r e a d i n g s o v e r a t o t a l o f 15 d a y s w o u l d h a v e b e e n 

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

w e r e a u t o m a t e d . 

L i n e a r V a r i a b l e D i f f e r e n t i a l T r a n s d u c e r s ( G . V . D . T , s ) w e r e 

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

( E l e c t r o M e c h a n i s m s L t d . T y p e s 5 0 0 S S - L a n d 100 M S - L ) . T h e s h e a r 

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

v e r t i c a l s t r a i n L . V . D . T . m e a s u r e d v e r t i c a l d i s p l a c e m e n t o f t h e u p p e r 

p l a t e n o f t h e s a m p l e ( P l a t e I I I . 2 a n d P l a t e I I I . 4 ) . B y a t t a c h i n g t he L . V . D . T . s 

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

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

l o a d i n g s a m p l e s . 

T h e o u t p u t s o f t h e L . V . D . T s w e r e r e g i s t e r e d o n a t w i n - p e n 

p e n r e c o r d e r ( R i k a d e n k i T y p e 8 - 2 ( 5 1 ) . 
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P l a t e I I 1 . 2 . 1 2 - i n c h d i r e c t s h e a r - b o x w i t h f r a m e w o r k ( A ) a t t a c h e d 
t o p r e v e n t v e r t i c a l m o v e m e n t o f t h e u p p e r s h e a r - b o x h a l f . 
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A u t o m a t i o n o f t h e s t r a i n d i a l g a u g e w a s n o t u n d e r t a k e n 

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

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

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

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

c o n s t a n t r a t e . O v e r t h e l a s t 9 0 % o f a t e s t f l e x u r e o f t h e p r o v i n g r i n g 

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

F o r t h e f i r s t 1 0 % , h o w e v e r , t h e i n a d e q u a c y o f t h e s y s t e m h a s t o b e 

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

( l l l . l . f ) I N T E G R A T I O N O F T R I A X I A L C O M P R E S S I O N A N D S H E A R - B O X T E S T S 

In o r d e r t o d e t e r m i n e c ' , ^ ' a n d h e n c e T ' ^ i n t h e C o u l o m b e q u a t i o n ( C h a p . 

s^ ' I i l . 1 . d ) , t h e g r a p h s h o w n i n F i g . I I I . 9 i s d r a w n . T o d r a w t h i s s t r a i g h t -

l i n e g r a p h , a t l e a s t 3 p o i n t s o n i t m u s t b e a s c e r t a i n e d , t h e r e f o r e 3 t e s t s 

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

O r i g i n a l l y , 3 s a m p l e s w e r e s h e a r e d a t d i f f e r e n t v a l u e s o f c r ' 

i n t h e s h e a r - b o x . H o w e v e r , a t l e a s t 10 d a y s o f s h e a r i n g a n d 3 d a y s o f 

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

s o m e 6 w e e k s f o r e a c h s e t o f r e s u l t s to b e o b t a i n e d . F u r t h e r m o r e , s o m e 

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

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

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

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

w e r e t e s t e d . 

S t a r t i n g a t t h e l o w e s t r e q u i r e d v e r t i c a l s t r e s s , t h e s h e a r - b o x 

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

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

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

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

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

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

l o a d . 
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P l a t e 111,3. O r i g i n a l t h r u s t r a m w i t h n o n - r i g i d b e a r i n g ( A ) a n d 
m i c r o s w i t c h a c t i v a t i o n g r o o v e s ( B ) , 

43 



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

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

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

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

s h e a r - b o x . I t w i l l b e s h o w n t h a t t r i a x i a i a n d s h e a r - b o x r e s u l t s a r e 

c o m p a t i b l e . 

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

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

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

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

a l s o r e d u c e d , s i n c e t h e t w o 4 - i n c h t r i a x i a l s a m p l e s w e r e s m a l l e r t h a n t h e 

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

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

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

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

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

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

l e n g t h o f s h e a r . T h o u g h t h e r e d u c t i o n s w e r e l e s s t h a n 5% o f t he f i r s t 

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

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

l e s s e r e x t e n t t h a n t h a t a c h i e v e d jus , t a f t e r p e a k s h e a r s t r e n g t h h a s b e e n 

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

o u t t h i s c o n c l u s i o n ( B i s h o p e t a l . , 1 9 7 1 ) . F o r s t a b i I i t y c a l c u l a t i o n s , 

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

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

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

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

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

In f a c t , a n a c t u a l s e g m e n t o f a s h e a r p l a n e f r o m L i t t l e t o n S p o i l 

H e a p N o . 1 w a s t e s t e d b y T a y l o r a n d H a r d y ( 1 9 7 1 ) , b u t d i d n o t s h o w a n y 

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

d u r i n g t h i s s t u d y , ( C h a p . I I I . 5 . b ) . 
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( I I I . 2 ) 4 - I N C H T R I A X I A L C O M P R E S S I O N T E S T T E C H N I Q U E 

T h e c o n s o l i d a t e d - d r a i n e d t r i a x i a l t e s t s w e r e u n d e r t a k e n t o 

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

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

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

( M l . 2 . a ) S A M P L E P R E P A R A T I O N T h e s a m p l e s f r o m t h e t i p a n d u n d e r g r o u n d 

w e r e o r i g i n a l l y i n t e n d e d f o r t e s t i n g i n t h e 1 2 - i n c h d i r e c t s h e a r - b o x . 

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

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

T h e r e q u i r e d d e n s i t y o f t h e s a m p l e s w a s c a l c u l a t e d as 9 5 % 

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

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

( B i s h o p e t a l . , 1 9 6 9 ) . U s i n g t h e s t a n d a r d c o m p a c t i o n t e s t ( B . S . 1 3 7 7 : 

1 9 6 7 ) , t h e m a x i m u m d r y d e n s i t y w a s f o u n d t o b e 1 . 6 8 2 Mg/m'^ ( 1 0 5 I b / f t ^ ) 

a t a m o i s t u r e c o n t e n t o f 15% , g i v i n g a r e q u i r e d d e n s i t y o f 1 . 6 0 4 M g / m ^ ( 9 9 . 7 

I b / f t ^ ) . 

T h e r e q u i r e d d i m e n s i o n s o f e a c h t r i a x i a l s a m p l e w e r e 2 0 3 . 2 mm 

(8 i n ) h e i g h t , b y 1 0 1 . 6 mm ( 4 i n ) d i a m e t e r . U s i n g t h e r e s u l t a n t v o l u m e 

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

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

s t a i n l e s s s t e e l U 4 t u b e . A 4 - i n c h r a m w a s p l a c e d i n t he t u b e , a n d t h e 

m a t e r i a l c o m p a c t e d to t h e r e q u i r e d v o l u m e i n a D e n n i s o n 1 0 0 - t o n 

c o m p r e s s i o n m a c h i n e . 

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

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

u n d e r i n v e s t i g a t i o n . 

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

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

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

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

n e c e s s i t a t i n g a t l e a s t 2 4 h o u r s o f c o n s o l i d a t i o n , a n d t h e i d e n t i c a l r a t e o f 

s h e a r t o t h a t u s e d i n t h e d i r e c t s h e a r - b o x t e s t s . 
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( I l l . 2 . b ) V O L U M E C H A N G E M E A S U R E M E N T D u r i n g c o n s o l i d a t i o n , v o l u m e 

c h a n g e v a r i e d i n d i f f e r e n t m a t e r i a l s , b u t a g e n e r a l v a l u e o f o v e r 100 ml 

l o s s w a s r e c o r d e d ( c . 6 . 5 % ) . T h i s i s a h i g h e r v a l u e t h a n u s u a l , a n d 

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

i n c r e a s e i n t h e r o u g h n e s s o f t h e s p e c i m e n ' s s u r f a c e o v e r t h a t e n c o u n t e r e d 

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

m e a s u r i n g a p p a r a t u s i n a d e q u a t e , a n d s o a 2 5 0 m l ^ " b u r e t t e w a s a d a p t e d i n 

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

t h e b u r e t t e w a t e r - l e v e l t o b e e q u a l i z e d w i t h t h e w a t e r - l e v e l i n t h e o t h e r a r m , 

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

( I I I . 3 ) 1 2 - I N C H S H E A R - B O X R E S U L T S 

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

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

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

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

m e a s u r e s . F u r t h e r m o r e , a 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 h e a r 

s t r e n g t h w a s o b s e r v e d . 

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

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

H o w e v e r , s t a n d a r d i z a t i o n o f t e c h n i q u e - b o t h p r a c t i c a l a n d a s s e s s i v e -

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

( I I I . 3 . a ) P R E S E N T A T I O N O F S H E A R - B O X R E S U L T S T h e r e s u l t s g a i n e d 

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

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

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

s t r e s s / v e r t i c a l s t r e s s v e r s u s d i s p l a c e m e n t g r a p h ( A p p e n d i x f l ) . 

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

r e c o r d e r ( C h a p . I I I . 1 . e ) i n d i c a t e d t h e f o r m o f t h e g r a p h to b e p r o d u c e d 

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

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

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

e f f e c t s d u r i n g s h e a r w h i c h m a y b e o v e r l o o k e d t h r o u g h i n t e r m i t t e n t m a n u a l 
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P l a t e I I I . 4 . 12- inch d i r e c t s h e a r - b o x equipment; showing v e r t i c a l 
movement L . V . D. T . ( A ) , pen r e c o r d e r ( B ) , r e v e r s e -
s h e a r i n g movement res t ra in ing bracket for the upper 
box (C ) and the p o r e - p r e s s u r e monitoring digital 
voltmeter (D) , 
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r e a d i n g . A p h e n o m e n o n f o u n d b y t h i s m e t h o d w a s a s m a l l p e a k i n s h e a r 

s t r e n g t h a t t h e s t a r t o f r u n s n e a r i n g r e s i d u a l ( C h a p . I I I . 3 . c ) . 

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

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

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

p a r a m e t e r s f o r t h e t e s t s . 

( I l l . 3 . b ) A L L O W A N C E F O R A R E A R E D U C T I O N I N D I R E C T S H E A R T E S T S 

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

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

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

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

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

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

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

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

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

t h e c o n s i d e r a t i o n s w h i c h l e d t o t h e a d o p t i o n o f ( s h e a r s t r e s s ) / ( v e r t i c a l s t r e s s ) 

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

o t h e r c o n s i d e r a t i o n w a s t h a t t h e r a t i o v e r y r a r e l y e x c e e d s a v a l u e o f 1 . 0 , 

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

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

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

s t r e s s a g a i n s t v e r t i c a l s t r e s s ( F i g s . I I I . 1 2 - 1 4 ) , r e d u c t i o n i n a r e a h a s 

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

( I I I . 3 . C ) R E S I D U A L S H E A R S T R E N G T H D E T E R M I N A T I O N D i f f i c u l t i e s i n 

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

t h e g r a p h s p r o d u c e d f r o m e x p e r i m e n t a l r e s u l t s ( F i g . I I I . "15 a n d A p p e n d i x f l ) . 

T h e c u r v e ' w h i c h t h e o r e t i c a l l y c a n b e d e s i g n a t e d a s t h e l o c u s o f f a i l u r e 

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

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

l a t e r p o r t i o n s ( F i g . H I . 1 5 ) . 
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D ISP L A C E M E N T 

F i g . I I I . 1 5 ( a ) . I d e a l r e s i d u a l s h e a r s t r e n g t h / d i s p l a c e m e n t c u r v e s . 
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SMALL PEAKS 
RIS i NG 
SHEAR S T R E N G T H 

D I S P L A C E M E N T 

F i g . I I I . 1 5 ( b ) . A c t u a l f a m i l y o f c u r v e s p r o d u c e d e x p e r i m e n t a l l y . 

F i g . I I I . 1 5 . S h e a r s t r e s s / d i s p l a c e m e n t c u r v e s . 
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H e r e t h e v a l u e s o f t h e r e s i d u a l s h e a r s t r e n g t h p a r a m e t e r s 

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

p l a c e m e n t c u r v e s p r o d u c e d b y e x p e r i m e n t u s i n g t h e 1 2 - i n c h d i r e c t s h e a r -

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

a r e : ( a ) a s m a l l p e a k a t t h e s t a r t o f l a t e r r u n s ( t h o s e n e a r i n g r e s i d u a l 

s h e a r s t r e n g t h ) ; a n d , ( b ) a r i s e i n s h e a r s t r e n g t h t o w a r d s t h e e n d o f 

s u c h r u n s ( F i g . I I I . 1 5 ( b ) ) . T h e s e a r e d i s c u s s e d b e l o w , 

( a ) S m a l l P e a k s a t s t a r t o f S h e a r T h e s m a l l p e a k s a t t h e s t a r t ' o f 

i n d i v i d u a l s h e a r t e s t s ( as s h o w n b y s a m p l e s P F 1 a n d P F 3 i n A p p e n d i x f l ) 

h a v e b e e n i n t e r p r e t e d b y o t h e r w o r k e r s a s o r i e n t a t i o n e f f e c t s { A g a r w a l , 

1 9 6 8 ; B i s h o p e t a l . , 1 9 7 1 ) , w h o u s e d 6 0 - m m x 6 0 - m m s h e a r - b o x e s . T h i s 

w a s v e r i f i e d b y a s e t o f t e s t s o n s a m p l e P F 1 . 

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

p a s s e d a n d s h e a r s t r e s s h a d f a l l e n a g a i n ( F i g . I I I . 1 6 ) . T h e m a c h i n e w a s 

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

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

s t r e s s w a s r e a c h e d a s t h a t r e c o r d e d b e f o r e r e v e r s a l , bu t no . p e a k w a s 

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

i n t e r n a l f r i c t i o n o f t h e s h e a r - b o x . T h e s h e a r t e s t w a s c o n t i n u e d to t h e 

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

a t t h e l o w e s t r a t e o f s t r a i n p o s s i b l e ( 1 . 02 m m / h o u r ) . T h e p e a k t h e n 

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

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

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

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

r e v e r s a l i s m o s t l i k e l y . 

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

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

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

t h e b o x s e p a r a t e d , s o t h a t t h e s a m p l e h a l v e s w e r e n o t i n c o n t a c t . B a l l 

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

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

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

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

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

1 6 ) . 

T h e s e e x p e r i m e n t s d e m o n s t r a t e d t h a t t h e p e a k i s a r e o r i e n t a t i o n 

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

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

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

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

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

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

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

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

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

P F 1 , t o d e t e r m i n e t h e o r i g i n o f t h e o r i e n t a t i o n p e a k , i t w a s n o t e d t h a t 

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

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

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

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

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

d i s p l a c e m e n t c u r v e . 

N o t a l l t h e s a m p l e s t e s t e d e x h i b i t t h e o r i e n t a t i o n p e a k . A t t e m p t s 

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

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

a t l o w v e r t i c a l l o a d s i n s p e c i m e n s r i c h i n i l l i t e p l u s k a o l i n i t e ( P F 1 a n d 

P F 3 ) , a n d w i t h l a r g e r a v e r a g e p a r t i c l e s i z e ( T a b l e I I I . 1 ) . 
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P E A K S O C C U R P E A K S DO N O T O C C U R 

S a m p l e V e r t . S t r e s s % C l a y Samp le V e r t . S t r e s s % C lay 

P F 1 80 k N / m ^ 9 1 . 9 P F 2 214 k N / m ^ 9 1 . 9 

P F 3 134 " 9 1 . 9 T T 0 4 134 " 6 6 . 5 

T T 0 3 214 " 66 . 5 T T 0 2 80 " 6 6 . 5 

T T C 80;134;214 " 7 0 . 9 

T i P l 80;134;214 " 73. 0 

T A B L E I I I . 1 . C O R R E L A T I O N O F O R I E N T A T I O N P E A K 
O C C U R R E N C E W I T H P H Y S I C A L A N D C H E M I C A L D A T A 

A s can be seen f r o m T a b l e I I I . 1 , the gene ra l r u l e s f o r 

o r i e n t a t i o n peak o c c u r r e n c e a r e b r o k e n by the h igh v e r t i c a l s t r e s s of 

T T 0 3 w i t h peak o c c u r r e n c e , and low ( i l l i t e + k a o l i n i t e ) con ten t of T T 0 3 . 

H o w e v e r , T T 0 3 does have a s l i g h t l y l a r g e r a v e r a g e p a r t i c l e s i z e than 

the o t h e r s ( F i g . 111.22). 

(b) R i s i n g S h e a r S t r e n g t h at end of S h e a r T h i s e f f ec t has a l so been 

d e m o n s t r a t e d in 60-mm x 60-mm d i r e c t s h e a r tes ts ( A g a r w a l , 1968; 

B i s h o p et a l . , 1971) . T h e r i s e c o u l d aga in be due to m a t e r i a l e f f ec t s 

w h i c h n e c e s s a r i l y must be m o r e p ronounced in the l a t e r s tages of s h e a r i n g , 

e s p e c i a l l y as the r i s e in s h e a r s t r e n g t h is of n o n - l i n e a r f o r m w i t h 

r e s p e c t to d i sp lacemen t ( F i g . I I I . 15(b)) . 

T h e m a j o r s h e a r p lane p r o d u c e d in the samples is v e r y 

i r r e g u l a r ( P l a t e I I I . 5 and P l a t e I I I . 6 ) , the c o n t o u r s be ing d i c t a ted by 

loca l c o n d i t i o n s w i t h i n the samp le . The g e n e r a l p a t t e r n is of r i d g e s and 

g r o o v e s up to 20 mm in h e i g h t , w h i c h r u n p a r a l l e l to the d i r e c t i o n of s h e a r 

( i nduced s i i c k e n s i d e s ) . On s h e a r i n g , these undu la t i ons a r e t r u n c a t e d 

by the h o r i z o n t a l edges of the s h e a r - b o x ( F i g . I I I . 17) w h i c h cu t in to the 

samp le beyond the s h e a r p lane g e n e r a t e d a c r o s s these u n d u l a t i o n s . Hav ing 

cu t in to the body of the s a m p l e , the s h e a r s t r e s s i n c r e a s e s as l a r g e r , 
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P l a t e I I I . 5 . L o w e r half of sample T T 0 3 after being sheared in a 
12- inch s h e a r - b o x with multiple r e v e r s a l . 
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P l a t e 111.6. Upper half of sample T T 0 3 after being s h e a r e d in a 
12 - inch s h e a r - b o x with multiple r e v e r s a l . 
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SHEAR PLANE DICTATED BY SAMPLE 

SHEAR 
P L A N E 
D I C T A T E D 
ADVACING 
BOX EDGE 

BY 

F i g . I I I . 17. S h e a r p l ane u n d u l a t i o n s cu t t h r o u g h by the advanc ing 
h o r i z o n t a l edge of the s h e a r - b o x . Max imum he igh t 

of u n d u l a t i o n 20 mm. 
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u n s h e a r e d p a r t i c l e s a r e d i s t u r b e d away f r o m the de f ined shear p lane . 

A s the tes t p r o g r e s s e s , the a r e a a f f ec ted by the cu t t i ng of the undu la t ions 

i n c r e a s e s , g i v i n g an i n c r e a s e in the apparen t shea r s t r e s s . 

The r e s i d u a l s h e a r s t r e n g t h va lues p lo t ted f o r c a l c u l a t i o n of 

c}, and fzij. w e r e taken f r o m the c o m p u t e r - d r a w n g raphs of the test 

r e s u l t s ( A p p e n d i x f l ) . It was f e l t that the end of the i nd i v i dua l D / E 

( s t r e s s r a t i o ) v s t r a i n g r a p h gave an i n f l a t ed v a l u e of r e s i d u a l shea r 

s t r e n g t h due to the t r u n c a t i o n of the induced s i i c k e n s i d e s . A n ex tens ion 

of the l o w e r , concave d o w n w a r d s , p o r t i o n of the D / E V s t r a i n g r a p h wou ld 

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

the po in t of maximum c u r v a t u r e above the po in t of i n f l e x i o n on the D / E V 

s t r a i n g r a p h was used in the c a l c u l a t i o n of r e s i d u a l shea r s t r e n g t h 

p a r a m e t e r s . 

( I l l . 3 . d ) V O L U M E C H A N G E D u r i n g tes ts in the 1 2 - i n c h d i r e c t s h e a r - b o x 

v o l u m e change was m o n i t o r e d by a pen r e c o r d e r a t tached to an L . V . D . T , 

w h i c h m e a s u r e d v e r t i c a l d i sp lacemen t of the top p la ten of the s h e a r - b o x 

( P l a t e I I I . 4 ) . 

T h i s showed the c o n s o l i d a t i o n c u r v e f o r the sample p r e p a r e d 

f o r s h e a r t e s t s , and the vo lume changes r e s u l t i n g f r o m s h e a r i n g . Samples 

w e r e g e n e r a l l y c o n s o l i d a t e d f o r 3 to 4 d a y s . On commencement of 

s h e a r i n g the vo lume r e d u c e d d r a m a t i c a l l y d u r i n g the f i r s t r u n . T h i s is 

due to r e o r i e n t a t i o n of p a r t i c l e s in r e s p o n s e to the shear s t r e s s e s wh i ch 

a l l o w e d c l o s e r pack ing of the n o r m a l l y c o n s o l i d a t e d m a t e r i a l . On l a t e r 

r u n s w h e r e r e s i d u a l s h e a r s t r e n g t h was a p p r o a c h e d , the r e d u c t i o n in 

vo l ume was not as m a r k e d , and f r o m a po in t r o u g h l y h a l f - w a y th rough the 

r u n the v o l u m e i n c r e a s e d aga in ( d i l a t i o n ) to v i r t u a l l y r e g a i n i t s o r i g i n a l 

v a l u e at the s t a r t of that r u n . 

G e n e r a l l y , the to ta l r e d u c t i o n in vo lume was about 7% of the 

o r i g i n a l v o l u m e , a l t hough t h i s is not s t r i c t l y a c c u r a t e because cons tan t 

loss of samp le d u r i n g s h e a r i n g and t h r o u g h d r a i n ho les in the l owe r p la ten 

c o n t r i b u t e d to the vo lume change . H o w e v e r , the gene ra l t r e n d s of i n i t i a l 

c o n s t a n t r e d u c t i o n in vo lume and 'a l a t e r c y c l i n g in vo lume a r e n p t e w o r t h y . 
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( I I I . 3. e) C H O I C E O F S A M P L E S T E S T E D Due to the length of t ime r e q u i r e d to 

r e a c h r e s i d u a l s h e a r s t r e n g t h c o n d i t i o n s in the 12 - i nch s h e a r - b o x , and 

because of the o n - g o i n g m o d i f i c a t i o n s l i s t e d in Chap te r I I I . 1 , i t was not 

p o s s i b l e to test c o m p l e t e l y a l l the bu lk samples c o l l e c t e d at L i t t l e t o n 

C o l l i e r y . H o w e v e r , by c a r e f u l s e l e c t i o n of the m a t e r i a l s tes ted on the 

b a s i s of m i n e r a l o g y , i t was p o s s i b l e to ga in a r e p r e s e n t a t i o n of the 

s h e a r s t r e n g t h c h a r a c t e r i s t i c s of the spo i l heap , t h e i r d e r i v a t i o n s and 

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

It was obv ious that a comp le te set of data on the spo i l heap 

s h e a r s t r e n g t h was n e e d e d , and so two samples ( T T O and T I P 1) w e r e 

tes ted to t h e i r r e s i d u a l s h e a r s t r e n g t h . 

Of the u n d e r g r o u n d m a t e r i a l , two samples ( 8 F F and P F ) w e r e 

tes ted to r e s i d u a l ; one samp le ( D F ) had on ly peak shear s t r e n g t h d e t e r m i n e d . 

The m a j o r c r i t e r i o n used as a gu ide to r e p r e s e n t a t i v e n e s s was 

m i n e r a l o g y . Kenney (1967) and T a y l o r (1974) have o b s e r v e d a c o r r e l a t i o n 

be tween m i n e r a l o g y and s h e a r s t r e n g t h ; o b v i o u s l y f a c t o r s such as p a r t i c l e 

s i z e w i l l a l s o a f f ec t s h e a r s t r e n g t h , but these f a c t o r s in t u r n depend upon 

m i n e r a l o g y . The m i n e r a l o g i c a l compos i t i ons of the samples tes ted a r e 

shown g r a p h i c a l l y on F i g . I I . 2 . The u n d e r g r o u n d samples tes ted ( D F and P F ) . 

r e p r e s e n t e d the e n d - m e m b e r s of the spo i l heap 's p a r e n t - s e r i e s , and a 

member p l o t t i n g w i t h i n the g r o u p of spo i l heap samples ( 8 F F ) . Thus the 

e x t r e m e and " a v e r a g e " c o n d i t i o n s p o s s i b l e in the spo i l heap w e r e i n v e s t i g a t e d . 

( I I I . 4 ) C O M P A T I B I L I T Y O F S H E A R - B O X 

A N D T R I A X I A L T E S T S 

In an e f f o r t to s h o r t e n the length of t ime r e q u i r e d f o r a set 

of tes ts on each s a m p l e , the 4 - i n c h t r i a x i a l c o m p r e s s i o n mach ine was used 

in c o n j u n c t i o n w i t h the 1 2 - i n c h s h e a r - b o x , as d e s c r i b e d in Chap te r I I I . 1 . f. 

The v a l i d i t y of th i s techn ique was tes ted by the c o m p a r i s o n of r e s u l t s 

ob ta ined u s i n g the 1 2 - i n c h s h e a r - b o x and 4 - i n c h t r i a x i a l mach ine d u r i n g 

i n v e s t i g a t i o n of a s i n g l e - t y p e m a t e r i a l . 

T h e samples used w e r e f r o m the I sabe l l a Spo i l Heap in 

N o r t h u m b e r l a n d . T h e s e gave a h igh v a l u e of the i n t e r n a l f r i c t i o n ang le 

^\ ( 3 7 ° - 3 8 ° ) ; thus any d e v i a t i o n be tween the two types of test wou ld be 
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r e a d i l y d i s c e r n i b l e . The m a t e r i a l f r o m L i t t l e t o n C o l l i e r y was r e g a r d e d 

as h a v i n g too low a ^ ' v a l u e f o r usefu l c o m p a r i s o n . 

F i g u r e 111. 18 shows the r e s u l t s ob ta ined f r o m a set of 12 - i nch 

d i r e c t s h e a r - b o x tes ts on the I sabe l l a Heap m a t e r i a l . The peak angle of 

f r i c t i o n (^^) is 3 7 ° ; c o h e s i o n is 10 .5 k N / m ^ . F i g u r e I I I . 19 shows the 

r e s u l t s ob ta ined f r o m d r a i n e d t r i a x i a l tes ts on the same type of m a t e r i a l . 

H e r e ^ ' is 3 8 ° ; cohes ion is 1 6 . 5 k N / m ^ . T h e maximum norma l p r e s s u r e 
2 

d u r i n g the s h e a r - b o x tes ts was 2 1 3 . 7 k N / m , and the maximum c e l l 

p r e s s u r e d u r i n g the t r i a x i a l tes ts was 70 k N / m . T h i s shows c o m p a t i b i l i t y 

at low c o n f i n i n g p r e s s u r e s . 

1 2 - i n c h S h e a r - B o x T e s t s 4 - i n c h T r i a x i a l T e s t s 

C o n f i n i n g P r e s s u r e ( k N / m ^ ) < 2 1 4 . 7 ( < r ; , ) < 7 0 ( < r ' 3 ) < 500 ( a''3) 

P e a k A n g l e of F r i c t i o n (jz$') 3 7 ° 3 8 ° 3 0 . 5 ° 

C o h e s i o n ( k N / m ^ ) 10 .5 16 .5 4 4 . 2 

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

On t e s t i n g in the t r i a x i a l c o m p r e s s i o n machine at h i ghe r 
2 

c o n f i n i n g p r e s s u r e s ( < 5 0 0 k N / m ) , a f a l l - o f f in fi^ was o b s e r v e d ( F i g . I I I . 

2 0 ; T a b l e I I I . 2 ) . T h i s phenomenon has been o b s e r v e d by o the r w o r k e r s 

( N a t i o n a l Coa l B o a r d , 1972; C h a n d l e r , 1969) , and is a s c r i b e d to the 

b r e a k d o w n of p a r t i c l e j u n c t i o n s ( comminu t i on ) , w h i c h i n c r e a s e s in r e s p o n s e 

to i n c r e a s e d c o n f i n i n g p r e s s u r e . As a r e s u l t of w o r k on c o l l i e r y s p o i l , 

M c K e c h n i e Thompson and Rod in (1972) conc lude that the cohes ion i n t e r c e p t 

( c ' ) i s z e r o and that in some cases the f a i l u r e enve lope may be c u r v e d 

(Na t i ona l Coa l B o a r d , 1972) . D e s c r i p t i o n of the shear s t r e n g t h c h a r a c t e r i s t i c s 

of m a t e r i a l s w h i c h p r o d u c e c u r v e d f a i l u r e enve lopes cannot be adequate ly 

d e s c r i b e d in t e r m s of c ' and ^ ' s i n c e ^ ' v a r i e s at d i f f e r e n t s t r e s s r a n g e s . 

C o n s e q u e n t l y , an a r b i t r a r y equ i va len t ang le of s h e a r i n g r e s i s t a n c e , ^ ' ^ 

was i n t r o d u c e d . T h e ang le j ^ ' ^ i s taken as the jz '̂ ang le d r a w n to the o r i g i n 

on a f a i l u r e enve lope g r a p h f r o m the po in t on the f a i l u r e enve lope at w h i c h 
2 

the e f f e c t i v e n o r m a l s t r e s s is 350 k N / m . 62 



c . 10-5 kN/m'^ 
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F i g I I I . 18 . I s a b e l l a Heap m a t e r i a l , 1 2 - i n c h d i r e c t s h e a r - b o x r e s u l t s . 
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3 8' 

c . 16-5 kN/m 
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F i g . I I I . 19. I s a b e l l a Heap m a t e r i a l 4 - i n c h d r a i n e d t r i a x i a l c o m p r e s s i o n 
t e s t s r e s u l t s . 
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The ang le ^ ' ^ is used to compa re the r e s u l t s of shea r s t r e n g t h 

tes ts on the L i t t l e t o n m a t e r i a l s . A f u l l l i s t of the shea r s t r e n g t h r e s u l t s 

is c o n t a i n e d in A p p e n d i x B. 

In o r d e r to p lo t the t r i a x i a l and s h e a r - b o x r e s u l t s on the same 

g r a p h s , ( F i g s . I I I . 12-14) i t was f i r s t n e c e s s a r y to p lo t the t r i a x i a l r e s u l t s 

s e p a r a t e l y , u s i n g the K ^ - l i n e c o n s t r u c t i o n (Mohr c i r c l e " t op ' p o i n t " ) 

( F i g . 111.21). A " l e a s t s q u a r e s " r e g r e s s i o n l i ne can then be f i t t e d to the 

top p o i n t s , g i v i n g the mod i f i ed f a i l u r e enve lope . The p a r a m e t e r s c ' and 

^ ' a r e then p r o d u c e d f r o m the s l o p e of the r e g r e s s i o n l i ne {oL i) and the 

i n t e r c e p t on the y - a x i s (a ' ) ( C r a i g , 1974) : 

= s in~^ ( tan « ' ) 

c ' = a ' 
cos jzJ' 

The y a l u e s of c ' and ^ ' w e r e then c o r r e c t e d to g i v e ^ ' ^ by 

l i n e a r p r o t j u c t i o n of the r e g r e s s i o n l i ne (p lo t t ed on a shea r s t r e n g t h v 

. 2 normal( ,Jstress g r a p h ) to i t s i n t e r c e p t w i t h the no rma l s t r e s s = 350 k N / m 

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

p r o d u c e d is tan ^ ' . A p a r a b o l i c c o n s t r u c t i o n w o u l d have been more 

c o r r e c t in v i e w of the c u r v e d enve lope p roposed by McKechn ie Thompson 

and 'Rbdin (1972) , but the s p r e a d of po in ts p roduced d u r i n g t es t i ng o f ten 

made the r e s u l t i n g p a r a b o l a u n r e a s o n a b l e , even imposs ib l e . 

The v a l u e s of j ^ ' ^ p r o d u c e d f o r the t r i a x i a l tes ts a l l owed the 

r e s u l t s to be p l o t t ed d i r e c t l y w i t h the s h e a r - b o x r e s u l t s onto a shear 

s t r e n g t h v no rma l s t r e s s g r a p h , a s a fan of l i n e s . 

( I I I . 5 ) S H E A R S T R E N G T H R E S U L T S 

T h e r e s u l t s f r o m the 1 2 - i n c h s h e a r - b o x and 4 - i n c h t r i a x i a l 

t es ts w e r e examined toge the r to p r o v i d e a comp le te r e p r e s e n t a t i o n of peak 

and r e s i d u a l s h e a r s t r e n g t h c h a r a c t e r i s t i c s . The most usefu l way to 

c o n s i d e r these r e s u l t s is to o b s e r v e the r e l a t i o n s h i p of the u n d e r g r o u n d 

samp les to those f r o m the s p o i l heap. A comp le te tab le of the s h e a r 

s t r e n g t h r e s u l t s is c o n t a i n e d in A p p e n d i x B. 

( I I I . 5 . a) R E S U L T S F R O M U N D E R G R O U N D M E A S U R E S H a v i n g dec ided to 
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choose the samp les to be tes ted on the bas i s of Kenney ' s (1967) 

i n v e s t i g a t i o n , i t was n e c e s s a r y to d e t e r m i n e whe the r h i s f i n d i n g s app l i ed 

to the L i t t l e t o n C o l l i e r y m a t e r i a l . 

F i g u r e I I I . 14 shows the r e s u l t s ob ta ined f r o m the u n d e r g r o u n d 

m a t e r i a l . F r o m th i s i t is obv ious that the peak shea r s t r e n g t h va lues 

f o r the Deep F l o o r show the h ighes t v a l u e of The m i n e r a l o g y of 

the Deep F l o o r shows 5 1 . 4 % q u a r t z (Tab le 11.2) show ing that h igh shea r 

s t r e n g t h is r e f l e c t e d by a h igh q u a r t z pe rcen tage in these bu l k samp les . 

T h e b u l k samples of the u n d e r g r o u n d m a t e r i a l a r e , of c o u r s e , a much 

b e t t e r i n d i c a t i o n of that m a t e r i a l ' s p e r f o r m a n c e in n o r m a l l y c o n s o l i d a t e d 

s p o i l heap c o n d i t i o n s than a b l ock samp le w o u l d be. 

The l owes t s h e a r s t r e n g t h s on F i g . I I I . 14 a r e shown by the 

P a r k F l o o r r e s i d u a l s . T a b l e I I . 2 shows that the P a r k F l o o r con ta ins on l y 

3 . 0 % q u a r t z , s h o w i n g that low shea r s t r e n g t h r e f l e c t s a low c o n c e n t r a t i o n 

of q u a r t z . 

The E i g h t F e e t F l o o r sample l i es be tween these ex t remes on 

F i g . I I I . 14 , and i t s q u a r t z c o n c e n t r a t i o n is 1 8 . 5 % ( T a b l e I I . 2 ) , w h i c h 

aga in shows a r e l a t i o n s h i p be tween shea r s t r e n g t h and q u a r t z con ten t . 

T h e v a l u e s of c '̂ and ^ ' f ound f o r the u n d e r g r o u n d m a t e r i a l s ^ e e r 

a r e s h o w n in T a b l e I I I . 3 . T h e r e s i d u a l v a l u e f o r the Deep F l o o r was not 

d e t e r m i n e d , but the peak s h e a r s t r e n g t h shown by i t i s impor tan t in the 

c o r r e l a t i o n of s h e a r s t r e n g t h and m i n e r a l o g y . 

S A M P L E jz{< 5Ẑ ' ^ % Q U A R T Z 

P a r k F l o o r 2 3 . 8 ° 1 3 . 0 ° 3 . 0 

E i g h t F e e t F l o o r 2 3 . 3 ° 1 8 . 7 ° 18 .5 

Deep F l o o r 3 1 . 7 ° - 5 1 . 4 

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

( I I I . 5 . b) R E S U L T S F R O M S P O I L H E A P M A T E R I A L The r e s u l t s ob ta ined f r o m 
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MODIFIED FAILURE E N V E L O P E 

TOP POINT 

F i g . 111.21, M o h r c i r c l e " t o p p o i n t " c o n s t r u c t i o n 
( a f t e r C r a i g , 1974, p. 85 ) . 
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t es ts on the spo i l heap m a t e r i a l a r e shown in F i g . I I I . 13. T w o samples 

w e r e tested in the 1 2 - i n c h s h e a r - b o x and t r i a x i a l c o m p r e s s i o n mach ine 

to y i e l d comp le te da ta on peak and r e s i d u a l s h e a r s t r e n g t h s . The samples 

tes ted w e r e T i p Top O u t e r and T i p 1 . A spec imen f r o m the shear p lane 

of the 1970 s l i p at L i t t l e t o n was tes ted in a 60-mm x 60-mm s h e a r - b o x 

( T a y l o r and H a r d y , 1971) and the r e s u l t s of th is test a r e i nc luded on the 

d i a g r a m f o r c o m p a r i s o n . 

T h e m i n e r a l o g y of the spec imens shows no g rea t d i s s i m i l a r i t i e s ; 

T i p Top O u t e r c o n t a i n s 2 9 . 4 % q u a r t z , T i p 1 con ta i ns 3 1 . 6 % q u a r t z , 

and the 1970 s l i p p lane samp le con ta i ned 2 0 . 2 % q u a r t z . 

On the b a s i s o f K e n n e y ' s w o r k (1967) th i s leads one to expect 

a s i m i l a r i t y in s h e a r s t r e n g t h c h a r a c t e r i s t i c s . T a b l e I I I . 4 and F i g . I I I . 13 

show tha t t h e r e is a s i m i l a r i t y in s h e a r s t r e n g t h p r o p e r t i e s . 

S A M P L E c^i' jz '̂ % Q U A R T Z 

T i p T o p O u t e r 2 7 . 5 ° 2 0 . 0 ° 2 9 . 4 

T i p 1 2 7 . 2 ° 1 7 . 5 ° 3 1 . 6 

1970 S l i p P l a n e * - 2 0 . 9 ° 2 0 . 2 

* T a y l o r and H a r d y , 1971 

T A B L E I I I . 4 . C O M P A R I S O N O F S H E A R S T R E N G T H C H A R A C T E R I S T I C S 
A N D M I N E R A L O G Y F O R S P O I L H E A P M A T E R I A L S 

( I I I . 6 ) C O M P A R I S O N O F U N D E R G R O U N D A N D 

S P O I L H E A P M A T E R I A L S 

F i g u r e I I I . 12 is a compos i t e d i a g r a m show ing the shear s t r e n g t h 

c h a r a c t e r i s t i c s of a l l the samp les t e s t e d . F r o m th is d i a g r a m one can 

o b s e r v e the c h a r a c t e r i s t i c s of the spo i l heap mater ia ls compared w i t h those 

of the u n d e r g r o u n d s a m p l e s . 

The most i m p o r t a n t po in t is that the spo i l heap d i s c a r d l i es 

be tween the e x t r e m e s of the u n d e r g r o u n d measu res in t e r m s of shea r 

s t r e n g t h . T h i s is as expec ted f r o m m i n e r a l o g i c a l ana l yses ( T a b l e 11.2) and 

the p o s t u l a t e d c o r r e l a t i o n of m i n e r a l o g y and s h e a r s t r e n g t h . The maximum 
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s h e a r s t r e n g t h is g i v e n by the Deep F l o o r ( T a b l e I I I . 5 ) , the min imum is 

shown by the P a r k F l o o r . The s p o i l heap l ies be tween these , and the 

s l i p p lane of the 1970 f a i l u r e may be taken as c h a r a c t e r i s t i c , by v i r t u e 

of i t s n a t u r a l o r i g i n . 

S A M P L E jz î.v ^f^^ 

P a r k F l o o r 1 3 . 0 ° 

1970 S l i p P l a n e 2 0 . 9 ° 

Deep F l o o r 3 1 . 7 ° 

T A B L E I I I . 5 . C O M P A R I S O N O F S H E A R S T R E N G T H C H A R A C T E R I S T I C S 
O F S P O I L H E A P A N D U N D E R G R O U N D M A T E R I A L S 

T h e o t h e r s p o i l heap samples ( T i p T o p Ou te r and T i p 1) a l so 

l i e be tween the l i m i t s se t by the u n d e r g r o u n d m a t e r i a l . T i p Top O u t e r is 

c l o s e s t to the uppe r l i m i t o f the Deep F l o o r ; t h e i r peak s t r e n g t h s d i f f e r 

by 4 . 2 ° o f . T i p 1 has a peak ^> of 2 7 . 2 ° , w h i c h is 4 . 5 ° l o w e r than the 

Deep F l o o r , the r e s i d u a l ^ ' i s 2 0 ° . T h e T i p Top O u t e r r e s i d u a l ^ ' is 

1 7 . 5 ° , w h i c h is 4 . 5 ° h i g h e r than that of the P a r k F l o o r . T h e r e f o r e , the 

s h e a r s t r e n g t h s of the s p o i l heap samples a r e b r a c k e t e d by the u n d e r g r o u n d 

s a m p l e s . T h e r e is a s p r e a d of v a l u e s f o r the s p o i l heap w i t h r e f e r e n c e to 

s h e a r s t r e n g t h , e s p e c i a l l y r e s i d u a l , as t h e r e was w i t h r e f e r e n c e to 

m i n e r a l o g y . 

( I I I . 6 . a) C O N C L U S I O N S T h e s h e a r s t r e n g t h tes ts c a r r i e d out on samples f r o m 

L i t t l e t o n C o l l i e r y d e m o n s t r a t e two main p o i n t s . These a r e : (1) that the 

s p o i l heap r e f l e c t s the m i x t u r e of the u n d e r g r o u n d m a t e r i a l s and has an 

a v e r a g e s h e a r s t r e n g t h w h i c h is equ i va len t to the"average"o f the r o o f s and 

f l o o r s of f o r m e r m a t e r i a l s ; a n d , (2) the s h e a r s t r e n g t h of the m a t e r i a l s 

t es ted w a s dependent upon m i n e r a l o g y . 

The r e l a t i o n s h i p be tween the shea r s t r e n g t h c h a r a c t e r i s t i c s of 

the s p o i l heap and u n d e r g r o u n d m a t e r i a l s may appear o b v i o u s , but the 

e f f e c t s of w e a t h e r i n g , chem ica l and m e c h a n i c a l , might have been s t r o n g 

enough to r e d u c e the s t r e n g t h of the spo i l heap to be low that of the weakes t 
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u n d e r g r o u n d c o n t r i b u t o r . F r o m the s h e a r s t r e n g t h a n a l y s i s , t hen , 

i t a p p e a r s that w e a t h e r i n g has not p layed a l a r g e p a r t in r e d u c i n g the 

s t r e n g t h of the spo i l heap so as to c o n s t i t u t e a f a i l u r e mechan ism. 

T h e r e l a t i o n s h i p be tween s h e a r s t r e n g t h and m i n e r a l o g y is 

a l s o p l a i n . C o n s i d e r i n g the m a t e r i a l to be q u a r t z / c l a y m i x t u r e (as 

p l o t t e d on F i g . 11.2), i t is seen that the spo i l heap samples f o r m a d i s c r e t e 

g r o u p b r a c k e t e d by the u n d e r g r o u n d m a t e r i a l s . In the same w a y , the 

s h e a r s t r e n g t h s of the s p o i l heap m a t e r i a l s a r e b r a c k e t e d by those f r o m 

u n d e r g r o u n d samples ( F i g . I I I . 12). T a y l o r (1975) has shown that t he re a r e 

m i n e r a l o g i c a l c o n t r o l s on s p o i l heap p h y s i c a l and mechan ica l p r o p e r t i e s . 

He c o n c l u d e s that coa l has a m a j o r e f fec t on peak shear s t r e n g t h and 

fundamenta l p r o p e r t i e s s i n c e i t ac ts as the p r i n c i p a l d i l u e n t , be ing 

i n t r o d u c e d d u r i n g the e x t r a c t i o n p r o c e s s e s . N o such t r e n d can be 

d i s c e r n e d in the few samp les tes ted f r o m L i t t l e t o n a lone . 

( M I . 7) P A R T I C L E S I Z E A N A L Y S I S 

The s p o i l heap and u n d e r g r o u n d m a t e r i a l s w e r e sub jec ted 

to p a r t i c l e s i z e d i s t r i b u t i o n t e s t s . A i l the samples w e r e tes ted in a 

C o u l t e r C o u n t e r ( C o u l t e r E l e c t r o n i c s L t d . ) o v e r a s i z e range 1 .48^m 

to 60yx.m. T h i s gave c o m p a r a t i v e r e s u l t s f o r use in c o r r e l a t i o n w i t h 

m i n e r a l o g y and s h e a r s t r e n g t h c h a r a c t e r i s t i c s . . The spo i l heap m a t e r i a l 

was a l s o ana l ysed by p i pe t t e and wet s i e v i n g methods to show the e f f ec t s of 

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

of the m a s s i v e n a t u r e of the Deep F l o o r and E i g h t Fee t F l o o r , p ipe t te and 

we t s i e v i n g ana l yses w e r e not c a r r i e d out on u n d e r g r o u n d m a t e r i a l . 

( I I I . 7. a) C O U L T E R C O U N T E R T E C H N I Q U E The m a t e r i a l to be tes ted in the 

C o u l t e r C o u n t e r s h o u l d not be of l a r g e r s i z e than the samp l i ng o r i f i c e on the 

a p p a r a t u s . T h e r e f o r e , a l l the samples w e r e passed t h rough a 53yu.m s i eve 

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

The samp les w e r e d i s p e r s e d in Isoton s a l i n e s o l u t i o n , us ing 

N o n i d e t P42 as a w e t t i n g agent to a id u l t r a s o n i c d i s a g g r e g a t i o n . 

It shou ld be no ted that the r e s u l t s f r o m the C o u l t e r Coun te r 

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

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

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

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

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

( I I I . 7 . b ) C O U L T E R C O U N T E R R E S U L T S T h e r e s u l t s f r o m t h e t e s t s a r e 

r e c o r d e d o n F i g . 111.22 a n d F i g . 111.23, f o r s p o i l h e a p a n d u n d e r g r o u n d 

m a t e r i a l s r e s p e c t i v e l y . 

F r o m t h e r e s u l t s f o r t h e s p o i l h e a p m a t e r i a l i t i s p l a i n t h a t 

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

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

m i n e r a l o g y . 

T h e i n t e r - 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 f i n e f r a c t i o n 

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

I t i s a p p a r e n t ( F i g . 111.23) t h a t t h e D e e p F l o o r d e v i a t e s f r o m t h e o t h e r 

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

w h e r e t h e D e e p F l o o r s h o w s a n a b n o r m a l l y h i g h q u a r t z c o n t e n t . Q u a r t z 

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

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

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

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

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

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

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

( p e r s o n a l c o m m u n i c a t i o n ) h a s i n d i c a t e d t h a t t h e D e e p F l o o r m a y c o n s t i t u t e 

u p t o 5 0 % o f t h e s p o i l h e a p m a t e r i a l . 

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

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

t h e P a r k F l o o r ( P F ) a n d T i p T o p O u t e r ( T T O ) . O n r e m o v a l o f t h e s a m p l e 

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

a n a l y s e d i n t h e C o u l t e r C o u n t e r a g a i n s t a b u l k s a m p l e s p e c i m e n ( F i g . 111.22, 

T T O s h e a r p l a n e ; F i g . 111 .23 , P F s h e a r p l a n e ) . 
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In t h e T i p T o p O u t e r s p e c i m e n s , l i t t l e c h a n g e in p a r t i c l e 

s i z e w a s f o u n d ( F i g . 111.22) . H o w e v e r , t h e P a r k F l o o r s h o w e d a d i s t i n c t 

r e d u c t i o n i n p a r t i c l e s i z e ( F i g . 111.23) . T h e d i f f e r e n c e i n b e h a v i o u r 

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

h a s 7 9 . 0 % i l l i t e w i t h a h i g h p r o p o r t i o n o f m i x e d l a y e r c l a y ; ( T a y l o r 

a n d S p e a r s , 1 9 7 0 ) , 1 2 . 9 % k a o l i n i t e a n d 3 . 0 % q u a r t z , w h i l s t t h e T i p 

T o p O u t e r h a s 5 6 . 5%" i 11 i t e , 1 0 . 3 % k a o l i n i t e a n d 2 9 . 4 % q u a r t z . D u r i n g 

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

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

o f q u a r t z . T h e r e f o r e , m a t e r i a l s w i t h a h i g h e r q u a r t z / c l a y r a t i o , s u c h 

a s t h e T i p T o p O u t e r , w i l l s h o w a l o w e r f a l l - o f f i n p a r t i c l e s i z e t h a n t h o s e 

w i t h a l o w e r q u a r t z / c l a y r a t i o , s u c h a s t h e P a r k F l o o r , w h i c h i n a n y 

c a s e h a s n o t b e e n s u b j e c t t o s l a k i n g ( d e s i c c a t i o n a n d s a t u r a t i o n ) d u r i n g i t s 

i m m e d i a t e h i s t o r y . 

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

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

l e a d i n g t o a t t a i n m e n t o f r e s i d u a l s t r e n g t h ( B i s h o p e t a l . , 1 9 6 9 ; T a y l o r , 

1 9 7 1 b ) . 

( I I I . 7 . C ) W E T S I E V I N G T E C H N I Q U E A N D R E S U L T S T h e t e c h n i q u e s u s e d i n 

t h e w e t s i e v i n g a n d p i p e t t e a n a l y s e s w e r e t h o s e o u t l i n e d b y A k r o y d ( 1 9 6 4 ) . 

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

a n d f r o m t h e s h e a r p l a n e o f t h e 1 9 7 0 f a i l u r e ( T a y l o r a n d H a r d y , 1 9 7 l ) , to 

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

T h e r e s u l t s ( F i g . 111.24) s h o w t h a t t h e s h e a r p l a n e i s o f a m u c h 

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

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

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

( | | [ . 7 . d ) C O N C L U S I O N S T h e c o m p a r a t i v e r e s u l t s f r o m t h e C o u l t e r C o u n t e r 

s h o w t h a t t h e r e i s a r e l a t i o n s h i p b e t w e e n 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 

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

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

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

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

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

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

o f " p r o g r e s s i v e f a i l u r e " ( w h e r e s t r e s s e s a r e b u i l t up a r o u n d s t r o n g p o i n t s 

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

T h e s a m p l e f r o m t h e 2 5 - m m s k i n o f t h e t i p ( T i p S u r f a c e L a y e r ; 

F i g . 111.22) d o e s n o t i n d i c a t e a n y a p p a r e n t b r e a k d o w n o f p a r t i c l e s w h i c h 

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

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

m i n e r a l s i s l o w ( C h a p . 11), a n d t h e q u a r t z / c l a y m i n e r a l s r a t i o i s h i g h ; 

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

T i p S u r f a c e L a y e r c u r v e t o w a r d s t h e c o a r s e r e n d o f t h e M . l . T , C l a s s i f i c a t i o n 

( F i g . 111.22) m a y b e d u e t o w a s h i n g o f f o f f i n e p a r t i c l e s , b u t s i n c e t h e 

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

( I I I . 8 ) S H E A R S T R E N G T H A N A L Y S I S C O N C L U S I O N S 

T h e s a m p l e s f r o m L i t t l e t o n C o l l i e r y e x h i b i t e d m a j o r f e a t u r e s 

w h i c h w e r e s h o w n d u r i n g s h e a r s t r e n g t h a n d a s s o c i a t e d t e s t s . T h e s e 

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

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

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

A s o u t l i n e d a b o v e ( C h a p . 111.6) t h e s p o i l h e a p s h o w s t h a t i t h a s 

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

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

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

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

i n d i c a t e s a 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 h e a r s t r e n g t h . 

A s p o i n t e d o u t ( C h a p . I I I . 5 . a ) , i t w a s o b s e r v e d t h a t a n i n c r e a s e i n q u a r t z 

c o n c e n t r a t i o n l e a d s to a n i n c r e a s e i n s h e a r s t r e n g t h i n t h e s e n o r m a l l y -

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

s p o i l h e a p m a t e r i a l ( F i g . I I I . 2 4 ) , s h o w s a d i s t i n c t b r e a k d o w n t o f i n e r 

p a r t i c l e s , t h e C o u l t e r C o u n t e r a n a l y s e s o f t h e 2 ^ m to 6 0 ^ m s i z e f r a c t i o n 
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w 

( F i g . I I I . 2 2 ) s h o w a l e s s d i s t i n c t b r e a k d o w n , i n s h e a r - b o x m a t e r i a l , 

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

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

L a y e r ( T S L ) w i t h t h o s e o f t h e o t h e r s p o i l h e a p s a m p l e s . L i t t l e v a r i a t i o n 

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

o f t h i s w i l l b e g i v e n i n t h e c h a p t e r o n c h e m i s t r y ( C h a p . I V . 2 . d ) . 

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

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

h a b i t m i n e r a l s , w a s i n v e s t i g a t e d b y S k e m p t o n ( 1 9 6 4 ) , K e n n e y ( 1 9 6 7 ) , 

T a y l o r a n d S p e a r s ( 1 9 7 2 ) . T h e L i t t l e t o n r e s u l t s h a v e c l e a r l y c o n f i r m e d t h a t 

i t h i n c r e a s i n g q u a r t z ( d e c r e a s i n g c l a y m i n e r a l c o n t e n t ) ^ ' ^ d o e s , i n f a c t , 

i n c r e a s e . 

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

d u r i n g t h e t e s t i n g s e q u e n c e . D i s p l a c e m e n t s o f u p t o 0 . 7 m w e r e r e q u i r e d 

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

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

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

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

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

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

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

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

t e c h n i q u e s a r e u s e d . N e w t e c h n i q u e s , s u c h a s t h e i n t e g r a t i o n o f t he 

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

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

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

L i t t l e t o n s h o w s a l o w 

S P O I L H E A P L O C A T I O N jz^i^ R E F E R E N C E 

L i t t l e t o n 1 6 ° 

A b e r f a n 1 7 . 5 ° N j C . B . , 1 9 7 2 

B r a n c e p e t h 2 2 ° T a y l o r , 1 9 7 1 

T A B L E I I I . 6 , C O M P A R I S O N O F jz^Y ' ^ ^ ' ^ " ^ ^ ^ ^ ^® 



T a y l o r a n d S p e a r s ( 1 9 7 0 ) a n d P e r r i n ( 1 9 7 1 ) h a v e s h o w n t h a t t h e r e i s a 

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

T a y l o r a n d S p e a r s h a v e a l s o s h o w n t h a t i n s t a b i l i t y o f c e r t a i n W e s t - M i d l a n d s 

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

T h e s p o i l h e a p a t L i t t l e t o n c o n t a i n s a m e a n o f 5 0 . 3 % i l l i t e , w i t h a m i x e d -

l a y e r c o m p o n e n t a v e r a g i n g 1 4 . 6 % ( T a y l o r a n d H a r d y , 1 9 7 1 ) . U n d o u b t e d l y 

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

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

s u c h a s K e n n e y ( 1 9 6 7 ) h a v e s h o w n t h a t j ^ ' ^ i s e x c e e d i n g l y l o w ( < 1 0 ° ) 

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

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

m i x e d - l a y e r c o m p o n e n t ( p a r t i c u l a r l y i n t h e P a r k F l o o r ) w i l l h e l p i n 

r e d u c i n g j ^ ' ^ . 

T h i s c o n c l u s i o n i s b o r n e o u t b y a c i ' o f 1 3 ° f o r t h e P a r k F l o o r , 
e r ' 

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

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

i n c l i n a t i o n o f t h e L i t t l e t o n S p o i l H e a p ( 2 2 ° ) , i t i s o b v i o u s t h a t i t i s u n s t a b l e , 

a s w a s s h o w n b y t h e 1 9 7 0 f a i l u r e ( a l b e i t a p r o b a b l e r e - a c t i v a t i o n ) . 

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

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

s t r e n g t h , e s p e c i a l l y i n t i p s s u c h a s L i t t l e t o n ( W e s t - M i d l a n d s ) w h e r e s h e a r 

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

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

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

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

f a i l u r e o c c u r s . 
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C H A P T E R I V 

C H E M I S T R Y 

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

t h e s a m p l e s c o l l e c t e d a t L i t t l e t o n C o l l i e r y e x c e p t t h e E i g h t F e e t R o o f . 

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

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

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

( I V . 1) C H E M I C A L T E C H N I Q U E S 

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

s u b - s a m p l e s o f t h o s e c o l l e c t e d i n b u l k a t L i t t l e t o n C o l l i e r y . M a j o r 

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

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

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

p r e c i s i o n , e s p e c i a l l y t h e X - r a y f l u o r e s c e n c e t e c h n i q u e . H o w e v e r , 

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

c a n i n v o l v e a n e r r o r o f u p t o 1 1 . 3 % ( T a b l e 11 .2 ) . C h e m i c a l a n a l y s e s 

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

a n a l y s e s . 

( I V . l . a ) X - R A Y F L U O R E S C E N C E T E C H N I Q U E S T h e a n a l y s e s w e r e c a r r i e d 

o u t u s i n g a P h i l i p s P W 1212 A u t o m a t i c S e q u e n t i a l A n a l y s e r . T h i s 

a l l o w e d t h e d e t e r m i n a t i o n o f t h e f o l l o w i n g e l e m e n t s a n d o x i d e s : S i 0 2 , 

A I 2 O 3 , ^ e ^ O ^ ( a s t o t a l F e ) , M g O , C a O , N a 2 0 , K 2 O , T i 0 2 , M n O , S , a n d P 2 O 5 . 

T h e s a m p l e s u s e d i n t h e a n a l y s e s w e r e m a d e u p f r o m 10 t o 1 5 g m 

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

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

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

2 2 

o f 7 7 . 2 N / m m (5 t o n f / i n ) . T h e s a m p l e s w e r e p l a c e d i n t h e P h i l i p s 

A n a l y s e r , w h e r e t h e y w e r e i r r a d i a t e d w i t h a m o n o c h r o m a t i c X - r a y b e a m . 

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

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

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

c h e m i c a l m e t h o d s : 2 9 o f t h e m a r e C o a l M e a s u r e s s h a l e s . 

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

p u n c h e d t a p e . T h i s d a t a w a s f e d i n t o a n I B M 3 6 0 c o m p u t e r , p r o g r a m m e d 

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

( I V . I . b ) W E T C H E M I C A L T E C H N I Q U E S C a r b o n c a n n o t b e d e t e r m i n e d b y 

X - r a y f l u o r e s c e n c e t e c h n i q u e s , b e c a u s e o f i t s l o w a t o m i c m a s s . T h e r e 

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

a b s o r p t i o n m e t h o d ( G r o v e s , 1 9 5 1 ) . 

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

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

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

T h e c h a n g e i n w e i g h t o f t h e S o f n o l i t e d u e t o C O 2 a b s o r p t i o n w a s d i r e c t l y 

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

O r g a n i c c a r b o n ( c o a l ) w a s t h e n o x i d i z e d t o C O 2 b y o r t h o -

p h o s p h o r i c a n d c h r o m i c a c i d s , t h e C O 2 a g a i n b e i n g a b s o r b e d b y S o f n o l i t e . 

T h e c h a n g e i n w e i g h t o f t h e S o f n o l i t e w a s r e l a t e d to t h e o r g a n i c c a r b o n 

c o n t e n t o f t h e s a m p l e . 

( I V . 2 ) C H E M I C A L R E S U L T S 

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

L i t t l e t o n s a m p l e s a r e s h o w n i n T a b l e I V . 1 . T a b l e I V . 2 s h o w s t h e s e 

r e s u l t s w i t h c a r b o n , C O 2 a n d t o t a l w a t e r s u b t r a c t e d , a n d t h e n n o r m a l i z e d 

t o 1 0 0 % t o t a l s . N o r m a l i z a t i o n e l i m i n a t e d t h e e f f e c t o f a r t i f i c i a l l y 

i n t r o d u c e d c o a l ( C h a p . I I . 4 . e ) . T h e r a t i o s l i s t e d i n T a b l e I V . 3 a r e 

t a k e n f r o m t h e r e s u l t s i n T a b l e I V . 2 . N o r m a l i z a t i o n w a s c a r r i e d o u t t o 

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

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

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

b e d e t e c t e d f r o m c h e m i c a l a n a l y s e s a l o n e . 
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( I V . 2 . a ) C H E M I C A L A N A L Y S E S ; T A B L E I V . 1 a n d T A B L E I V . 2, T h e p e r 

c e n t a g e s l i s t e d i n T a b l e I V . 1 a n d T a b l e I V . 2 a r e w e i g h t p e r c e n t a g e s o f t h e 

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

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

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

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

F e g O ^ ) , m a g n e s i u m , c a l c i u m , s o d i u m , p o t a s s i u m , t i t a n i u m , m a n g a n e s e , 

s u l p h u r , p h o s p h o r u s a n d c a r b o n . 

T h e a l u m i n a {A]^^^) w a s a l m o s t e n t i r e l y c o n t a i n e d i n t h e c l a y 

m i n e r a l s w h i c h w e r e d e t e r m i n e d b y X - r a y d i f f r a c t i o n . S i m i l a r l y , t h e 

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

( e s p e c i a l l y t h e lO-R i l l i t i c a n d m i x e d - l a y e r m i n e r a l s ) , s i n c e o t h e r 

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

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

S o m e o f t h e F e 2 0 2 , M g O , CaO a n d MnO w i l l b e c o n t a i n e d i n t h e 

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

c a r b o n a t e s , w i l l a c c o u n t f o r s o m e o f t h e s e e l e m e n t s . CO2 d e t e r m i n a t i o n s 

s h o w e d t h a t a l l b u t t h r e e b f t h e s a m p l e s c o n t a i n e d c a r b o n a t e s ( P F , D F a n d 

M 2 ) . M i n e r a l o g i c a l a n a l y s e s a g r e e d w i t h t h e s e r e s u l t s , s h o w i n g n o 

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

s h o w e d t h a t a n k e r i t e , s i d e r i t e a n d c a l c i t e w e r e a l l p r e s e n t , s o t h a t CO2 

w a s a c c o u n t e d f o r , a s w e l l a s s o m e o f t h e F e g O ^ , M g O , CaO a n d MnO. 

T i 0 2 i n t h e s a m p l e s w a s d u e t o r u t i l e , w h i c h w a s p r o b a b l y 

p r e s e n t a s n e e d l e s i n t h e c l a y m i n e r a l s . T a y l o r ( 1 9 7 1 a ) h a s r e p o r t e d t h e i r 

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

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

o f T i 0 2 a s : m a r i n e , m e a n = 1 . 0 5 , S . D . - 0 . 1 3 ; n o n - m a r i n e , m e a n = 1 . 0 1 , 

S . D . = - 0 . 0 9 . T h e L i t t l e t o n T i 0 2 c o n c e n t r a t i o n s a r e c l o s e r t o t h e n o n -

m a r i n e c o n c e n t r a t i o n d e t e r m i n e d ; t h e L i t t l e t o n r o o f s a n d f l o o r s a r e , i n 

f a c t , n o n - m a r i n e . 

^ 2 * ^ 5 ' ^ ' ^ ^ s o m e o f t h e C a O c o n t e n t , w a s a s s i g n e d t o a p a t i t e , 

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

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

( C h a p . I I . 4 , e ) , b u t u n d e r g r o u n d i t m u s t b e p o i n t e d o u t t h a t i t w a s m o r e 

c o m m o n i n t h e f l o o r m e a s u r e s t h a n i n t h e r o o f m e a s u r e s . T h e ^ 2 ^ 5 

a l s o b e o f o r g a n i c o r i g i n , b e i n g d e r i v e d f r o m f o s s i l d e b r i s . 

( I V . 2 . b ) C O M B I N E D S I L I C A / A I 2 O 3 R A T I O : T A B L E I V . 3 T h e A I 2 O 3 , l i k e 

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

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

r a t i o , u n l i k e t h e f r e e s i l i c a / c o m b i n e d s i l i c a r a t i o ( C h a p . I V , 2 . c ) w a s 

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

F o r e x a m p l e , t h e s t a n d a r d F i t t r i a n i l l i t e ( w h i c h c o n t a i n s m i x e d - l a y e r c l a y ) 

h a s a r a t i o o f 1 . 9 8 , w h i l s t t h e o r e t i c a l a n d e m p i r i c a l r a t i o s f o r k a o l i n i t e 

a r e a b o u t 1 . 1 8 , H e n c e s a m p l e s w i t h h i g h i l l i t e a n d m i x e d - l a y e r c l a y h a v e 

h i g h r a t i o s ; t h o s e w i t h a b u n d a n t k a o l i n i t e h a v e l o w r a t i o s . 

T h e v a r i a t i o n ; i n t h e L i t t l e t o n s a m p l e s w a s b e t w e e n 0 . 8 3 ( D F ) 

a n d 1 . 7 8 ( M l ; T a y l o r a n d H a r d y , 1 9 7 1 ) . T h e s p o i l h e a p s a m p l e s s h o w e d a 

r a n g e 1 , 1 3 ( T F B ) t o 1 , 7 8 ( M l ) ; t h e u n d e r g r o u n d r a n g e w a s 0 . 8 3 ( D F ) 

t o 1 , 7 1 ( P F ) , T h e D e e p F l o o r s h o w e d a s i g n i f i c a n t l y l o w e r r a t i o t h a n 

a n y o t h e r , t h e n e x t l o w e s t b e i n g 1 , 1 3 ( T F B ) , i n f e r r i n g a l o w c o n c e n t r a t i o n o f 

i l l i t e . F r o m T a b l e 11,2 i t c a n b e s e e n t h a t t h i s i s t r u e . H o w e v e r , c a r e 

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

s i l i c a / A l 2 0 3 t o c l a y m i n e r a l c o n c e n t r a t i o n . T h e t w o t i p s a m p l e s w i t h t h e 

l o w e s t r a t i o ( T F B a n d T I P 1 ) h a d h i g h i l l i t e c o n t e n t s r e l a t i v e t o t h e o t h e r 

c l a y m i n e r a l s . T i p 1 h a d t h e h i g h e s t k a o l i n i t e c o n t e n t h o w e v e r , a n d t h i s 

w a s r e f l e c t e d b y i t s l o w c o m b i n e d S i 0 2 / A l . 2 0 3 r a t i o . T h e s a m e c o u l d n o t 

b e s a i d f o r s a m p l e T F B ( T a b l e I V , 4 ) , T h e d i f f i c u l t y w a s o n e o f r e c o n c i l i n g 

S A M P L E 
S iOgCC) 

I L L I T E % K A O L I N I T E % C H L O R I T E S A M P L E 
A I 2 O 3 

I L L I T E % K A O L I N I T E % C H L O R I T E 

T F B 1 , 13 4 5 , 1 7 , 6 3 . 6 

T I P 1 1 . 1 5 5 9 , 0 1 4 , 9 3 , 8 

T A B L E I V , 4 , R E L A T I O N S H I P O F S i 0 2 ( C ) T O M I N E R A L O G Y 

A I 2 O 3 
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m i n e r a l o g y a n d c h e m i s t r y . B e c a u s e o f v a r i a t i o n s i n c r y s t a l l i n i t y 

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

s e e t o t a l s ( T a b l e 11.2) w h i c h g i v e , s o m e i n d i c a t i o n o f t h e e r r o r s i n v o l v e d . 

S i m i l a r l y , s m a l l e r r o r s i n q u a r t z d e t e r m i n a t i o n s m a y r e s u l t i n l a r g e d i f f e r 

e n c e s i n c o m b i n e d S i 0 2 / A l 2 0 3 r a t i o s . C o m b i n e d s i l i c a w a s o b t a i n e d 

f r o m t o t a l s i l i c a m i n u s f r e e s i l i c a ( Q u a r t z ) ( T a b l e I V , 1 a n d T a b l e 11 .2 ) . 

T h e X - r a y m e t h o d f o r q u a r t z e s t i m a t i o n w a s s u r p r i s i n g l y a c c u r a t e ( T a y l o r : , 

1 9 7 3 ) . P o s s i b l y t h e b e s t w a y i n w h i c h t o c o n s i d e r t h i s r a t i o w a s i n t e r m s 

o f l a r g e m i n e r a l o g i c a l v a r i a t i o n s l i k e t h e D e e p R o o r . S i m i l a r l y , t h e 

P a r k F l o o r , w h i c h h a d t h e h i g h e s t c l a y m i n e r a l c o n c e n t r a t i o n ( 8 2 % ) a n d 

w a s r i c h i n i l l i t e , h a d t h e s e c o n d h i g h e s t r a t i o ( 1 . 7 1 ) . T r a c e F e l d s p a r s 

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

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

( I V . 2 . c ) F R E E S I L I C A / C O M B I N E D S I L I C A R A T I O A s m e n t i o n e d a b o v e , t h i s 

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

o c c u r s a s q u a r t z ( g e n e r a l l y l a r g e g r a i n s ) , a n d t h e c o m b i n e d s i l i c a o c c u r s 

i n c l a y m i n e r a l s ( s m a l l g r a i n s ) . H e n c e g r a i n s i z e d e p e n d s u p o n m i n e r a l o g y , 

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

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

0 . 0 6 ( P a r k F l o o r ) t o 3 . 16 ( D e e p F l o o r ) . P a r t i c l e s i z e h a s b e e n d i s c u s s e d 

( C h a p . I I I . 7 ) , a n d i t w a s p o i n t e d o u t t h a t t h e D e e p F l o o r s h o w e d a l a r g e r 

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

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

A g a i n , t h e r a t i o d e p e n d e d u p o n q u a r t z d e t e r m i n a t i o n s a n d s o i s 

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

( I V , 2 . d ) K 2 O / A I 2 O 2 R A T I O T h e K 2 O w a s c o n t a i n e d c h i e f l y i n t h e c l a y m i n e r a l s , 

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

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

l e a c h i n g , a n d t h e K 2 O / A I 2 O 2 r a t i o c o u l d b e u s e d t o i n v e s t i g a t e t h e e f f e c t o f 

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

0 . 08 ( D F ) a n d 0 . 2 0 ( B R ) . T h e l o w r a t i o f o r t h e D e e p F l o o r w a s a 

r e f l e c t i o n o f t h e l o w i l l i t e c o n t e n t ; t h e o t h e r r a t i o s a l l l a y b e t w e e n 0 . 17 

a n d 0 . 1 9 , T h e m a j o r v a r i a t i o n s a l l l a y i n t h e u n d e r g r o u n d m a t e r i a l , t h e 

r a n g e o f t h e s p o i l h e a p r a t i o s w a s b e t w e e n 0 . 17 a n d 0 . 1 9 , w i t h s i x 

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

y e t o n e w o u l d h a v e e x p e c t e d a r e d u c t i o n i n t h e T i p S u r f a c e L a y e r r a t i o , 

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

I t r e p r e s e n t e d t h e s u r f a c e 2 0 m m o f s p o i l , a n d t h e r e f o r e w o u l d h a v e b e e n 

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

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

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

H o w e v e r , T S L s h o w e d a r a t i o o f 0 . 18 a n d s o l e a c h i n g i s u n l i k e l y t o 

b e a n i m p o r t a n t p h e n o m e n o n a t L i t t l e t o n . 

( l V . 2 . e ) C O M P A R I S O N O F C H E M I S T R Y A N D M I N E R A L O G Y O F S P O I L H E A P 

S A M P L E S A h i g h t o t a l S i 0 2 / A l 2 0 2 r a t i o i s a n e x p r e s s i o n o f h i g h q u a r t z 

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

h e a p , T S L , T F B a n d T I P 1 a l l f e l l i n t h i s c a t e g o r y . H o w e v e r , T S L w a s 

a m b i g u o u s i n t h a t i t h a d n o t a h i g h q u a r t z c o n t e n t ( T a b l e I I . 2 ) , a n d i l l i t e 

w a s l o w . TI;Py 1 h a d a f a i r l y h i g h q u a r t z c o n t e n t a n d a l o w c o m b i n e d S i 0 2 / A l 2 0 2 

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

T a b l e I I . 2 . T h e N a 2 0 / A l 2 0 2 r a t i o f o r ' T T C . ) w a s h i g h , w h i c h m a y i m p l y 

a m o r e N a - r i c h m i c a . T T O , T T C a n d U 4 h a d a c o n s t a n t K 2 O / A I 2 O 2 

v a l u e o f 0 . 1 8 ; t h e i r c o m b i n e d S i 0 2 / A l 2 0 2 r a t i o s i n c r e a s e d i n t h e o r d e r 

U 4 , T T O , T T C , w h i c h i m p l i e d a n i n c r e a s i n g k a o l i n i t e c o n t e n t . T h e 

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

T h e o t h e r o x i d e s ^^2^3' ^ " ' ^ ' ^ ' ^ ^ w e r e c o n t a i n e d 

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

r e s p o n s i b l e f o r t h e i r c o n c e n t r a t i o n s . T S L h a d a h i g h s i d e r i t e c o n t e n t 

a n d t h e h i g h e s t F e 2 0 2 / A l 2 0 2 r a t i o . C a 0 / A l 2 0 3 w a s m a r g i n a l l y h i g h e r , a s 

w a s t h e M g 0 / A l 2 0 2 r a t i o . T h i s p o i n t e d t o t h e c a r b o n a t e s i n T S L b e i n g 
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a n k e r i t e r a t h e r t h a n p u r e s i d e r i t e . I t a l s o i l l u s t r a t e d t h a t t h e c a r b o n a t e 

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

i n f e r e n c e d r a w n f r o m ^2'^^^^2^3 r a t i o s ( C h a p . I \ / , 2 . d ) . 

T h e c h l o r i t e c o n t e n t w a s a l w a y s l e s s t h a n 7% a n d t h e 

MQO/A}^^^ r a t i o w a s f a i r l y c o n s t a n t a n d n o r e a l i n f e r e n c e c o u l d b e g a i n e d 

f r o m t h i s . 

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

S A M P L E S T h e P a r k F l o o r w a s v e r y l o w i n f r e e s i l i c a ( q u a r t z ) , a n d h a d 

a l o w t o t a l S i 0 2 / A l 2 0 2 r a t i o w h i c h c o n f i r m e d t h e m i n e r a l o g i c a l o b s e r v a t i o n . 

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

h i g h t o t a l S i 0 2 / A l 2 0 2 r a t i o . T h e c o m b i n e d S i 0 2 / A l 2 0 2 r a t i o f o r t h e 

D e e p F l o o r w a s l e s s t h a n 1 . 0 , w h i c h w a s l e s s t h a n t h e k a o l i n i t e r a t i o , 

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

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

a f f e c t e d b y l e a c h i n g a n d h e n c e a n y v a r i a t i o n i n t h e K 2 O / A I 2 O 2 r a t i o c o u l d 

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

b y X - r a y d i f f r a c t i o n 1 0 - ^ p e a k area/7-R p e a k a r e a ( T a b l e I V . 5 ) 

S A M P L E D F 8 F F P F B N C H B R 

1 0-R/7-R 

K o O / A l „ 0 _ -

3 . 19 

0 . 08 

4 . 12 

0 . 17 

6 . 12 

0 . 17 

5 . 5 9 ' 

0 . 18 

6 . 4 0 

0 . 2 0 

T A B L E i V . 5 . C O M P A R I S O N O F K 2 O / A I 2 O 3 a n d :0-R/7-R R A T I O S 

T h i s t a b l e s h o w s t h a t t h e K 2 O / A I 2 O 2 r a t i o d o e s i n f a c t v a r y ' w i t h i l l i t e / 

k a o l i n i t e r a t i o , t h o u g h t h e P a r k F l o o r 1 0 - X / 7 - X w a s h i g h , a n d t h e B e n c h e s 

R o o f v a l u e a l i t t l e l o w . P r e v i o u s r e m a r k s c o n c e r n i n g c r y s t a l l i n i t y w i l l 

o b v i o u s l y h a v e a b e a r i n g o n t h e }0-R/7-R a r e a s . 

( I V . 3 ) S T A T I S T I C A L C O M P A R I S O N O F C H E M I C A L R E S U L T S 

U s i n g t h e " S t u d e n t ' s ' - t m e t h o d , a s o u t l i n e d i n C h a p t e r I I . 4 . f , 

t h e r e s u l t s o f t h e c h e m i c a l a n a l y s e s w e r e c o m p a r e d w i t h o t h e r s e t s o f d a t a . 
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U s i n g a n a l y s e s f r o m Y o r k s h i r e M a i n S p o i l h e a p ( T a y l o r , 1 9 7 1 b ) , 

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

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

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

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

L i t t l e t o n ; o n e s e t i n c l u d e d C a n d CO2 i n t h e d a t a , t h e s e c o n d s e t 

e x c l u d e d C a n d CO2 i n a n a t t e m p t t o c o m p a r e u n c o n t a m i n a t e d s p o i l w i t h 

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

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

L i t t l e t o n S p o i l H e a p N o . 1 . 

( I V . 3 . a ) C O M P A R I S O N S O F Y O R K S H I R E M A I N A N D L I T T L E T O N T a b l e I V . 6 

a n d T a b l e I V . 7 s h o w t h e " S t u d e n t « s ' i - t T e s t r e s u l t s f o r Y o r k s h i r e M a i n 

c o m p a r e d w i t h L i t t l e t o n s p o i l h e a p s . T a b l e I V . 6 c o n t a i n s d a t a f o r C a n d 

CO2, w h i c h a r e r e m o v e d i n T a b l e I V . 7 . T a b l e I V . 6 i s a n e x p r e s s i o n o f 

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

a s s o c i a t e d c l e a t c a r b o n a t e ( C h a p . I I . 4 . b ) . C o n s e q u e n t l y i t w a s n o t 

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

o f t h e t w o s p o i l h e a p s . 

T a b l e I V . 6 s h o w s t h a t f r e e S i 0 2 , M g O , C a O , T i 0 2 , S , CO2 a n d 

C w e r e a l l d i f f e r e n t i n t h e t w o l o c a l i t i e s . F r e e S i 0 2 i n L i t t l e t o n w a s 

h i g h e r t h a n i n Y o r k s h i r e M a i n , a n i n d i c a t i o n o f t h e h i g h q u a r t z c o n t e n t o f 

L i t t l e t o n . ^"^2^3 l o w e r i n L i t t l e t o n : t h e i n f e r e n c e b e i n g t h a t t h e 

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

q u a r t z c o n c e n t r a t i o n i s l o w e r i n Y o r k s h i r e M a i n , 

T h e l o w e r CO2 a n d C v a l u e s i n L i t t l e t o n i n d i c a t e d a g o o d ' p i c k i n g ' 

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

w a s h e d s p o i l h e a p a n d c o n t a i n s p y r i t e ( S p e a r s , T a y l o r a n d T i l l , 1 9 7 0 ) . 

T a b l e I V , 7 i s m o r e c o n c l u s i v e o n t h e d i f f e r e n c e s b e t w e e n t h e 

m a t e r i a l s . F r e e S i 0 2 a n d Al^O^ s h o w e d t h e s a m e r e l a t i o n s h i p s a s i n T a b l e 

I V . 6 ; Fe^O^, C a O , K 2 O , MnO a n d S w e r e a l l l o w e r i n L i t t l e t o n , A l l 

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

( I V . 3 . b ) C O M P A R I S O N O F U N D E R G R O U N D M A T E R I A L A N D S P O I L H E A P 

A T L I T T L E T O N T a b l e I V . 8 s h o w s t h e " S t u d e n t ' s " - t T e s t r e s u l t s f o r a 

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

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

^2^5 s h o w s a n y s i g n i f i c a n t d i f f e r e n c e ) , t h e s t a t i s t i c a l a n a l y s i s d i d n o t 

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

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

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

t h e c a s e . H o w e v e r , t h e r e s u l t s s h o w e d a n e x c e l l e n t c o r r e l a t i o n o f t h e 

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

c o n t r i b u t i n g h o r i z o n s . 

( I V . 4 ) C H E M I S T R Y C O N C L U S I O N S 

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

w h i c h m a y b e d r a w n f r o m thern . H o w e v e r , u s e d i n c o n j u n c t i o n w i t h q u a n t i t a t i v e 

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

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

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

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

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

b y t h e h i g h f r e e S i 0 2 r a t i o s . ^^2^3 ^ ' 9 ^ ' " ® ^ s h o w e d t h a t c l a y m i n e r a l s f o r m e d 

a l o w e r p e r c e n t a g e o f L i t t l e t o n s p o i l h e a p t h a n o f Y o r k s h i r e M a i n , a n d b o t h 

t h e S i O g a n d A I 2 O 2 v a l u e s f o r t h e L i t t l e t o n s p o i l h e a p s h o w e d a s i m i l a r i t y 

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

a g a i n s h o w e d t h e l o w c l a y c o n t e n t o f L i t t l e t o n , a n d K2O s h o w e d a c o n s t a n c y 

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

l e a c h i n g e f f e c t s . T h e a b s e n c e o f l e a c h i n g w a s a l s o b o r n e o u t b y t h e C O 2 

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

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

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

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

g o o d ' p i c k i n g ' o f c o a l a t L i t t l e t o n . 
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T h e f e a t u r e s s h o w n b y t h e c h e m i s t r y a n a l y s e s w e r e : (1 ) t h e 

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

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

Y o r k s h i r e M a i n , ( 3 ) c h e m i s t r y c o r r e l a t e d b r o a d l y w i t h m i n e r a l o g y i n t h e 

s a m p l e s a n a l y s e d , ( 4 ) l e a c h i n g w a s n o t a n i m p o r t a n t f e a t u r e o f t h e s p o i l 

h e a p m a t e r i a l . 
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C H A P T E R V 

S L O P E S T A B I L I T Y A N A L Y S I S 

T h e 1 9 7 0 s l i p f a i l u r e o f L i t t l e t o n S p o i l H e a p N o . 1 h a d 

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

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

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

p r o j e c t . A p r e l i m i n a r y r e p o r t on t h e 1970 f a i l u r e ( T a y l o r a n d H a r d y , 

1 9 7 1 ) h a d a l r e a d y b e e n p r o d u c e d , a n d t h e t e n t a t i v e c o n c l u s i o n s as t o t h e 

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

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

t h r o u g h t h e 1 9 7 0 s l i p a r e a ( F i g . I I . 1) f o r w h i c h a d e t a i l e d t o p o g r a p h i c 

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

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

d e v e l o p e d i n D u r h a m U n i v e r s i t y ( R o b e r t s , 1 9 6 9 ) , a n d t h e J a n b u M e t h o d 

( J a n b u e t a l . ; 1 9 5 6 ) . 

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

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

t h i s r e s e a r c h a n d a l s o t h o s e d e t e r m i n e d f o r t h e 1 9 7 0 s h e a r p l a n e s a m p l e 

t e s t e d b y T a y l o r a n d H a r d y ( 1 9 7 1 ) . U s i n g t h e r e s u l t s o f t h e s t a b i l i t y 

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

t h e 1 9 7 0 f a i l u r e . A n a l y s e s w e r e a l s o c a r r i e d o u t w i t h t h e a i m o f 

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

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

( V . I ) T A Y L O R A N D H A R D Y ( 1 9 7 1 ) 

S L O P E S T A B I L I T Y A N A L Y S I S 

T h e s l o p e s t a b i l i t y o f t h e 1 9 7 0 f a i l u r e w a s i n v e s t i g a t e d b y 

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

f r o m t h e s h e a r p l a n e o f t h e 1 9 7 0 f a i l u r e ; jz^'^ w a s f o u n d to b e 2 0 . 5 ° , c ' ^ 
2 2 

w a s f o u n d t o b e 2 . 7 6 k N / m ( 5 7 . 6 I b f / f t ) . U s i n g t h e B i s h o p S i m p l i f i e d 

M e t h o d t h e s e v a l u e s o f jz^'^ a n d c ' ^ , t o g e t h e r w i t h a d e n s i t y o f 1 . 8 7 4 M g / i 

( 1 1 7 I b / f t ^ ) , g a v e a m i n i m u m f a c t o r o f s a f e t y f o r t h e s p o i l h e a p o f 1 . 1 8 3 . 

3 
m 
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T h e s l i p c i r c l e f o r w h i c h t h i s f a c t o r o f s a f e t y w a s g e n e r a t e d i s s h o w n i n 

F i g . V . 1 . T h e s a m e v a l u e s o f c ' ^ a n d j ^ ' ^ w i t h a d e n s i t y o f 1 . 6 0 2 M g / m ^ 

( 1 0 0 I b / f t " ^ ) i n c r e a s e d t h e m i n i m u m f a c t o r o f s a f e t y t o 1 . 193 a l o n g t h e s a m e 

s l i p c i r c l e . 

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

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

c ' ^ a n d used i n t h e 1971 a n a l y s e s d i f f e r s l i g h t l y f r o m t h o s e f o u n d f o r 

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

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

p a r a m e t e r s . T a y l o r a n d H a r d y c o n c l u d e d t h a t t h e 1 9 7 0 f a i l u r e m a y w e l l h a v e 

b e e n t h e r e - a c t i v a t i o n o f a n a n c i e n t s l i p a n d c o n s e q u e n t l y c ' ^ a n d ^ ' ^ w e r e 

u s e d i n t h e c a l c u l a t i o n o f s a f e t y f a c t o r s . L i t t l e t o n S p o i l H e a p N o . 1 w a s 

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

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

t h e d a n g e r o f s l i p p i n g d u r i n g t h e t i p s e a r l y h i s t o r y . In an o l d s p o i l h e a p , 

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

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

( V . 2 ) E F F E C T O F W A T E R - T A B L E O N S T A B I L I T Y 

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

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

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

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

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

s a f e t y f a c t o r w a s n o t e d . 

T h e w a t e r - t a b l e w a s t h e n r a i s e d i n h o r i z o n t a l p l a n e s , i n 3 . 0 4 8 m 

( 1 0 f t ) i n t e r v a l s . T h e f a c t o r o f s a f e t y w a s f o u n d t o d r o p f r o m 1 . 5 4 1 to 

1 . 5 2 2 f o r a r i s e i n t h e w a t e r - t a b l e o f 9 . 1 4 4 m ( 3 0 f t ) . T h i s w a s d u e to t h e 

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

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

w i t h i n t h e s l i p c i r c l e . 

V a r y i n g c ' ^ a n d jz^'^ w i t h a c o n s t a n t w a t e r - t a b l e s h o w e d t h a t a n 
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i n c r e a s e i n e i t h e r p a r a m e t e r g a v e a n i n c r e a s e i n s a f e t y f a c t o r P , 

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

e x c l u d e d , (Tab^ le V . 1 a n d F i g . V . 2 ) . 

T a b l e V . 1 s h o w s t h a t w i t h o u t a w a t e r - t a b l e , f a c t o r o f s a f e t y 

d r o p s b y 0 . 2 7 4 w h e n ^ ' ^ i s v a r i e d f r o m 1 8 ° t o 1 0 ° ; w i t h a w a t e r - t a b l e , 

t h e d e c r e a s e Is 0 . 2 0 2 . T h e r e f o r e , t h e p r e s e n c e o f a w a t e r - t a b l e r e d u c e s 

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

R U N 1 R U N 2 R U N 1 - R U N 2 

c ' 
p 

3 3 . 52 k N / m ^ 3 3 . 52 k N / m ^ -

^ r 
1 8 ° 1 0 ° 8 ° 

F . S . 
( w i t h o u t a 
w a t e r - t a b l e ) 

1 . 6 2 5 1 . 3 5 1 0 . 2 7 4 

R U N 3 R U N 4 R U N 3 - R U N 4 

c ' 3 3 . 52 k N / m ^ 3 3 . 52 k N / m ^ -

^ r 
1 8 ° 1 0 ° 8 ° 

F . S . 
( w i t h a 
w a t e r - t a b l e ) 

1 . 4 6 4 1 . 2 6 2 0 . 2 0 2 

T A B L E V . 1 . E P P E C T O F W A T E R - T A B L E O N S A F E T Y F A C T O R 
C H A N G E W I T H V A R Y I N G jz<'^. 

( V . 3 ) E F F E C T O F S U B G R A D E D A T A A L T E R A T I O N 

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

o f f a i l u r e w a s d e e p - s e a t e d ( T a y l o r a n d H a r d y , 1 9 7 1 ) . C o n s e q u e n t l y t h e 

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

b o u l d e r - c l a y w a s I n v e s t i g a t e d . N a t u r a l l y , n o e f f e c t on s a f e t y f a c t o r w a s 

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

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

C o u r c h e e ( 1 9 7 0 ) . V a r i a t i o n s I n f a c t o r o f s a f e t y f o r v a r i a t i o n s i n t h e 

p h y s i c a l p a r a m e t e r s o f t h e s u b g r a d e a r e s h o w n i n T a b l e V . 2y 
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C o h e s i o n 
k N / m r a d i a n s 

D e n s i t y P a r a m e t e r 
V a r i e d 

V a r i a t i o n 
% 

S a f e t y 
F a c t o r 

V a r i a t i o n 
% 

6 . 9 0 0 . 5 4 9 8 2 . 12 ( S t a n d a r d ) — 1 . 7 6 6 -
6 . 9 0 0 . 5 4 9 8 1 . 6 0 If 2 4 % 1 . 712 3 . 0 5 % 

0 . 0 0 0 . 5 4 9 8 2 . 12 c ' 1 0 0 % 1 . 7 0 8 3 . 2 7 % 

6 . 9 0 0 . 4 5 9 0 2 . 12 5^' 1 7 % 1 . 5 6 9 1 1 . 1 5 % 

T A B L E V . 2 . R E L A T I O N S H I P O F P H Y S I C A L P R O P E R T I E S 
T O S A F E T Y F A C T O R . 

T h e r e s u l t s i n T a b l e V . 2 s h o w t h a t a l t e r a t i o n o f d e n s i t y ( ^ ) 

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

e f f e c t , b u t t h a t ^ ' i s a s e n s i t i v e p a r a m e t e r . T h e s l i p c i r c l e c h o s e n f o r 

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

H e r e , t h e s h e a r p l a n e w a s d e e p - s e a t e d . H o w e v e r , r o o t l e t s 

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

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

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

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

i n v e s t i g a t e d . 

( V . 4 ) E F F E C T O F S P O I L H E A P D A T A A L T E R A T I O N 

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

p r o p e r t i e s , v a r i a t i o n s o f ^ ' ^ a n d c ' ^ w e r e m a d e , a n d t h e r e s u l t s a r e 

s h o w n i n F i g . V . 3 . T h e c i r c l e u s e d t o c a l c u l a t e t h e v a l u e s s h o w n i n F i g . V . 3 

w a s t h a t s h o w n i n F i g . V . 4 , a n d t h e s t a n d a r d p a r a m e t e r s q u o t e d f o r t h e 

s u b g r a d e i n T a b l e V . 2 w e r e u s e d . T h e t h r e e v a l u e s o f c ' ^ u s e d w e r e 0 . 0 0 

k N / m ^ , 1 9 . 15 k N / m ^ a n d 3 3 . 5 2 k N / m ^ ( 0 . O l b f / f t ^ , 4 0 I b f / f t ^ a n d 7 0 l b f / f t ^ ) 

a n d t h e t h r e e v a l u e s o f ^ ' ^ w e r e t a k e n a s 5 ° , 1 0 ° a n d 1 8 ° . F i g u r e V . 3 

s h o w s a l i n e a r r e l a t i o n s h i p b e t w e e n f a c t o r o f s a f e t y a n d j ^ ' ^ f o r a l l t h r e e 

v a l u e s o f c ' ^ , ( a s w o u l d b e e x p e c t e d ) , 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 

s a f e t y f a c t o r a n d c ' ^ i s a l s o l i n e a r s i n c e t h e t h r e e l i n e s a r e p a r a l l e l . T h e 

r e l a t i o n s h i p b e t w e e n c ' ^ a n d s a f e t y f a c t o r w a s o b t a i n e d b y l i n e a r r e g r e s s i o n 

a n a l y s e s o f t h e p o i n t s ( F i g . V . 3K^__JTb s h o w e d t h a t t h e t h r e e l i n e s a l l 

h a d t h e s a m e s l o p e . 
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T a k i n g the s l i p c i r c l e shown in F i g . V . 1 as the most l og i ca l 

p o s s i b i l i t y of f a i l u r e , the v a l u e of r e q u i r e d to p r o d u c e a sa fe t y f a c t o r 

2 2 

of u n i t y w a s i n v e s t i g a t e d . T a k i n g c ' ^ as 0 .0 k N / m (O. O l b f / f t ) , and 

d e n s i t y of the spo i l heap m a t e r i a l as 1. 602 Mg/m"^ (1 00 l b / f t " ' ) the v a l u e of 

^ ' ^ was v a r i e d . F i g u r e V . 5 shows the r e l a t i o n s h i p found be tween jz '̂̂  

and s a f e t y f a c t o r . F r o m the g r a p h , a v a l u e of 0 .32 r a d i a n s ( 1 8 . 3 ° ) f o r 

^ ' ^ g i v e s a sa fe t y f a c t o r of u n i t y . The v a l u e of ^ ' ^ found by T a y l o r and 

H a r d y was 2 0 . 5 ° and the v a l u e s of jz^'^^ found d u r i n g th is p r o j e c t 

( A p p e n d i x B ) w e r e 20. 0 ° and 1 7. 5 ° f o r the bu lk samples of t i p m a t e r i a l . 

(V . 5) S H A L L O W S L I P A N A L Y S I S 

In v i e w of the ev idence o u t l i n e d in Chap te r V . 3 , w h i c h po in ted 

to a sha l low-s jeated s l i p , i t was dec ided to d e t e r m i n e sa fe t y f a c t o r s f o r 

s l i p s of t h i s t ype . In a n a l y s i n g the d e e p - s e a t e d s l i p s , T a y l o r and H a r d y 

(1971) ob ta ined s a f e t y f a c t o r s down to 1. 183, us i ng the data l i s t ed in 

C h a p t e r V . 1. H o w e v e r , th i s r e s u l t was d e r i v e d f r o m a c i r c l e of f a i l u r e 

w h i c h d i d not pass t h r o u g h the most l og i ca l upper " s l i p - s c a r p " of the 

1970 f a i l u r e . U s i n g a c i r c l e pass ing t h rough th i s f e a t u r e , they ob ta ined a 

r e l a t i v e l y h igh sa fe t y f a c t o r of 1 .356, imp l y i ng that the t i p shou ld be s t ab le . 

In o r d e r to p r o d u c e i n s t a b i l i t y in t h e i r m o d e l , a w a t e r - t a b l e was invoked 

( i . e. a w a t e r - t a b l e was n e c e s s a r y to r e d u c e the f a c t o r of sa fe ty to un i t y ) 

(Chap. V . 4 ) . 

When s h a l l o w - s e a t e d s l i p s w e r e i n v e s t i g a t e d , i t was found that 

a f a c t o r of sa fe t y of u n i t y o r be low cou ld be g e n e r a t e d . H o w e v e r , these 

c i r c l e s have t h e i r toes in the r o a d w a y r u n n i n g a long the s ide of the t ip 

( F i g . v . 6) and any movement w o u l d have been noted by B o a r d o f f i c i a l s ; 

but t h i s w a s not the c a s e . In f a c t , the best " f i x " f o r a c r i t i c a l c i r c l e is 

the b a c k - s c a r p o b s e r v e d by the A r e a C i v i l E n g i n e e r ( F i g . V . 1), w h i c h was 

used in d e e p - s e a t e d c i r c l e a n a l y s e s . 

T h e next a p p r o a c h was to r a d i c a l l y i n c r e a s e the r a d i u s of the 

c i r c l e of f a i l u r e to a p p r o x i m a t e to a p l ana r s l i d e . H o w e v e r , a l l the 

s o l u t i o n s w h i c h gave a f a c t o r of sa fe t y of un i t y and less w e r e aga in found 

to be i n c o n s i s t e n t w i t h the a r e a of f a i l u r e des igna ted by the A r e a C i v i l 

E n g i n e e r . Once a g a i n , the toes of p o s s i b l e s l i p s w e r e g rouped a round ""^^ 



\ 
\ 

O) I/) 

106 



the r o a d w a y in to the t i p , and no such f a i l u r e s w e r e o b s e r v e d . 

A d e e p - s e a t e d s l i p cou ld w e l l p r o d u c e a boot at the toe . T h i s 

was not appa ren t d u r i n g s i t e i n v e s t i g a t i o n at L i t t l e t o n , but r e g r a d i n g had 

taken p l a c e by then . B e f o r e the r e g r a d i n g , loca l N . C . B . o f f i c i a l s had 

not n o t i c e d undue g r o u n d heave . H o w e v e r , deep -sea ted s l i p s a r e p o s s i b l e 

at L i t t l e t o n and have been r e c o r d e d . On the s i de of the spo i l heap f a c i n g 

C o c k s p a r r o w L a n e ( F i g . I. 1 ) , t h e r e is a w e l l - d e f i n e d i n c i p i e n t deep -sea ted 

f a i l u r e w h i c h has n o t , as y e t , f a i l e d c a t a s t r o p h i c a l l y . it e x h i b i t s a boot 

w h i c h has d i s p l a c e d the k e r b of the r o a d q u i t e n o t i c e a b l y and i t is of v e r y 

l a r g e e x t e n t , at leas t 100m a c r o s s at the toe . The 1970 s l i p cou ld be of 

the same t y p e , i f a w a t e r - t a b l e e x i s t s in the t i p . 

D u r i n g r e g r a d i n g , in 1 9 7 1 , the he igh t of the t ip was l o w e r e d , 

but no w a t e r - t a b l e was exposed . H o w e v e r , the t i p i t s e l f has w e l l - d e f i n e d 

w e e p i n g po in t s f r o m w h i c h a p p r e c i a b l e vo lumes of w a t e r i s sue . These a r e 

most l i k e l y to be p e r c h e d w a t e r - t a b l e s , f o r m e d by d i s c o n t i n u i t i e s in 

the s p o i l heap. No doubt these c o n t r i b u t e to the i n s t a b i l i t y of L i t t l e t o n 

t ip (Chap . v . 2 ) . 

T h e r e f o r e , d e e p - s e a t e d s l i p s a r e p o s s i b l e at L i t t l e t o n , but 

the e v i d e n c e of r e c e n t r o o t l e t s in the shea r p lane and v e r t i c a l c r a c k s in 

the s l i p p e d mass w o u l d tend to sugges t the equa l l y p o s s i b l e exp lana t i on of a 

s h a l l o w , p l a n a r s l i p . o In an at tempt to r e s o l v e th i s p r o b l e m , a t r u e p lana r 

a n a l y s i s was app l i ed to L i t t l e t o n . 

(V . 6) J A N B U M E T H O D 

T h e Janbu Method a l l o w s sa fe t y f a c t o r s to be c a l c u l a t e d f o r 

any shape of f a i l u r e s u r f a c e . In th i s c a s e , a s i m p l e p lana r s l i d e was 

a n a l y s e d at the i n c l i n a t i o n of 2 0 ° to the h o r i z o n t a l , and w i t hou t a w a t e r - t a b l e 

( F i g . V . 7 ) . T h i s a n a l y s i s gave a v a l u e of 1.293 f o r the sa fe ty f a c t o r - a 

l i t t l e l o w e r than the B i s h o p S i m p l i f i e d Method va lues f o r c i r c l e s in the same 

a r e a . In assuming no w a t e r - t a b l e , the best p e r f o r m a n c e of the m a t e r i a l i s 

aga in assumed . A s ment ioned a b o v e , w a t e r - t a b l e s may be p r e s e n t and 

can e a s i l y l o w e r the f a c t o r of s a f e t y , as demons t ra ted in Chap te r \ / . 2 . 
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(V . 7) C O N C L U S I O N S 

The ana l yses of L i t t l e t o n S p o i l Heap N o . 1 show the r e l a t i o n 

s h i p s be tween c ' ^ , fi*^ and sa fe t y f a c t o r . V a l u e s of ^ ' ^ have been shown 

to have a l i n e a r r e l a t i o n s h i p w i t h sa fe t y f a c t o r y , as has c ' ^ , a l though c ' ^ 

has a s m a l l e r e f f ec t on v a l u e s of sa fe t y f a c t o r . The r e l a t i o n s h i p between 

s a f e t y f a c t o r and w a t e r - t a b l e has shown that an i n c r e a s e in w a t e r - t a b l e 

e l e v a t i o n leads to a d e c r e a s e in s t a b i l i t y . F u r t h e r m o r e , the p r e s e n c e of 

a w a t e r - t a b l e masks the e f f e c t s of changes in and c ' ^ . 

F i e l d ev i dence i n d i c a t e s that the 1970 f a i l u r e is most l i k e l y 
ow 

to be sha l l^-seated, but the r o o t l e t s o b s e r v e d cannot be taken as c o n c l u s i v e 

of a low depth of b u r i a l in v i e w of the method of c o n s t r u c t i o n of the t i p . 

M o r e i m p r e s s i v e a r e the c o n c l u s i o n s d r a w n f r o m the deep -sea ted s l i p ana l yses . 

T h e s e show that a s l i p w o u l d be p o s s i b l e in t h i s m a t e r i a l i f ^ ' ^ was 1 8 . 3 ° . 

T h e e x p e r i m e n t a l v a l u e s of fi^^ peak l i e be tween 2 7 . 5 ° and 2 7 . 2 ° , i n d i c a t i n g 

that p r e v i o u s l y u n d i s t u r b e d m a t e r i a l i s u n l i k e l y to be uns tab le ; h o w e v e r , 

the v a l u e s of 20 . 0 ° and 1 7 . 5 ° show that r e - a c t i v a t i o n of a p r e - e x i s t i n g 

s l i p is q u i t e p o s s i b l e . A n c i e n t s l i p s a r e q u i t e p o s s i b l y p resen t in v i e w of 

the p lacement of the t i p by Mac lane T i p p l e r , and r e - a c t i v a t i o n of one of 

these may have led to the 1970 f a i l u r e . These v a l u e s of jzi '^^ i nd i ca te 

that T a y l o r and H a r d y ' s v a l u e of 2 0 . 9 ° f o r ^ ' may be m a r g i n a l l y h igh 

(Append i x B ) . 

T h e p r e s e n c e of a p e r c h e d w a t e r - t a b l e was invoked by T a y l o r 

and H a r d y (1971) to d e c r e a s e the c a l c u l a t e d f a c t o r of s a f e t y , and ev idence 

f o r a p e r c h e d w a t e r - t a b l e was o b s e r v e d d u r i n g s i t e i n ves t i ga t i on at 

L i t t l e t o n . C o n s e q u e n t l y , the v a l u e o f 2 0 . 9 ° f o r ^ ' ^ ^ may be an a v e r a g e ^ ' 

v a l u e w i t h a p e r c h e d w a t e r - t a b l e accoun t i ng f o r 2 . 6 ° of 

T h e r e f o r e , the i n s t a b i l i t y of L i t t l e t o n S p o i l Heap N o . 1 may 

be a s c r i b e d to the p r e s e n c e of anc ien t s l i p p lanes and a pe rched w a t e r - t a b l e 

w h i c h have r e s u l t e d in a d e e p - s e a t e d c i r c u l a r f a i l u r e . 
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C H A P T E R V I 

C O N C L U S I O N S 

The main a im of t h i s r e s e a r c h p r o j e c t was to e l uc ida te 

the c o m p o s i t i o n a l and s h e a r s t r e n g t h c h a r a c t e r i s t i c s of S p o i l Heap N o . 1 

at L i t t l e t o n C o l l i e r y , S t a f f o r d s h i r e . T h i s chap te r summar i zes the main 

c o n c l u s i o n s d e t a i l e d in p r e v i o u s c h a p t e r s , and p laces them in a r e g i o n a l 

c o n t e x t . 

( V I . 1) T H E S P O I L H E A P A S A M I X T U R E 

O F T H E U N D E R G R O U N D M A T E R I A L S 

The m i n e r a l o g i c a l and chemica l ana lyses c o n f i r m that S p o i l 

Heap N o . 1 is composed of the u n d e r g r o u n d m a t e r i a l s l i s t e d by P h i l l i p s . 

The o r i g i n a l es t ima te l i s t e d by Bygo t t f r o m the l im i t ed ev idence a v a i l a b l e 

has been shown to be inadequate in that i t d id not i nd i ca te the h igh 

p e r c e n t a g e s of the Deep F l o o r and E i g h t Fee t Roof w h i c h have been found 

to be p r e s e n t in the s p o i l heap. The anomaly due to the p r e s e n c e of the 

E i g h t F e e t Roof was f i r s t n o t i c e d d u r i n g the i n v e s t i g a t i o n of i l l i t e shape 

f a c t o r s of the samp les c o l l e c t e d (Chap. 11.3. b ) , and was l a t e r c o n f i r m e d 

by the F>2^5 ^ ^ e m i c a l d e t e r m i n a t i o n s (Tab le IV . 8) w h i c h showed mean 

v a l u e s of 0. 11 % in the t ip and 0 . 0 6 % in the u n d e r g r o u n d m a t e r i a l s ; the 

h i g h e r P2*^5 p e r c e n t a g e in the t i p be ing a t t r i b u t e d to f o s s i l d e b r i s in the 

c a n n e l o i d s h a l e of the E i g h t F e e t Roof . T h e de tec t i on of the p r e s e n c e of 

the E i g h t F e e t Roof is a good example of the use of m i n e r a l o g i c a l and 

c h e m i c a l da ta in the e l u c i d a t i o n of the h i s t o r y of anc ien t t i p s . 

T h e p a r e n t a g e of the s p o i l heap is best i l l u s t r a t e d by the " S t u d e n t ' s -

f ' t e s t c a r r i e d out on the spo i l heap and u n d e r g r o u n d chemica l ana lyses 

( T a b l e IV . 8 ) . The h igh p r e c i s i o n of such ana l yses c o u p l e d w i t h good 

c o r r e l a t i o n , shown s t a t i s t i c a l l y , i s s t r o n g ev idence that the spo i l heap 

is d e r i v e d f r o m the u n d e r g r o u n d m a t e r i a l s l i s t e d by P h i l l i p s . 

T h e s t r o n g e s t m i n e r a l o g i c a l ev idence is g i ven in F i g . 11.2 

w h i c h shows the ( q u a r t z / t o t a l c l a y ) v {]0-R/7-A c l a y ) g r a p h f o r the L i t t l e t o n 

samples.C; T h i s g r a p h shows the compos i t i ons of the t ip samples to l i e in 

110 



an " a v e r a g e " r e g i o n of the compos i t i ona l r a n g e shown by the u n d e r g r o u n d 

s a m p l e s . The t i p samp les show some cons tancy of c o m p o s i t i o n , i nd i ca t i ng 

a good m i x i n g of the m a t e r i a l s c o n t r i b u t i n g to the t i p . 

The h igh mean p e r c e n t a g e of q u a r t z in the t i p ( 2 9 . 6 3 % ) as 

aga ins t the mean in the u n d e r g r o u n d m a t e r i a l s ( 2 5 . 8 0 % ) tends to c o n f i r m 

the h i gh p r o p o r t i o n of q u a r t z - r i c h Deep F l o o r in the t i p , as pos tu la ted 

by P h i l l i p s . T h e h i gh k a o l i n i t e and c h l o r i t e pe rcen tages in the t ip as 

c o m p a r e d w i t h the u n d e r g r o u n d m a t e r i a l s ana lysed show the absence of 

the E i g h t Fee t R o o f , w h i c h is r i c h in these m i n e r a l s . The h i g h e r c a r b o n 

con ten t of the t i p is due to con tam ina t i on of the spo i l by coal d u r i n g the 

e x t r a c t i o n p r o c e s s e s ; yet the " p i c k i n g " of coa l must have been good s i n c e 

the absence of p y r i t e in the samples i nd i ca tes a low coal con ten t , in 

h i s s u r v e y of s p o i l heaps in E n g l a n d and W a l e s , T a y l o r (1975) g i ves a 

mean o r g a n i c c a r b o n (coa l ) con ten t of 1 3 . 3 % , w e l l above the mean L i t t l e t o n 

f i g u r e of 3. 8 7 % . 

B r o a d l y , the chemica l ana l yses c o r r e l a t e w e l l w i t h the 

m i n e r a l o g i c a l a n a l y s e s . 

( V I . 2) S H E A R S T R E N G T H R E L A T I O N S H I P S 

The s h e a r s t r e n g t h s of the t i p samples l i e w i t h i n the range of 

v a l u e s shown by the u n d e r g r o u n d m a t e r i a l s . T h i s tends to r e c o n f i r m that 

the t i p is a m i x t u r e of the u n d e r g r o u n d m a t e r i a l s t e s t e d , though th is 

e v i d e n c e is not as c o n c l u s i v e as the r e s u l t s of the chemica l and m i n e r a l o g i c a l 

a n a l y s e s . 

The e x t r e m e s shown by the u n d e r g r o u n d m a t e r i a l s a r e r e f l e c t e d 

by t h e i r m i n e r a l o g i c a l and chemica l a n a l y s e s . T h e h igh ^ ' ^ of the Deep 

F l o o r ( 3 1 . 7 ° ) and the low jz{<^^ of the P a r k F l o o r ( 1 3 . 0 ° ) a r e r e f l e c t e d 

by t h e i r r e s p e c t i v e l y h igh ( 5 1 . 4 % ) and low ( 3 . 0 % ) q u a r t z con ten t s . In 

m a t e r i a l s of t h i s t y p e , the q u a r t z c o n c e n t r a t i o n v a r i e s i n v e r s e l y w i t h c l a y 

m i n e r a l c o n c e n t r a t i o n ( T a y l o r , 1975) , and the shear s t r e n g t h s a l so r e f l e c t 

the h igh ( P F 9 2 . 0 % ) and l o w ( D F 3 8 . 2 % ) c lay m i n e r a l con ten ts of these 

e x t r e m e s a m p l e s . T h e )z{'^ v a l u e s of the E i g h t F e e t F l o o r (23. 3° ) and P a r k 
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F l o o r ( 2 3 . 8 ° ) a r e v e r y s i m i l a r , but t h e i r va l ues r e f l e c t the h i g h e r 

q u a r t z and l o w e r c l a y m i n e r a l c o m p o s i t i o n of the E i g h t F e e t F l o o r ( 8 F F , 

q u a r t z 1 8 . 5 % , jzJ'^^ 1 8 . 7 ° ; P F , 3 . 0 % , 1 3 . 0 ° ) . 

The c o n s t a n c y of c o m p o s i t i o n shown by the spo i l heap samples is 

r e f l e c t e d by t h e i r s i m i l a r i t y in shea r s t r e n g t h (Append ix B ) . 

T a y l o r (1975) has p r e s e n t e d a s t a t i s t i c a l a n a l y s i s of shea r 

s t r e n g t h and c o m p o s i t i o n a l data f o r 68 spec imens f r o m E n g l i s h and We lsh 

s p o i l heaps . D e a l i n g on ly w i t h peak shea r s t r e n g t h s , he found a mean ^ ' 

of 3 5 ° and a l owes t v a l u e of 2 6 ° . On th i s ev idence L i t t l e t o n must be 

c o n s i d e r e d as hav ing a low s h e a r s t r e n g t h in a r eg iona l con tex t . T a y l o r 

f ound a s i g n i f i c a n t nega t i ve c o r r e l a t i o n be tween ^ ' and element ox ides of 

the " c l a y m i n e r a l s g r o u p " - S i 0 2 , A\20^, MgO, and N a 2 0 , and i t seems 

that the low s h e a r s t r e n g t h s of L i t t l e t o n samples a r e a r e f l e c t i o n of th is 

r e l a t i o n s h i p ( T a b l e V l . 1). 

E l e m e n t 
O x i d e 

L i t t l e t o n T i p 
( T a b l e I V . 8) 

E n g l i s h and We lsh 
T i p s ( T a y l o r , 1975) 

S i 0 2 ( t o t a l ) 5 7 . 9 0 4 6 . 2 3 

A ' 2 0 3 
22 . 95 19. 74 

MgO 1.41 1 . 01 

K 2 O 3. 68 3 . 4 0 

N a 2 0 0 .71 0 .41 

T A B L E V I . 1. T A B L E O F " C L A Y M I N E R A L G R O U P " E L E M E N T O X I D E 
M E A N P E R C E N T A G E S 

I t s h o u l d be no ted that a t tempts to f o l l o w th is a rgument in to 

m i n e r a l o g i c a l c o m p o s i t i o n s are , rendered i n e f f e c t i v e by the r e l a t i v e i n a c c u r a c y 

of the q u a n t i t a t i v e m i n e r a l o g i c a l t echn iques . 

T a y l o r a l s o found a s t r o n g p o s i t i v e c o r r e l a t i o n be tween o r g a n i c 

c a r b o n (coa l ) con ten t and The mean v a l u e de te rm ined f o r L i t t l e t o n 

s p o i l heap m a t e r i a l s was 3 . 8 7 % , w h i l e that f o r the 74 E n g l i s h and We lsh 

spec imens was 13. 3%; th i s a g r e e s w i t h the low ^ ' ^ d e t e r m i n e d f o r the 

L i t t l e t o n s p o i l heap s a m p l e s . 
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( V I . 3) W E A T H E R I N G A N D L E A C H I N G 

B i shop et a l . (1969) sugges ted that chemica l w e a t h e r i n g may 

have p l a y e d a p a r t in the a t ta inment of r e s i d u a l shea r s t r e n g t h and 

consequen t f a i l u r e at A b e r f a n . in v i e w of t h i s , the i d e n t i f i c a t i o n of any 

w e a t h e r i n g and a s s o c i a t e d l each ing was c o n s i d e r e d of p r i m e impo r tance 

at L i t t l e t o n , w h e r e a b a c k - c a l c u l a t i o n of ^ ' f o r the 1970 f a i l u r e had shown 

the r e q u i r e d v a l u e ( 1 8 . 3 ° ) to be c l o s e to that of the r e s i d u a l shea r s t r e n g t h 

( 2 0 . 5 ° ) ( T a y l o r and H a r d y , 1971). The K2O and CO2 d e t e r m i n a t i o n s have 

shown that l each ing has not taken p lace in the spo i l heap. P r e v i o u s 

r e s e a r c h ( S p e a r s , T a y l o r and T i l l , 1970; T a y l o r and S p e a r s , 1972) has 

a l s o c o n c l u d e d that t h e r e is l i t t l e ev idence of chemica l deg rada t i on o r 

w e a t h e r i n g once u n b u r n t spo i l is b u r i e d in a s p o i l heap. In f a c t , even 

the s u r f a c e s k i n of the L i t t l e t o n s p o i l heap ( T S L ) showed n e i t h e r chemica l 

(Chap . I V . 2 . d) n o r p h y s i c a l (Chap . I I I . 7. d) l each ing o r w e a t h e r i n g e f f e c t s . 

( V I . 4) S L O P E S T A B I L I T Y 

T h e s t a b i l i t y ana l yses c a r r i e d out on the 1970 s l i p i nd i ca ted 

that the v a l u e of ^ ' n e c e s s a r y to g i ve a f a c t o r of sa fe ty of un i t y was 1 8 . 3 ° . 

On t e s t i n g a .sample cu t f r o m the s h e a r p lane of that s l i p , the v a l u e of ^ ' ^ 

was found to be 20 . 5 ° (^ ' ^^ = 2 0 . 9 ° ) . Peak s h e a r s t r e n g t h va lues (i^'g) f o r 

the t i p m a t e r i a l w e r e found to be 2 7 . 2 ° ( T I P 1) and 27 . 5 ° ( T T O ) , w i t h 

r e s i d u a l (jz '̂ ) v a l u e s of 2 0 . 0 ° ( T I P 1) and 1 7 . 5 ° ( T T O ) . T h i s i nd i ca tes 

that r e s i d u a l v a l u e s of s h e a r s t r e n g t h a r e l i a b l e to be the best des ign 

c r i t e r i a f o r c o n i c a l s p o i l heaps of the Mac lane T i p p l e r type. It is i n t e r e s t i n g 

to no te that c u r r e n t N . C . B . p r a c t i c e is to p lace c o l l i e r y d i s c a r d in 

h o r i z o n t a l , compac ted l a y e r s 0. 3 fn t h i c k (Na t iona l Coal B o a r d , 1970). 

T h i s has the dual e f f ec t of i m p r o v i n g the mechan ica l p r o p e r t i e s of the spo i l 

by c o m p a c t i o n and r e m o v i n g the w e a k e n i n g e f f e c t of l a y e r i n g p a r a l l e l to 

the s p o i l heap s u r f a c e . 

( V I . 5) G E N E S I S O F T H E 1970 F A I L U R E 

T h e 1970 s l i p f a i l u r e o c c u r r e d because the t ip m a t e r i a l had 

r e a c h e d a s h e a r s t r e n g t h vyhich app roached r e s i d u a l shea r s t r e n g t h ; t h i s 

has been shown by b a c k - c a l c u l a t i o n of ^ ' f o r a f a c t o r of sa fe t y of un i t y . 
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The chemica l and p a r t i c l e s i z e r e s u l t s have shown that w e a t h e r i n g and 

l each ing have not been r e s p o n s i b l e f o r th i s r e d u c t i o n in shear s t r e n g t h . 

The most l i k e l y cause of the r e d u c t i o n is the method of emplacement of 

the s p o i l heap. The Mac lane T i p p l e r f o r m s a con i ca l heap in w h i c h l a y e r s 

of m a t e r i a l s l i d e down f r o m the peak of the t i p . It is f e l t that th i s movement 

w h i c h takes p l a c e o v e r v e r y c o n s i d e r a b l e d i s tances - has p roduced l a y e r s 

of s p o i l in w h i c h the s h e a r s t r e n g t h has been reduced to , o r c l o s e t o , 

the r e s i d u a l s h e a r s t r e n g t h . C o n s e q u e n t l y , is the best des ign c r i t e r i o n 

f o r such s p o i l heaps . 

It w i l l be no ted that the va lues of jzi"^^ a r e m a r g i n a l l y h igh 

when c o m p a r e d w i t h the v a l u e of ^ ' r e q u i r e d to induce f a i l u r e . T h i s may 

be due to e x p e r i m e n t a l e r r o r s in d e t e r m i n a t i o n of the r e s i d u a l shea r 

s t r e n g t h . H o w e v e r , the ev idence of the p r e s e n c e of a pe r ched w a t e r - t a b l e 

in the s p o i l heap leads one to suspec t that the va lues de te rm ined a r e 

c o r r e c t and that the e f f ec t of the w a t e r - t a b l e - w h i c h has been shown to 

r e d u c e s t a b i l i t y - i s s u f f i c i e n t to account f o r the n e c e s s a r y d r o p in j ^ ' , 

i n d u c i n g a d e e p - s e a t e d f a i l u r e . 
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A P P E N D I X A 

C O M P U T E R P R I N T - O U T O F S H E A R - B O X R E S U L T S 

T h i s A p p e n d i x con ta i ns the compu te r p r o g r a m deve loped 

to p r o c e s s the d i r e c t s h e a r - b o x r e s u l t s p roduced d u r i n g the shea r 

s t r e n g t h i n v e s t i g a t i o n . Examp les of the g r a p h s p roduced a r e a l so 

p r e s e n t e d . The x - a x i s shows to ta l shea r d i sp lacemen t in m e t r e s , and 

the y - a x i s shows D / E , i . e . s h e a r s t r e s s / v e r t i c a l s t r e s s . 
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A P P E N D I X B 

S H E A R S T R E N G T H T E S T R E S U L T S 

T I P 1: 

T n i a x i a l T e s t s ( P e a k ) : 

(cr'l+<r'3) ( k N / m ^ ) ( ^ ' r ^ ' a ^ ( k N / m ^ ) 

S h e a r - B o x T e s t s ( R e s i d u a l ) : 

T I P T O P O U T E R : 

S h e a r - B o x T e s t s ( P e a k ) : 

S h e a r - B o x T e s t s ( R e s i d u a l ) : 

168.0 88.0 
268.5 128.5 
408.5 188.5 

- f ( k N / m ^ ) <r; ( k N / m ^ ) 

53.9 89.5 
72,8 147.0 
96. 1 236. 1 

r ( k N / m ^ ) <r̂  ( k N / m ^ ) 

128.0 229.9 
80.6 147.5 
61.0 88.7 

Y ( k N / m ^ ) (TK ( k N / m ^ ) 

24.1 89.2 
48.7 149.3 
73.6 232.8 
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E I G H T F E E T F L O O R : 

T r i a x i a l T e s t s ( P e a k ) : 

( cr'^+ c r ' 3 ) ( k N / m ^ ) ( c r y (r.3) ( k N / m ^ ) 

2 2 

352.5 
223. 5 
131.5 

142.5 
83.5 
51.5 

S h e a r - B o x T e s t s ( R e s i d u a l ) : 

( k N / m ^ ) ( k N / m ^ ) 

81.2 
66.6 
39.9 

225.6 
145. 3 
86. 7 

P A R K F L O O R : 

S h e a r - B o x T e s t s ( P e a k ) : 

f ( k N / m ^ ) ( k N / m ^ ) 

1 08. 0 
52. 5 
46.3 

234.8 
136.8 
85.3 

S h e a r - B o x T e s t s ( R e s i d u a l ) : 

f ( k N / m ^ ) ( k N / m ^ ) 

57. 7 
24.3 
18. 8 

228. 0 
143. 1 
85.9 

D E E P F L O O R : 

S h e a r - B o x T e s t s ( P e a k ) : 

( k N / m ^ ) ( k N / m ^ ) 

135.5 
100. 1 
63.5 

207.5 
139.0 
81.0 
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