
1 2 . J . 4  T r e a t m e n t  o f  J o i n t e d  S p e c i m e n s  ..........................................  1 2 . 1 0

1 2 . 3 . 4 . a  U n t r e a t e d  J o i n t  ..........................................................................  1 2 . 1 1

1 2 . 3 . 4 . b  C e m e n t  T r e a t e d  J o i n t  .........................................................

1 2 . 3 . 4 . C  W i r e  B r u s h e d  J o i n t  ............................    1 2 . 1 3

1 2 . 3 . 3  C o n d u i t  o f  D i r e c t  S h e a r  T e s t s  ..........................................  1 2 * U

1 . 4  T E S T  R E S U L T S  .........................................................................................................  1 2 , 1  ̂
1 2 . 2 3

2 . 4 . 1  F a i l u r e  E n v e l o p e s  ........................................................................................
1 1 2 9

2 . 4 . 2  H i d u a l  S t r e n g t h  E n v e l o p e s  ................................................

, 2 . 4 . 3  h  t i o  o f  U l t i m a t e  t o  R e s i d u . i l  S t r e n g t h  .................. 1 2 . 3 1

1 2 . 4 . 4  F a c t o r s  o f  S a f e t y  C u s t o m a r i l y  A p p l i e d  ....................  U ' 3 2

1 2 . 4 . 5  P r o p o s e d  D e s i g n  P h i l o s o p h y  ......................................................... 2 , 3 3

1 2 . 4 . 6  C o m p a r i s o n  w i t h  R e s u l t s  o f  T r i a x U l  T e s t s  . . . .  1 2 . 3 4

1 2 . 5  C O N C L U S I O N S  .........................................................................................................  l 2 * 3 8

1 3 .  O E D O h  . T E R  T E S T S

1 3 . 1  I N T R O D U C T I O N  ..................................................................................................  i 3 , i

1 3 . :  A P P A R A T U S  ...............................................................................................................  i 3 ‘ 3

1 3 . 3  T E S T  P R O C E D U R E S   .........................................................................................  1 3 , 7

1 3 . 4  T E S T  R E S U L T S  .......................................................................................................  1 3 , 8

1 3 . 4 . 1  L o n g - t e r m  S e t t l e m e n t  T e s t s  ....................................................

13.4.2  S t a n d a r d  S h o r t - T e r m  T e s t s  .......................................................  1 3 . 1 3

1 3 . 4 . 3  S p e c i m e n s  S o a k e d  B e f o r e  T e s t i n g  ......................................  1 3 . 2 0

1 3 . 4 . 4  N o n - S t a n d a r d  L o a d i n g  C o n d i t i o n s  ......................................  1 5 * ^ 2

. 3 . 4 . 5  C h a r a c t e r i s t i c  M o d u l i  ...............................................................  1 3 . 2 5

1 3 . 4 . 6  C o m p a r i s o n  w i t h  R e s u l t s  o f  T r l a x i a l  T e s t s  . . . .  1 3 . 3 4

1 3 . 5  C O N C L U S I O N S  ..........................................................................................................  1 3 , 3 3

1 4 .  H E A T  . N E R A T E D  D U R I N G  H Y D R A T I O N

1 4 . 1  I N T R O D U C T I O N  .......................................................................................................  1 4 , 1

1 4 . 2  A P P A R A T U S  ...............................................................................................................  1 4 , 2

1 4 . 3  T E S T  P R O C E D U R E S  ..............................................................................................  1 4 , 4

1 4 . 4  T E S T  R E S U L T S  .......................................................................................................  1 4 , 6

1 4 . 5  C O N C L U S I O N S  ..........................................................................................................  1 4 . 1 6

1 5 .  SUMMARY OK  R E S U L T S  OK L A B O R A T O R Y  P R O G R A M

1 3 . 1  W E T T I N G  AND D R Y I N G  D U R A B I L I T Y  T E S T S  ( C h a p t e r  6 ) . .  1 5 . 1

15.2  L E A C H I N G  T E S T S  ( C h a p t e r  9 )  ...............................................................  1 5 . 3

C O N T E N T S



1 5 . 3  U N C O N K I N E D  C O M P R E S S I O N  AN D T E N S I O N  ( C h a p t e r  1 0 )  . .  1 5 . h

1 5 . 4  T R I A X I A L  C O M P R E S S I O N  T E S T S  ( C h a p t e r  1 1 )  ............................. 1 3 , 7

1 5 . 5  D I R E C T  S H E A R  T E S T S  ( C h a p t e r  1 2 )  .................................................

1 5 . 6  O E D O M E T E R  T E S T S  ( C h a p t e r  1 3 )  ........................................................  1 3 , 1

1 5 . 7  H E A T  OK H Y D R A T I O N  ( C h a p t e r  1 4 )  ................................................... 1 J ' 1

1 6 .  D E S I G N  O K  T H E  S O I L - C E M K N T  AM

1 6 . 1  M A T E R I A L  P R O P E R T I E S  F O R  D E S I G N  ....................................................  l t ’ * 1

1 6 . 1 . 1  S o i l  C l a s s i f i c a t i o n  ........................................................................

1 6 . 1 . 2  C o m p a c t i o n  C h a r a c t e r i s t i c s  o f  S o i l - C e m e n t  -------  1 6 . 2

1 6 . 1 . 3  D u r a b i l i t y  o r  S l o p e  P r o t e c t i o n  ........................................  1 6 , 2

1 0 . 1 . 4  S t r e n g t h  o f  S o i l - C e m e n t   ....................................................  1 6 . 3

1 6 . 1 . 5  L o n g - T e r m  S e t t l e m e n t  .....................................................................  1 6 , 3

1 6 . 1 . 6  T h e r m a l  B e h a v i o u r  .............................................................................  1 6 . 3

1 6 . 2  R E V I E W  O F  R E C E N T  D E V E L O P M E N T S  .......................................................

1 6 . 2 . 1  D e v e l o p m e n t s  R e p o r t e d  P r i o r  t o  1 9 6 1  ..........................  1 6 e '

1 6 . 2 . 2  T h e  C l K l A  C o n f e r e n c e  o n  R o l l e d  C o n c r e t e  ...............  1 6 . 7

1 6 . 2 . 3  D e v e l o p m e n t s  R e p o r t e d  D u r i n g  1 9 6 :  a n d  1 9 6 3  . . .  1 6 . 9

1 6 . 2 . 4  W i l l o w  C r e  * k  D a n  ................................................................................

1 6 . 2 . 5  A f t e r  W i l l o w  C r e e k  ...........................................................................  1 6 , 1 3

1 6 . 3  P R O P O S A L S  . O R  THE R U N D E B U S C H  S O I L - C E M L N T  DAM ...............  1 6 . 1 5

1 6 . 3 . 1  S e l e c t i o n  o f  S e c t i o n  .....................................................................  : r , , l b

1 6 . 3 . 2  S e e p a g e  ............................... ..........................................................................  1 6 . 1 8

1 6 . 3 . 3  S p i l l w a y  .......................................................................................................

1 6 . D E S I G N  ) r T H E  R O N D E B O S C H  S O I L - C E M E N T  DAM ..........................  1 6 . 2 0

1 6 . 4 . 1  V a l u e s  f o r  D e s i g n  .............................................................................  1 6 . 2 0

1 6 . 4 . 2  S t r e n g t h  R e q u i r e d  f o r  G r a v i t y  S t a b i l i t y  ...............  1 6 . 2 1

1 6 . 4 . 3  S t r e n g t h  R e q u i r e d  t *  R e s i s t  S l i d i n g  ..........................  1 6 . 2 2

1 6 . 4 . a D u r a b i l i t y  Requirements  ......................................................  1 6 . 2 )

1 6 . 4 . 5  Therra l  :ons d e r a t io n s  ....................................................... 16 .2a

1 6 . 4 . 6  S p e c i f i c a t i o n  o f  C e m e n t  C o n t e n t s  ...................................  1 6 . 2 4

1 6 . 4 . 7  S e t t l e m e n t  .................................................................................................  1 6 . 2 5

1 6 . 5  C O S T  C O M P A R I S O N  F O R  R O N D E  B O S C H  DAM .........................................  1 6 . 2 6

1 6 . 5 . 1  C o m p a r i s o n  I  T e r m s  o f  U n i t e d  S t a t e s  D a t a  . . . .  1 6 . 2 7

1 6 .  i , 2  C o m p a r i s o n  i n  T e r m s  S o u t h  A f r i c a n  D a t a  . . . .  1 6 . 2 8

1 6 . 3 . 3  C o s t  C o m p a r i s o n  —  C o n c l u s i o n  ...........................................  1 6 . 3 0

1 6 . 6  C O N C L U S I O N  .............................................................................................................  1 6 * 3 1

C O N T E N T S 4



1 7 .  K E C U M M K N D A T 1 0 N S  F O R  F U R T H E R  R E S E A R C H

17.1  C O N S T R U C T I O N  O F  T R I A L  E M B A N K M E N T  ..............................................  ‘ 7 * !

1 7 . 2  A L T E R N A T I V E  W E T T I N G  AND D R Y I N G  T E S T  ......................................  1 7  * 2

1 7 . 3  A L T E R N A T I V E  M E T H O D S  OF S E A L I N G  T E S T  S P E C I M E N ’ S . . . .  1 7 . 3

17.4  A L T E R N A T I V E  . B A C K I N G  R A T E  D E T E R M I N A T I O N  ..........................  1 7 , 4

1 7 . 5  R L L A T K  N S H I P  BE WEEN C O H E S I O N  AND D C S  ................................  I ' * 4

1 7 . 6  E R O S I O N  R E S I S T A N C E  ......................................................................................  1 7 , 4

1 7 . 7  B O N D  ON C O N S T R U C T I O N  J O I N T S  ............................................................  1 '  * ^

1 7 . 0  E F F E C T  O F  T H E  P R E S E N C E  O F  C O A R S E  A G G R E G A T E  .................  1 7 , 6

1 7 . 9  U S E  OF  O T H E R  S T A B I L I Z E R S  ....................................................................  1 7 , h

1 8 .  C O N C L U S I O N S

REFERENCES

C O R R E S P O N D E N C E

BIBLIOGRAPHY

A P P E N D I C E S

A .  COMPUTER PROGRAMS

B .  VIBRATING TUMBLER FOR ABRASION TESTING

C . SUPPLEMENTARY I N F O R M A T I O N  ON APPARATUS

C . l C . 2

C . 2 M o u l d  f o r  S t a n d a r d  C y l i n d e r s  .......................................................... C . 3

C . 3
C . 4

C . 4 S e a l i n g  > f  S p e  t m e n a  ................................................................................ C . 6

C . 5 C o m p r e s s e d  Air P u m p i n g  V e s s e l  f o r  D i s t i l l e d  W a t e r C . 7

C . 6 D e - a i r i n g  a n d  C a r b o n a t i n g  V e s s e l  .............................................. C . 8

C . 7 W a t e r  R e s e r v o i r s ,  C o n s t a n t  H e a d  T a n k s , e t c  .................. C . 9

C . 8 L e a c h a t e  S a m p l e  S t o r a g e  R a c k  .......................................................... C . 1 0

C . 9 P i p e  a n d  F i t t i n g s — L e a c h l i ,  m d  T r i a x l a i  E q u i p m e n t C . l l

C . 1 0 Adaptors f > r  L V D T ' S  o n  P r o v i n g  R i n g  ...................................... C . 1 3

C . l i V e r t i c a l  L o a d  C o n t r o l  f o r  D i r e c t  S h e a r  T e s t s  ............ C .  1 4

C .  1 2 H o r iz o n ta l  L o a d  R a t e  C o n t r o l  f o r  D i r e c t  S h e a r  T e a t s C . 1 5



C . 1 3  C u r i n g  C h a m b e r  f o r  D i r e c t  S h e a r  S p e c i m e n s  ....................

C . 1 4  B r u s h  U s e d  f o r  D i r e c t  S h e a r  J o i n t  P r e p a r a t i o n  . . . .

C . 1 5  C o m p o n e n t s  o f  D i s k  M o u l d  ...................................................... ...

D. P E R M E A B I L I T Y  AND C A L C I U M  RATE DATA FOR INDIVIDUAL SPECIMENS

C .  l b  

C . 1 7  

C .  I d

CONTENTS

i .



1 1 .  T R I A X 1 A L  C O M P R E S S I O N  T E S T S

1 1 . 1  S u m m a r y  o f  R e s u l t s  —  T r U x t a l  C o m p r e s s i o n  T e s t s  .  1 1 . 1 6

1 2 .  D I R E C T  S H E A R  T E S T S

1 2 . 1  S u m m a r y  o f  U l t i m a t e  S t r e n g t h  R e s u l t s  f o r  D i r e c t

S h e a r  T e s t s , R a n k e d  o n  C o h e s i o n  .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   1 2 . 2 5

1 3 .  O E D O M E T E R  T E S T S

1 3 . 1  L o a d i n g  S e q u e n c e  f o r  O e d o o e t t .  T e s t s  .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3 . 3

1 3 . 2  S u m m a r y  o f  R e s u l t s  —  O e d o m e t e r  T e s t s  ...........   1 3 . 2 7

A P P E N D I C E S

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

D . l  S t a n d a r d  C o n d i t i o n s  f o r  L e a c h i n g  T e s t  P r o g r a m  . . . .  D . 3



V O L U M E  T W O

1 1 .  T R L A X I A L  C O M P R E S S I O N  T E S T S

1 1 . 1 D e v t a c o r  S t r e s s  a n d  P o r e  P r e s s u r e  v s  S t r a i n  f o r  

S p e c i m e n s  w i t h  1 0 1  C e m e n t  T e s t e d  a t  A g e  3 5 3  .................

1 1 . 2  D e v l a t o r  S t r e s s  a n d  P o r e  P r e s s u r e  v s  S t r a i n  a t  

C e l l  P r e s s u r e s  o f  2 . 4  a n d  0 . 4 5  M P a  f o r  V a r i o u s

C o n d i t i o n s  ....................... .. .....................................................................................^ ‘

1 1 . 3  P - y  D i a g r a m  f o r  S o l l - C e m w n t  a n d  M i c r o c o n c r e t e
11  2 1Specimens ................................................... ...................................... ..

1 1 . 4  P - Q  D i a g r a m  f o r  S p e c i m e n s  w i t h  10% C e n e n t  T u b j e  :

t o  E x t e n d e d  C u  e  a n d  N o n - S t a n d a r d  C o m p a c t i o n  . . . .  1 1 . 2 2

1 1 . 5  P - N  D i a g r a m  f o r  S p e c i m e n s  w i t h  1 0 % C e m e n t  S u b j e c t

t o  N o n - S t a n d a r d  C u r i n g  C o n d i t i o n s  .........................................  1 1 . 2 4

1 1 . 6  y - M o d u i u s  v s  C o n f i n i n g  P r e s s u r e  f o r  S t a n d a r d  

S o l l - C e m e n t  a n d  M i c r o c o n c r e t e  S p e c i m e n s   ..................  1 1 . 2 /

1 1 . 7  Q - M o d u l u s  v s  C e m e n t  C o n t e n t  ..........................................................  1 1 . . . 4

U . 8  E ' f e c t l v e  C o h e s i o n  v s  C e m e n t  C o n t e n t  ................................  1 1 . 3 0

1 1 . 9  E f f e c t i v e  C o h e s i o n  v s  U n c o n f i n e d  C o m p r e s s i v e  

S t r e n g t h  ............................................................................. .. ...............................  1 1 . 3 3

1 1 . 1 0  Q - M o d u l u s  v s  U n c o n f I n e d  C o m p r e s s i v e  S t r e n g t h  . . . .  1 1 . 3 5

1 2 .  D I R E C T  S H E A R  T E S T S

. 2 . 1  I n t a c t  S p e c i m e n s  5X C e m e n t   .................................................. ... 1 2 . 1

1 2 . 2  I n t a c t  S p e c i m e n s  1 0 %  C e m e n t  ....................................................   1 2 . 1 8

1 2 . 3  i n t a c t  S p e c i m e n s  2 0 %  C e m e n t  .............................. .. .........................  1 2 .  H

1 2 . 4  U n t r e a t e d  C o n s t r u c t i o n  J o i n t   ...............................................  1 2 . 2 0

1 2 . 5  C e m e n t  T r e a t e d  C o n s t r u c t i o n  J o i n t  ..........................................  1 2 . 2 1

1 2 . 6  W i r e  B r u s h e d  C o n s t r u c t i o n  J o i n t  ...............................................  1 2 . 2 2

1 2 . 7  F a i l u r e  E n v e l o p e s  f o r  D i r e c t  S h e a r  T e s t s  .......................  1 2 . 2 4

G R A P H S 1



l Z . *  C o h e s i o n  v s  C e m e n t  C o n t e n t  o f  I n t a c t  S p e c i m e n s  . .  1 2 . 2 7

1 2 . 9  C o n s o l i d a t i o n  o f  D i r e c t  S h e a r  D a t a  a t  a

D i s p l a c e m e n t  o f  5  mm P a s t  F a i l u r e  Displacement  • •  1 2 . 3

1 3 .  O E D O M E T E R  TESTS

1 3 . 1 L o n g - T e r m  S e t t l e m e n t - -  S p e c i m e n s  w i t h  5% C e m e n t 1 3 . 1 0

1 3 . 2 L o n b  T e r m S e t t l e m e n t —— S p e c i m e n s  w i t h  1 5 2  c e m e n t 1 3 . 1 1

1 3 . 3 S t r e s s  v s S t  r a i n f o r L o n g - T e r m  S e t t l e m e n t  T e s t s  . 1 3 . 1 2

1 3 . 4 S t r e s s  v e S t  r a i n f o r U n s t a b i l i z e d  S p e c i m e n s  . . . . . . ' . 1 5

1 3 . 5 S t r e s s  v s S t r a i  i f o r S p e c i m e n s  w i t h  5% C e m e n t  .  . 1 3 . 1 6

1 3 . b S t r e s s  v s S t r a i n t v . S p e c i m e n s  w i t h  1 0 %  C e m e n t  . . 1 3 . 1 7

1 3 . 7 S t r e s s  v s S t r a i n f o r S p e c i m e n s  w i t h  1 5 %  C e m e n t  . . 1 3 . 1 8

1 3 . B S t r e s s  v s S t r a I n f o r S p e c i m e n s  w i t h  2 0 %  C e m e n t  . . 1 3 . 1 9

1 3 . 9 S t r e s s  v s S t r a i n f o r S p e c i m e n s  S o a k e d  B e f o r e

1 3 . 2 1

1 3 . 1 0 S t r e s s  v s S t r a i n f o r N o n - S t a n d a r d  T e s t  C o n d i t i o n s

S p e c i m e n s • G e t 1 3 . 2 3» i  v. n  j a

1 3 . 1 1 S t r e s s  v s  

S p e c i m e n s

S t r a i n  

w i t h  1!

f o r  

5 1  C.

N o n - S t a n d a r d  T e s t  C o n d i t i o n s

1 3 . 2 4

1 3 . 1 2  M o d u l u s — S t a r t  o f  C o n s t r u c t i o n  t o  R e s e r v o i r  F u l l  1 3 . ’ 9

1 3 . 1 3  M o d u l u s — F i r s t  F i l l i n g  f r o m  E n d  o f  C o n s t r u c t i o n  .  1 3 . 3 0

1 3 . U  M o d u l u s — C y c l i c  R e s e r v o i r  O p e r a t i o n  ...................................  1 3 . 3 1

1 3 . 1 5  C o m p a r i s o n  o f  O e d o a e t e r  a n d  T r i . a x l a l  M o d u l i  . . . . .  1 3 . 3 2

1 4 .  H E A T  G E N E R A T E D  D U R I N G  H Y D R A T I O N

1 4 . 1  C o m p a r i s o n  o f  T e m p e r a t u r e  P r o f i l e  o f  U n s t a b l l l ^ e d

S p e c i m e n  w i t h  T e m p e r a t u r e  a r  V a r i o u s  P o i n t s

A r o u n d  I n s u l a t e d  E n c l o s u r e  .............................................................  1 4 . 1 0

1 4 . 2  T e m p e r a t u r e  P r o f i l e s  o f  S t a b i l i z e d  S p e c i m e n s

R e l a t i v e  t o  U n s t a b i 1 i z e d  S p e c i m e n  ..........................................  1 4 . 1 2

1 4 . 3  T e m p e i a t u r e  G a i n  v  * C e m e n t  C o n t e n t  ........................................  1 4 . 1 5

A P P E N D I C E S

D .  P E R M E A B I L I T Y  AND  C A L C I U M  R A T E  D A T A

0 . 1  U n s t u b l l l z e d  S o i l  ( U %  ' . e r a e n t ) .......................................................  D . •+

D . 2  S t a n d a r d  C y l i n d e r s ,  5% C e m e n t  .......................................................  0 . 5

G R A P H S



D . 3 S t a n d a r d  C y l i n d e r s , 3% C e m e n t  ( S e c o n d  S e t )  ..................

D . 4 S t a n d a r d  C y l i n d e r s , 1 0 %  C e m e n t ....................................................

D . 3 S t a n d a r u  C y l i n d e r s , 1 0 % C e m e n t ( S e c o n d  S e t )  ...............

D . 6 S t a n d a r d  C y l i n d e r s , 1 3 % C e m e n t

D . 7 S t a n d a r d  C y l i n d e r s , 2 0 %  C e m e n t

D . b S t a n d a r d  C y l i n d e r s , 2 0 %  C e m e n t ( S e c o n d  S e t )  . . . . . .

D . 9 2 8  D a y  H u m i d  C u r e , 1 0 % C e m e n t

D .  1 0 7 D a y  H u m i d , 2 1  D a y L e a c h  B a t h C u r e ,  1 0 % C e m e n t  . .

D . l l  7 D a y s  H u m i d  C u r e  a n d  1 2  C y c l e s  W e t - D r y ,  1 0 %  C e m e n t  

0 . 1 2  7 D a y s  H u m i d  a n d  7 7  D a y s  S e a l e d  C u r e ,  1 0 *  - e m e n t  .  

D . 1 3  7 D a y s  H u m i d  a n d  3 4 3  D a y s  S e a l e d  C u r e ,  1 0 %  C e m e n t

D . l j a  d i t t o  —  n o r m a l  s c a l e .... ...........................................

D . 1 4  . U g h  H y d r a u l i c  G r a d i e n t  ( 1 3 6  m / m ) ,  1 0 %  C e m e n t  . . . .  

D . 1 5  H i g h  H y d r a u l i c  G r a d i e n t ,  1 0 %  C e m e n t  ( S e c o n d  S e t )  .  

D . l b  S t a n d a r d  G r a d i e n t ,  1 0 % C e m e n t ,  X l r  P r e s s u r i s e d

C o n t r o l  .............................................................. .. ..... .............................................

D . V  H i g h  H y d r a u l i c  G r a d i e n t  ( 1 3 6  u / m  2 0 %  , e m e n t  . . . .

D . 1 8  L o w  H y d r a u l i c  G r a d i e n t  ( 1 0  m / m )  « C e m e n t  ..................

D , 1 9  L o w  H y d r a u l i c  G r a d i e n t  ( 1 0  m / m ) ,  1 0 %  C e m e n t  ...............

0 . 2 0  Lo w  H y d r a u l i c  G r a d i e n t  ( 1 0  m / m ) ,  2 0 %  C e m e n t  ...............

D . 2 1  5% L a m e n t ,  L e a c h e d  w i t h  M l d d e l b u r g  R e s e r v o i r  W a t e r  

U . 2 2  1 0 % C e m e n t ,  L e a c h e d  w i t h  M l d d e l b u r g  R e s e r v o i r  W a t e r  

0 . 2 3  2 0 %  C e m e n t ,  L e a c h e d  w i t h  M l d d e l b u r g  R e s e r v o i r  - « a t e r

0 , 2 4  5% C e m e n t ,  L e a c h ' d  w i t h  C a r b o n a t e d  W a t e r  .......................

1 5 . 2 6  1 0 % C e m e n t ,  L e a c h e d  w i t h  C a r b o n a t e d  W a t e r  .....................

0 . 2 6  2 0 %  C e m e n t ,  L e a c h e d  w i t h  C a r b o n a t e d  C a t e r  .....................

0 , 2 7  C r a c k e d  C y l i n d e r s ,  1 0 % C e m e n t  .......................................................

0 . 2 %  C r a c k e d  C y l i n d e r s ,  2 0 %  C e m e n t  .......................................................

f  . 2 9  Ml<.  r o c o n  - r e t r  , 1 8 . 2  C e m e n t ,  C / V  1 . 0  ...................................

D . 3 0  M i c r o c o n c r e t e ,  2 2 %  C e m e n t ,  c / w  1.2 ........................................

n , 3 l  S t a n d a r d  C y l i n d e r s ,  1 2 9  W e e k  L e a c h  P e r i o d ,  1 0 %

Cement  ................................................... ............................... ..

O . j i a  d i t t o  —  n o r m a l  s c a l e  ...........................................

0 . 1 2  Specimens Compacted a t  1% B e l o w  Proctor  O . M . C .  . . .  

0 . 3 3  Specimens Compacted at 1 1  Abcve Proctor  O . M . C ,  . . .

0 . 3 4  Specimens Compacted at  2% Above Proctor  M a x i m u m

D e n s i t y   ...........................................................................................

.6

.7

.b

. 9

.10

M l

M 2

M 3

1 . 1 4

). 13

) . 1 6

3.17

3 . 1 #

3 . 1 9

D .  2 0

D . 2 1

D .  2 2

D . 2 3

D . 2 *

D . 2 5

D . 2 6

D .  2 7

D .  2 #

D . 2 9

D . 3 0

D .  3 I

D .  3 2

D . 3 3

D .  3 4

D . 3 3  

D . 3 6  

D .  3 7  

D.. 3#

D.  3 9



I), I > 'Jit.’ 'pei m ens  , i i isLabii ized

i).3(i Ui s .< Specimens , >1 Gemeni

i. 35 Disk Specimens , 10% Cement

.38 ,*i «.k Specimens ,  15% Cement



/

-

P L A T E S  

V O L U M E  TWO

11.  TRLAXLAL COMPRESSION TESTS

11.1 High P r e s s u r e  T r i a x l s i  Cel  s  ...............................................  11 •

11.2 High P r e s s u r e  Accuou l a cor  and C o n t r o l  Pa ne l  ..........   ̂ 1 •

11 . 3  Low P r e s s u r e  A c c u a u l a t o r  and C o n t r o l  Pa ne l  ............. 1 •

12.  D I R E C T  S H E A R  T E S T S

12.1 D i r e c t  Shear  Appa r a t u s  i n  use  ............................................

12 . 2  Ai r - Hy d r o  Pump Assembly ....................................   -

12.3 C r a d l e  f o r  P o s i t i o n i n g  Shear  Boxes on T e s t i n g

Machine f o r  Compact ion of  Specimens  ............... .............. 1 2 . b

12 . 4  Pan Mixer  and Batched M a t e r i a l  .........................................  12.9

12.3 Specimen S u r f a c e  As Compacted .......................    12 .12

12. 6a  So 11-Cement  S u r f a c e  a f t e r  Brooming in  F i e l d  .........  12. U

12. 6b  Brushed Sol1-Cement  S u r f a c e  Produced  i n

L a b o r a t o r y  ........................... ................ .................. ..........................  12.  i -

12.7 T y p i c a l  F a i l u r e  S u r f a c e s  ..............................    12 . 26

13. OEDOMETER TESTS
13.1 Long-Term S e t t l e m e n t  T e s t s  in  P r o g r e s s  ......................  1 3 . t

13.2 Mould f o r  Compact ion o f  Disx Specimens  ...................... 1 3 . n

14. HEAT GENERATED DURING HYDRATICl’

14.1 The rmocouple s  on Middle J o i n t  ............................. .............. l a .

14.2 Assembled C e l l  and I n s u l a t i o n  Pack i ng  ........................  14. -

P L A T E S



B. VIBRATING TUMBLER KOR ABRASION TESTING
B.l Vibra lag Tumbler for Abrasion Test ing   ......................

C. SUPPLEMENTARY INFORMATION ON APPARATUS

C.l Mercury Displacement Cel l  and So i l  Disks ...................

0 .2  Cylinder Mould and A ccessor ies  ..........................................

0 .3  Compaction Workstation .............................................................

0 .4  Sea l ing  of Specimens for Curing .......................................

0 .5  Comoressed Air Pumping Vesse l  for D i s t i l l e d  Water  

0 .6  Water R eservo irs ,  Constant Head Tanks, e t c  . . . . . . .

0.7 Leachate Storage Rack     * *

0 .8  LVDT's Mounted on Proving Ring .................................

0 .9  V e r t i c a l  Load Control for Direct Shear Tests  . . . . .  

C.IU Horizontal  Load Rate Control for D irec t  Shear Test

C . l l  Curing Chamber for Direct Shear Specimens .................

0 .12  Wire Brush and D r i l l  for Jo in t  Preparation ...............

0 .13  Components of Disk Mould .........................................................



CHAPTER 11 

T R IA X IAL  COMPRESSION TESTS

1 1 .1  INTRODUCTION

The o b j e c t i v e s  of  t h e  t r i a x l a l  c o m p r e s s i o n  t e s t s  w e r e : -

a .  To d e t e r m i n e  t he  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 o l l - c e n e n t  

f o r  use  i n  d e s i g n  and  f o r  c o m p a r i s o n  w i t h  t he  r e s u l t s  of  the  

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

b .  To I n v e s t i g a t e  t h e  e f f e c t  of  t he  v a r i a t i o n s  ir.  c o m p a c t i o n  and  

c u r i n g  c o n d i t i o n s ,  e x a m i n e d  i n  t he  l e a c h i n g  L r s t  p r o g r a m , on 

t h e  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 o i l - c a m e n t .

c .  To 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  i n  t he  l e a c h i n g  c e l l s

and  l e a c h i n g  b a t h  on t h e  s h e a r  s t r e n g t h  of  s o i l - c e m e n t .
«•

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

me a s u r e m e n t  was us ed  f o r  a l l  t e - t i s  i n  o r d e r  t o  o b t a i n  t h e  maximum

i n f o r m a t i o n  f rom t he  t e s t  p rogram.

A t o t a l  of  46 s e t s  of  s p e c i m e n s  were  s c h e d u l e d  for  t e s t i n g .  

However ,  as  d i s c u s s e d  i n  c h a p t e r  9, c o n s id e r a b le  d e t e r i o r a t i o n  of  

t he  i n l e t  e n d  of  s p e c i m e n s  s u b j e c t  t o  l e a ch in g  in the l e a c h i n g

c e l l s  o c c u r r e d .  S u r f a c e  d e t e r i o r a t i o n  of  t he  specim ens in  the  

l e a c h i n g  b *th was a l s o  o b s e r v e d .

As d i s c u s s e d  i n  s e c t i o n  9 . 3 . 5 ,  i t  was f e l t  t h a t  s t r e n g t h  t e s t i n g  of

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

T h i s  d e c i s i o n  i s  r e i n f o r c e d  by the  c o n c l u s i o n  i n  c h a p t e r  9 t h a t



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

w a t e r  I s  u n l i k e l y  t o  l e a d  t o  d e t e r i o r a t i o n  i n  a m a s s i v e  s o i l -  

c e m e n t  e m b a n k m e n t .  In  a d d i t i o n ,  t he  a c c u r a t e  f i n a l  d r y  mass  o f  

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

of  t he  l e a c h i n g  t e s t  r e s u l t s  a n d  i t  was f e l t  t h a t  t r i a x i a l  t e s t i n g  

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

of  I mm f o r  s p e c i m e n s  t o  be s u b j e c t  t o  t r i a x i a l  t e s t i n g ,  was t h u s  

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

which p e n e t r a t i o n  was w i t h i n  t h i s  l i m i t  were t e s t e d .

In  t h e  l i g h t  of  t h e  c o n c l u s i o n s  i n  c h a p t e r  9 a n d  on t h e  b a s i s  o f  

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

t r i a x t a l l y , o n l y  t h e  d a t a  f o r  t h e  u n 1eac heo  s p e c i m e n s ,  o t o t a l  o f  

19 s e t s , was p r o c e s s e d  a n d  i s  p r e s e n t e d  i n  t h i s  c h a p t e r .  I n  mos t  

c a s e s ,  s e t s  c o n t a i n e d  s i x  s p e c i m e n s  but  a number  of  t h r e e  s p e c i m e n  

s e t s  were  t e s t e d  t o  i n v e s t i g a t e  a d d i t i o n a l  f a c t o r s .

C u r i n g  c o n d i t i o n s  a n d  a ge s  i n v e s t i g a t e d  were d e t e r m i n e d  by t he  

l e a c h i n g  t e s t  p r og r am.  As n o t e d  i n  c h a p t e r  9,  v a r i o u s  f a c t o r s  

d e l c / e d  t he  t r i a x i a l  p rogram a n d  as  a r e s u l t  no t r i a x i a l  t e s t s  

w e n  c o n d u c t e d  a t  agos  l e s s  t h a n  290 d a y s .

C e l l  p r e s s u r e s  u s ed  i n  t he  t e s t  p rogram were  d e r i v e d  f rom 

c o n s i d e r a t i o n  o f  t he  a n a l y s i s  d i s c u s s e d  i n  c h a p t e r  3 a p p l i e d  t o  

t h e o r e t i c a l  e m b a n k m e n t s  up t o  150 m h i g h ,  i n c l u d i n g  an  a l t e r n a ­

t i v e  s o i l - c e m e n t  s t r u c t u r e  f o r  t he  Rondebosch  Dam. On t h e  b a s i s  

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

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

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

2200 k Pa was a d e q u a t e  f o r  t h e  s i z e  of  s o i l - c e m e n t  dam t h a t  c o u l d  

r e a s o n a b l y  t>e e x p e c t e d  t o  be c o n s t r u c t e d  i n  t he  f o r e s e e a b l e  f u t u r e .

A back  p r e s s u r e  of  200 k Pa was a p p l i e d  t o  t h e  s p e c i m e n s  d u r i n g

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

d u r i n g  t e s t i n g  were  300,  450,  700,  1030,  1600 and  2400 k Pa .  In  t h e  

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

c e l l  p r e s s u r e s  we re  u s e d .  Two h i gh  p r e s s u r e  t r i a x i a l  c e l l s  a n d
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p r e s s u r e  s u p p l i e s  were  d e s i g n e d  a n d  b u i l t  t o  acc ommoda t e  t h e  

h i g h e r  p r e s s u r e s .  P r e s s u r e  s u p p l i e s  were a l s o  b u i l t  f o r  t h e  low 

p r e s s u r e  c e l l s  a n d  gauges  f o r  m e a s u r e m e n t  of  vo lume c h a n g e  were 

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

S t r a i n  r a t e s  a n d  t e s t  p r o c e d u r e s  were s e l e c t e d  a l t e r  s t u d y i n g  a 

number  of  r e f e r e n c e s ,  i n c l u d i n g  J a r d l n e  (19b3) ,  J a c k s o n  ( 1 965 ) ,  E l -  

EUwi ( 19 6 7) a n d  Abboud (1969) .

The s t r a i n  rate  of  0.02 X /o in  used by Jardlne (1963)  and Jackson  
(1965)  was used.  This v i s  s lower than that used by Abboud (1969)  

and El-Rawi (1967)  but was found to g i v e  an accep tab le  time to  

f a i l u r e ,  because of the r e l a t i v e  s t i f f n e s s  of the s o i l - c e m e n t  

specimens,  a co n s id e ra b le  d e f l e c t i o n  of the proving r in g s  occurred  

before f a i l u r e .  A c c o r d in g ly , i t  was necessa ry  to adjus t  the rate  

of d isp lacem ent  of the load in  $ ram to accommodate t h i s  a d d i t i o n a l  

d e f l e c t i o n .

1 1 . 2  APPARATUS

Standard c o n s t a n t  s t r a i n  rate  compress ion t e s t i n g  machines  were 

used for th-  t r i a x i a l  t e s t s .  S t i f f a r  mountings and s id e  bars were 

required for the two machines with  lowest  c a p a c i ty  to accommodate 

the required l o a d s , but the machines were o th er w ise  c o m p l e t e l y  

standard.

Load measurement was by means of proving  r i n g s .  Three a d d i t i o n a l  

p r o v ir g  r in g s  of  4U kN c a p a c i ty  were fa b r ic a te d  from r o l l e r  

bearing s h e l l s ,  a f o u r t h  s h e l l  was repeated ly  loaded to  check  

l i n e a r i t y  and h y s t e r e s i s  and then loaded to d e s t r u c t i o n  i n  order  

to  determine s u i t a b i l i t y  and s a f e  working load.

D e f l e c t i o n  m e a s u r e m e n t  was by means  of d i a l  d e f l e c t i o n  gauges and 

pore  p r e s s u r e  m e a s u r e m e n t  by means  of e l e c t r i c a l  pressure  t r a n s ­

d u c e r s .  L i n e a r l y  v a r i a b l e  d i s p l a c e m e n t  transducers  (LVDT's) were 

o b t a i n e d  and  b r a c k e t s  made to  e n a b l e  them to be mounted in
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p a r a l l e l  w 1 th  t he  d i a l  gauges  f o r  l oa d  and  d e f l e c t i o n  m e a s u r e m e n t .  

S c r e e n e d  c a b l i n g  a n d  power s u p p l i e s  were  i n s t a l l e d  t o  p e r m i t  a l l  

r e a d i n g s  t o  be t a k e n  a t  a c e n t r a l  p o i n t  by means  of  a n  e l e c t r o n i c  

d a t a - l o g g e r .  However ,  p r ob l e ms  w i t h  t he  d a t a - l o g g e r  n e c e s s i t a t e d  

ma n u a l  r e c o r d i n g  of  a l l  d a t a .

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

o r i e n t a t i o n  and  low l a t e r a l  t e a r i n g  s t r e n g t h  was used  t o  form t h e  

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

s t r i p  d r a i n s  I n d i c a t e d  no i n c r e a s e  i n  s t r e n g t h  r e s u l t i n g  f rom t h e  

us e  of  t he  f a b r i c .  T h i s  was a t t r i b u t e d  t o  t he  low l a t e r a l  s t r e n g t h  

of  t h e  f a b r i c  and  t h e  low r a d i a l  s t r a i n  a t  f a i l u r e .  T h i s  m a t e r i a l  

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

c o n s o l i d a t i o n .  S i n t e r e d  b r a s s  po rous  d i s k s  were  u s ed  to provide  

r i g i d  end d r a i n s .  A d i s k  o f  g e o f a b r i c  was placed between t h e  

po rous  d i s k  e n d  t h e  s p e c i m e n  t o  p r e v e n t  c l o g g i n g .  C o n v e n t i o n a l  

s l o t t e d  f l l t e r - p a p e r  d r a i n s  were used f o r  t h e  u n s t a b l l l z e d  s p e c i ­

me ns .

Because of the high pressures  used, two l a t e x  membranes of the type  

manufactured for the l e a ch in g  t e s t s  were used to  e n c l o s e  the  

specimen. These were held in  place at  each end with  two O - r ln g s .

1 1 . 2 . 1  T r i a x l a l  C e l l s

The t r i a x l a l  c e l l s  u sed  f o r  t h e  l o w er  c e l l  pressures  were s tandard  

c e l l s  m a n u f a c t u r e d  by Wykeham F a r r a n c e  Ltd with  a maximum 

w o r k i n g  p r e s s u r e  o f  1030 k ? a .  These c e l l s  were  m odif ied  by 

r e p l a c i n g  t he  s t a n d a r d  " K l i n g e r "  packed gland plug cocks  w ith  b a l l  

v a l v e s  with  n e o p r e n e  s e a l s  which  provided the same zero volume  

change c h a r a c t e r i s t i c  w i t h  b et ter  s e a l i n g  and smoother o p e r a t io n  
at  l o w e r  c o s t .

Two h igh  p r e s s u r e  t r i a x l a l  c e l l s  were  b u i l t  t o  a cc ommoda t e  t h e  

h i g h e r  p r e s s u r e s  r e q u i r e d .  These  were  d e s i g n e d  f o r  a maximum 

w o r k i n g  p r e s s u r e  o f  7 MPa a n d  were f a b r i c a t e d  f rom m i l d  s t e e l  i n
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artier to s in .pl. ify  machining and m in im ise  c o s t . To p r e v e n t  

c o rr o s io n ,  a c e l l  f l u i d  of  90% water 10% s o lu b le  m a c h in i s t s  

c u t t i n g  o i l  was used. This was found to be c l ea n  to work with  and

did not leave  a s i g n i f i c a n t  o i l y  depos it  on the c e l l s  and

membranes. No sh o r t - term  d e t e r i o r a t i o n  of the membranes w a ; 

noted. One of the assembled c e l l s ,  together  with the major

components of the second c e l l ,  i s  i l l u s t r a t e d  in  p la te  11.1.

PLATE 11.t 
HIGH PRESSURE TRIAXIAL CELLS

The high pressure c e l l s  were modelled on the s tandard Wykeham 

Farrance c e l l s  and made use of the standard c e l l  base.  This  was

modified by the replacement of the plug cocks with  high pressure

b a l l  v a l v e s .  Holes were d r i l l e d  for b o l t s  f a s t e n i n g  the base of  

the high pressure c e l l s  to the standard base.  In normal use ,  the  

c e l l  base was l e f t  bolted to the standard base.  The c e l l  was

machined from th ick  walled s t e e l  tubing  and the top cap was

s i m i l a r  in  des ign  to the standard top cap. A 25 mm p o l i sh ed  s t e e l
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p i s t o n  w i t h  an  O - r i n g  s e a l  was u s e d .  The r e s i s t a n c e  of  t h e  O - r i n g

was c o n s i d e r e d  t o  be i n s i g n i f i c a n t  i n  c o m p a r i s o n  to  t h e  a x i a l

l o a d s  a p p l i e d .  The t op  cap  was f i t t e d  w i t h  a b a l l  v a l v e  f o r  
v e n t i n g  the  c e l l .

I n  u s e ,  the  s p e c i m e n  was a s s em b l e d  on the  p e d e s t a l ,  t h e  c y l i n d e r  

was p l a c e d  o v e r  i t  and t he  top  cap  l o c a t e d .  The s e a t s  f o r  t h e  0 -  

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

a l i g n m e n t  of  t h e  c y l i n d e r ,  t op  cap a n d  b a s e .  The t o p  cap  was h e l d  

down by s i x  lb ma d i a m e t e r  b o l t s ,  t h r e e  of  wh i ch  p a s s e d  t h r o u g h  

s p a c e r  t u b e s  ma c h in ed  t o  e n s u r e  t h a t  t h e  top  and  b o t t o m  of  t h e  c e l l  

we r e  p a r a l l e l  a n d  t o  p r o v i d e  t he  r e q u i r e d  c o m p r e s s i o n  i n  t h e  0 -  

r i n g s .  A l a r g e  L - s p a n n e r  was us ed  t o  ho l d  t h e  t o p  o f  t h e  c e l l

w h i l e  t he  b o l t s  were t i g h t e n e d .

I n  a l l  o t h e r  r e s p e c t s ,  o p e r a t i o n  of  t he  c e l l  was t he  same as  f o r  t h e  
s t a n d a r d  t r i a x l a l  c e l l .

1 1 . 2 . 2  C e l l  F r e e  s u r e  S u p p l y

A number of  a l t e r n a t i v e  sources  of pressure supply were co n s id ered  

f o r  the high pressure t r i a x l a l  c e l l s .  These inc luded  the use of  

hyd rau l ic  regu la tor  system s  s i m i l a r  to those used by Colder and 

A’x r o y d  (1954)  and Jardine (1963).  However, the maximum c e l l  

p r e s s u r e  of  2400 kPa was w i th in  the l i m i t s  o f  the pressure  

a v a i l a b l e  f rom high pressure a ir  reg u la to rs  and gas in  c y l i n d e r s .  

I t  was a c c o r d i n g l y  decided to use accumulators  to p r e s s u r i s e  the 

h i g h  p r e s s u r e  c e l l s .  Nitrogen was s e l e c t e d  as the pressure  source  

due t o  i t s  low s o l u b i l i t y  and  beca use  i t  was a l r e a d y  b e i n g  used in  
he l e a c h i n g  a n d  d i r e c t  s h e a r  p r o g r a m s .

P la te  11.2 g i v e s  a g e n e r a l  v i e w  o f  one  of  t h e  high pressure  

a c c u m u l a t o r s  a n d  r e l a t e d  e q u i p m e n t .  The c y l i n d e r  was a s s e m b l e d  

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

c o a t e d  I n t e r n a l l y  w i t h  t h r e e  l a y e r s  of  an  e p o xy  c o a l - t a r  p a i n t  

each c u re d  a '  30° J f o r  t w e n t y  f ou r  h o u r s .  The s o l u b l e  o i l  s o l u t i o n
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referred t o  e a r l i e r  was s tored In the accumulator and t r a n s f e r r e d  

to the c e l l  for t e s t i n g .  A v i s u a l  l e v e l  gauge was con n ec ted  t o  t h e  

c y l i n d e r  which was p o s i t io n e d  so that the f l u i d  surface  c o r respon  

ded to the m id-he ight  of the c e l l  when the c e l l  was ruli. .

PLATE 11.2
HIGH PRESSURE ACCUMULATOR AND CONTROL PANEL

V a lv e s  at the bottom of the accumulator connected  to the c e i l ,  the  

d e - a ir e d  water supply and to  w aste .  Valves  at the top of  the  

accumulator connected  to the pressure supply (top v a l v e  in  p l a t e s

11.2 and 11.3) md the vacuum supply (lower v a l v e ) .  The vacuum 

c o n n e c t io n  was used f.ji rap id ly  d r a in i n g  the c e l l  a f t e r  t e s t i n g
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r e f e r r e d  t o  e a r l i e r  w a s  s t o r e d  i n  t h e  a c c u m u l a t o r  a n d  t r a n s f e r r e d  

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

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

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

PLATE 11.2
HIGH PRESSURE ACCUMULATOR AND CONTROu PANEL

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

d o - a i r e d  w a t e r  s u p p l y  a n d  t o  w a s t e .  V a l v e s  a t  t h e  t o p  o f  t h e  

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

1 1 . 2  a n d  1 1 . 3 )  a n a  t h e  v a c u u m  s u p p l y  ( l o w e r  v a l v e ) .  T h e  v a c u u m  

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

The t t u i d  w a s  s t o r e d  u n d e r  v a c u u m  b e t w e e n  t e s t s .  T h e  t w o  

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

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

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

a l s o  c o n n e c t e d  t h e  t o p  d r a i n  t o  t w o  a d d i t i o n a l  v a l v e s  wh*.  . h  

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

a p p a r a t u s  d i s c u s s e d  i n  s e c t i o n  1 1 . 2 . 3 ,  b e l o w .

Two r e g u l a t o r s  were  p r o v i d e d  f o r  u s e  where  p r e s s u r e s  u n d e r  a n d  

o v e r  1030 kPa  were  r e q u i r e d .  A p r e c i s i o n  h i g h  p r e s s u r e  gauge was 

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

11.2) a n d  t h e  low p r e s s u r e  r e g u l a t o r  was c o n n e c t e d  t o  a p r e c i s i o n  

low p r e s s u r e  gauge on t he  o r i g i n a l  c o n t r o l  boa rd  <n o t  v i s i b l e ) .  A 

t w o - w a y  v a l v e  on t he  low p r e s s u r e  r e g u l a t o r  a l l o w e d  c o n n e c t i o n  to 

t h e  c om p r e s s ed  a i r  s u p p l y  when p r e s s u r e s  u n d e r  500 k P a  were  

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

t h 4 s .

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

a b l e  a t  p r e s s u r e s  i n  e x c e s s  o f  a b o u t  5 0 0  k  P a  a n d  w a s  a l s o  

r e l a t i v e l y  t i m e - c o n s u m i n g  t o  u s e .  F o u r  l o w  p r e s s u r e  s y s t e m s  >f 

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

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

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

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

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

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

w a t e r  w a s  u s e d  a s  t h e  c e 1 1 f l u i d .

P l a t e  11.3 i l l u s t r i t e s  a  l o w  p r e s s u r e  i n s t a l l a t i o n .  The c o n t r o l  

b o a r d  i s  o n  t h e  r i g h t  w i t h  t h e  a c c u m u l a t o r  i n  t h e  c e n t e r .
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CUMULATOR ANo CONTROL PANEL

1 1 . 2 . 3  V o l u m e  C h a n g e  M e a s u r e m e n t

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

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

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

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

11.2 a n d  11.3.  T u b e s  w i t h  e x t e r n a l  d i a m e t e r s  o f  1 / 8  a n d  3 / 8  I n c h  

0 . 1 7 5  a n d  9 . 5 2 5  ram;  w e r e  u s e d ,  g i v i n g  c a p a c i t i e s  o f  i 2 a n d  3 9 . 4  

m l / r a .  T h e  t u b e s  w e r e  m o u n t e d  I n  p a r a l l e l  w i t h  b a l l  v a l v e s  t o  

s e l e c t  t h e  s i z e  r e q u i r e d .  E a c h  t u b e  w a s  s u p p l i e d  w i t h  a  m i l l i m e t e r  

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

o e l i m i n a t e  p a r a l l a x  e r r o r .  P o t e n t i a l  e r r o r  d u e  t o  m a n u f a c t u r i n g  

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

; eve  c a l c u l a t e d  t o  b e  ot  t h e  o r d e r  of  U.5Z a n d  a c c o r d i n g l y  n o  

• I . ihra '  It- w n o n s t d e r e d  n e c e s s a r y .
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I.

Back p r e s s u r e  was  a p p l i e d  by means  of  r e g u l a t e d  c o m p r e s s e d  a i r  

m o n i t o r e d  on a p r e c i s i o n  p r e s s u r e  gauge .  The t u b i n g  c o n n e c t i n g  

t he  vo lume cha n g e  gauge t o  the  s p e c i m e n  was f l u s h e d  w i t h  d e - a L r e d  

d i s t i l l e d  w a t e r  d u r i n g  s e t t i n g  up.  The l e n g t h  of che c o n n e c t i n g  

t u b i n g  was a p p r o x i m a t e l y  2 m w i t h  a bo re  of  4. .  ®m an<* I f  13 

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

s a t u r a t i o n  and  c o n s o l i d a t i o n  p e r i o d  was u n l i k e l y . A s c r e w pump 

was p r o v i d e d  i n  t he  w a t e r  s u p p l y  l i n e  t o  accommodate  l a r g e  volume 

c h a n g e s .

1 1 . 3  T E S T  P R O C E D U R E S

S e t s  o f  s i x  s p e c i m e n s ,  o r  two s e t s  of  t h r e e  c p e c i m e n s ,  were  t e s t e d  

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

d i s t i l l e d  w a t e r ,  " w a t e r ” , was u s ed  i n  a l*  s t e p s  d i s c u s s e d  i n  t he  

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

S ea l e d  and  humid c u r e d  s p e c i m e n s  were  s o a k e d  i n  w a t e r  f o r  a p e r i o d  

of  24 h o u r s  and  t h e n  p l a c e d  u n d e r  w a t e r  i n  a d e s i c c a t o r .  A vacuum 

was a p p l i e d  t o  t h e  d e s i c c a t o r  u s i n g  a h i g h - v a c u u o  pump w i t h  gas  

b a l l a s t .  The s p e c i m e n s  were m a i n t a i n e d  u n d e r  vacuum f o r  a p e r i o d  

of  a t  l e a s t  two h o u r s ,  by which t i m e  no s i g n i f i c a n t  e v o l u t i o n  of  

gas was o c c u r r i n g .  The s p e c i m e n s  were t h e n  t r a n s f e r r e d  t o  t h e  

t r i e  , i a l  c e l l s .  T h i s  p r r c e d u r e  was bas ed  on t h a t  u s ed  by J a r d i n e

( 1 9 v 3 ) .

Leached  s p e c i m e n s  were p l a c e d  d i r e c t l y  i n  t he  t r< a x i a l  c e l l s  a s  i t  

was c o n s i d e r e d  t h a t  t h e y  were l i k e l y  t o  be s a t u r a t e d .  I t  was  a l s o  

c o n s i d e r e d  t h a t  d e - a i r i n g  i n  a d e s i c c a t o r  would l e a d  t o  l o s s  of  

m a t e r i a l  from t h e  r f a c e .

The s i d e  d r a i n s  and  porous  d i s k s  were d e - a i r e d  u n d e r  vacuum and 

s t o r e d  i n  d e - a i r e d  d i s t i l l e d  w a t e r  when n o t  i n  u s e .

A bead ' ,r w a t e r  was run  o n t o  t he  p e d e s t a l ,  t he  s p e c i m e n s  were  

wrapped i n  t ^ e  s i d e  d r a i n ,  n l a c e d  i n  the i n n e r  membrane  a n d  p l a c e d
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o n  t h e  p o r o u s  d i s k ,  o n  t h e  p e d e s t a l ,  c a r e  b e i n g  t a k e n  n o t  t o  t r a p  

a t r .  T h e  s e c o n d  m e m b r a n e  w a s  f i t t e d  t o g e t h e r  w i t h  two O - r l n g s  

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

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

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

t h e  t o p  O - r l n g s  p o s i t i o n e d  a n d  w a t e r  f l u s h e d  t h r o u g h  t h e  t o p  d r a i n .  

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

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

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

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

o f  a p p r o x i m a t e l y  JO d i v i s i o n s .  A p r e s s u r e  o f  1 0 0  k P a  w a s  a p p l i e d  

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

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

r e s e r v o i r s  ( a p p r o x i m a t e l y  7 0  k  P a )  w a s  t h e n  a l l o w e d  t o  f l u s h  

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

u n d e r  v a c u u m  f o r  a  p e r i o d  o f  a t  l e a s t  s i x  m i n u t e s .  A i r  b u b b l e s  In  

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

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

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

m i n u t e s .

T h e  l e v e l  i n  t h e  9 . 5  mm l e v e l  c u b e  w a s  a d j u s t e d  t o  t h e  c e n t e r  o f  

t h e  s p e c i m e n ,  a n d  a  p r e s s u r e  o f  2 0 0  k  P a  a p p l i e d .  T h e  c e l l  p r e s s u r e  

w a s  I n c r e a s e d  t o  2 5 0  k P a  a n d  t h e  l e v e l  t u b e  c o n n e c t e d  t o  t h e  t o p  

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

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

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

v o l u m e  c h a n g e  o c c u r r e d  w i t h i n  a  p e r i o d  o f  2  h o u r s  b u t  t he  

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

c o n v e n i e n c e .

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

i s o l a t e d .  T h e  c e l l  p r e s s u r e  w a s  i n c r e a s e d  t o  4 5 0  k P a  a n d  t h e  pore  

p r e s s u r e  n o t e d .  F u r t h e r  r e a d i n g s  w e r e  t a k e n  o v e r  a p e r i o d  of  

a b o u t  o n e  h o u r .  I n  a l l  c a s e s , t h e  p o r e  p r e s s u r e  r e s p o n d e d  

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

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

A b b o u d  ( 1 9 b 9 )  w h o  r e p o r t e d  v a l u e s  o f  S k e m p t o n s  B p a r a m e t e r  i n  t h e  

r a n g e  o f  0 . 5  t o  0 . 7 .  A b b o u d  i n v e s t i g a t e d  t h i s  p h e n o m e n o n  i n  s o m e  

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

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

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

T h e  c < 1 1  p r e s s u r e  w a s  t h e n  i n c r e a s e d  t o  i t s  f i n a l  v a l u e  a n d  t he  

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

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

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

b a c k  p r e s s u r e  o f  2 0 0  k P '  f o r  a  p e r i o d  o f  a t  l e a s t  two h o u r s .  

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

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

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

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

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

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

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

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

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

1 1 . 4  T E S T  R E S U L T S

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

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

i n l e t  e n d  o f  t h e  s p e c i m e n .  T h e  c o n c l u s i o n s  i n  c h a p t e r  9 I n d i c a t e  

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

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

b a t h  d i s c u s s e d  i n  c h a p t e r  1 0 .  I t  w a s  t h u s  d e c i d e d  t h a t  t h e  

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

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

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



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

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

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

p r o c e s s e d .

N o  i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  m o i s t u r e  c o n t e n t  a t  t e s t  or  

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

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

t o  u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h ,  p r e s e n t e d  i n  c h a p t e r  1 0 ,  

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

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

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

1 1 . 4 . 1  S t r e s s  -  S t r a i n  a n d  P o r e  P r e s s u r e  -  S t r a i n

T h e  s t r e s s  -  s t r a i n  c h a r a c t e r i s t i c s ,  M o h r  e n v e l o p e s  a n d  P - Q  d i a ­

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

( 1 9 b 3 ) ,  E l - R a w i  ( 1 9 6 7 ) ,  A b b o u d  ( 1 9 6 9 )  a n d  o t h e r s .  J a r d i n e  a n d  

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

t i c s  o f  t h e  m a t e r i a l .  T h e  s t r e s s  -  s t r a i n  c h a r a c t e r i s t i c s ,  Mohr 

e n v e l o p e s  a n d  P-Q d i a g r a m s  f r d r y  l e a n  c o n c r e t e  w e r e  e x a m i n e d  by 

P r i c e  ( 1 9 7 7 ) .

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

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

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

p r e s e n t e d  i n  g r a p h s  1 1 . 1  a n d  1 1 . 2 .  D e v i a t o r  s t r e s s  i s  p l o t t e d

a g a i n s t  s t r a i n  i n  t h e  u p p e r  p a r t  o f  t h e  g r a p h s  a n d  pore  p r e s s u r e  i n

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

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

6 % a n d  s t r e s s e s  i r -  c a l c u l a t e d  i n  t e r m s  o f  n o m i n a l  I n i t i a l  a r e a  as  

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

Graph 1 1 . i d e p i c t s  t he  d a t a  f o r  i c o m p l e t e  s e t  of s i x  spec im en s

compa c e m e n t  c o n t e n t  o f  1U% and  s t a n d a r d  compaction
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c j n d i t i o n s ,  h u m i d  c u r e d  f o r  7 d a y s  a n d  s e a l e d  u n t i l  t e s t i n g  a t  a g e  

3 5 3  d a y s .  T h i s  s e t  o f  d a t a  i s  c o n s i d e r e d  t o  b e  r e p r e s e n t a t i v e  o f  

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

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

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

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

a t  a  c o n f i n i n g  p r e s s u r e  o f  0 . 3 0  M P a  e x p e r i e n c e d  a  s u d d e n  b r i t t l e  

f a i l u r e .

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

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

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

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

j e c t  t o  a  c o n f i n i n g  p r e s s u r e  o f  0 . 3 0  M P a  d o  n o t  a g r e e  w i t h  t h i f  

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

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

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

m a y  b e  d u e  : i  t M  l o w  p r e s s u r e .  H o w e v e r ,  a  n u m b e r  o f  p r o b l e m s  

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

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

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

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

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

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

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

f a i l u r e  i s  g e n e r a l l y  i n s i g n i f i c a n t .  I n  a d d i t i o n ,  m a x i m u m  pore  

p r e s s u r e  i s  g e n e r a l l y  l e s s  t h a n  1 0 %  o f  m.» : I m u m  d e v i a t o r  s t r e s s .  

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

e f f e c t i v e  s t r e s s  i s  p r e s e n t e d  i n  t a b l e  1 1 . I .  W i t h  t h e  e x c e p t i o n  o f  

t h e  u n s t  V o l 1 i z e d  s p e c i m e n s ,  t h i s  r a t i o  d i d  n o t  e x c e e d  3 %  a n d  was 

g e n e r a l l y  l e s s  t h a n  1% e x c e p t  a t  l o w  c o n f i n i n g  p r e s s u r e s .  A 

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

t h e  r e f e r e n c e s  c i t e d  p r e v i o u s l y .
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TABLE 1 1 . 1
SUMMARY OF RESULTS —  TKI AXIAL COMPRESSION TESTS

Co
dti

Specimen 
Des c r t p t Ion  

(Nominal c u r i ng  pe r i ods )

No Cem Age DCS C P h i ' Reg  n Ave rage

In
s e t

cut
(%) (days) (MPa) (MPa) (dug)

C o e f f
( r 2 )

P o r e  P 
(% o i )

M od u lu s
(CPa)

6 0 . 0 137 0.290 0.071 27.01 0.99 38.41
5.0 291 5.229 1.056 36.49 0.98 0.62 0.8 15

10.0 295 10.233 2.247 37.27 0.99 0. 83 1.768

320 10.383 2.466 36.01 0 . 99 0 . 63 2.040

15.0 297 15.250 3.251 39.18 1.00 0. 88 2.504

20.0 290 20.1AA 4.439 34.71 0.97 0.77 2.541

A 10.0 353 10.563 2.242 37.47 1.00 0 . 90 2.042
929 12.343 2.621 37.70 1.00 1.04 1.807
931 12.347 2.803 36.61 0. 99 0.81 2.33d

) 10.0 291 N/A 1.962 40.94 1.00 1.33 2.169
1.537 45.40 0 . 95 0.42 1.562

292 1.789 42.83 1.00 1.65 1.619
1.605 36.31 0.97 1.57 1.484

b 2.281 36.13 1.00 0 . 94 1.581
294 2.063 34.65 1.00 0.64 1.458

A 10.0 292 I 1 .090 2.041 38.33 0. 98 0.37 1.960
291 8.841 1.666 39.92 0.99 - 0 . 3 2 1.167
290 10.965 2.351 38.50 0.99 0.31 1.909

A 18.2 291 14.731 2.651 40.48 1.00 1.67 2.593
22.0 293 21.449 3.238 47.11 0 . 95 1.09 3.703

A
B
C
D
E
F

G
11
I

Standard  Cure i -  
7 days humid,
287 days s e a l e d .

7d Humtd, 14 id s e a l e d  
924d s e a l e d  
S)24d s ea l e d

J
k
L
M
N
0

28d Humid, 2obd sea l ed  
Fu l l  per iod humid cure 
7d Humid, 2 Id l each bath 
Leach bath from 7 days 
1 s e r i e s  W/U, humid cure  

s ea l ed  cure

Compacted IX dry of  OMC 
1% wet of OMC 
2% above MUD

M i c r o c o n c r e t e ,  c / w  1 . 0  
c / w  1 . 2



In Vt jw o f  t h e  t i m e  r e q u i r e d  t o  s a t u r a t e  and  c o n s o l i d a t e  s p e c i m e n s  

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

t h a t  the  use  of  " q u i c k "  t r i a x i a l  t e s t s  on u n s a t u r a t e d  s p e c i m e n s ,  a s  

u s ed  by E l - R a w i ,  s ho u l d  be a d op t e d  f o r  r o u t i n e  t e s t i n g  w i t h  a 

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

m e a s u r e m e n t  o e i ng  made i n i t i a l l y  to c o n f i r m  the  a bove  r e l a t i o n ­

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

r e s u l t s  of  t r i . x i a l  c o m p r e s s i o n  t e s t s  on s o i 1 - c e m e n t  c o u l d  be 

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

However ,  as  t he  n e c e s s a r y  d a t a  was a v a i l a b l e ,  the  d a t a  In  t h i s  

c h a p t e r  i s  p r e s e n t e d  i n  erms  of  e f f e c t i v e  s t r e s s e s .

Graph 11.2 d e p i c t s  t h e  d e v i a t o r  s t r e s s  -  s t r a i n  and  pore  p r e s s u r e  -  

s t r a i n  c u r v e s  a t  c o n f i n i n g  p r e s s u r e h  of  2.4 and  0.45 MPa f o r  a 

number  of  o t h e r  t e s t  c o n d i t i o n s .  T h i s  d a t a  i s  p l o t t e d  t o  p r o v i d e  

an i n d i c a t i o n  of  t h e  g e n e r a l  t r e n d  of  r e s u l t s . The l o w e r  l l - ' l t  

c o n f i n i n g  p r e s s u r e  of  0.45 i s  used i n  p r e f e r e n c e  t o  t h a t  of  0 . 30  

f o r  t he  r e a s o n s  r e f e r r e d  t o  a b o v e .

The d a t a  p l o t t e d  i n  g r aph  11.2 i s  f o r  u n s t a h l l l z  »d s p e c i m e n s ,  

s t a n d a r d  s o l l - c e m e n t  s p e c i m e n s  w i t h  5 and  20% c e m e n t  a n d  

n i c r o c o n c r e t e  s p e c i m e n s  c o n t a i n i n g  22% c e m e n t ,  a l l  t e s t e d  a t  a 

n o m i n a l  age of  2*4 d a y s  t o g e t h e r  w i t h  s p e c i m e n s  w i t h  10% c e m e n t  

t e s t e d  a t  age  930 d a y s .  The g e n e r a l  t r e n d  I s  s i m i l a r  t o  t h a t  

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

c e m e n t  c o n t e n t  and hence  i n c r e a s i n g  s t r e n g t h .

I t  i s  n o t a b l e  t h a t  t he  s p e c i m e n s  w i t h  5% c e m e n t  f a i l e d  p l a s t i c a l l y  

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

h o r i z o n t a l  p o r t i o n  of  t he  s t r e s s  -  s t r a i n  c u r v e  t h a t  r e s u l t s  f rom 

the  i n c r e a s i n g  c r o s s - s e c t i o n a l  a r e a  of  t he  s p e c i m e n .  The u n s t a -  

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

f a i l u r e  o c c u r r e d  a t  t h e  c o n f i n i n g  p r e s s u r e  of  0 .45 MPa i n  t he  c a s e  

of  t he  m i c r o c o n c r e t e  and 20% s o l l - c e m e n t .
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Hie maximum p o r e  p r e s s u r e  i s  o f  s i m i l a r  m a g n i t u d e  f o r  a l l  

■- t a b  i I t z e d  s p e c i m e n s  t e s t e d  i : t h e  same c o n f i n i n g  p r e s s u r e  and 

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

more r a p i d l y  as  c e m e n t  c o n t e n t  i n c r e a s e s .  In  many c a s e s ,  n e g a ­

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

s t r e s s .  Pore  p r e s s u r e  i n  the  u n s t a b i l i z e d  s p e c i m e n s  d e v e l o p s  more 

s l o w l y  a n d  r e a c h e s  a s i m i l a r  m a g n i t u d e  to  t he  maximum « t r e s s  some 

t i m e  a f t e r  t he  maximum s t r e s s  has  been r eac hed  c o n f i r m i n g  the 

p l a s t i c  n a t u r e  of  t he  f a i l u r e .  The m i c r o c o n c r e t e  s p e c i m e n s  e x h i ­

b i t  v e r y  low pore  p r e s s u r e  d e v e l o p m e n t  a s  a r e s u l t  of  the  g r e a t e r  

s t i f f n e s s  of  t he  m a t e r i a l .

I I . 4 . 2  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

As m e n t i o n e d  a b o v e ,  t he  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 o i l -  

c e a e n t  have  been  i n v e s t i g a t e d  i n  d e t a i l  by o t h e r  w o r k e r s  i n  t h i s  

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

e n v e l o p e s .  P-Q d i a g r a m s  a r e  p r e s e n t e d  i n  g r aphs  11.3 t o  11.5 and  

t h e  d a t a  i s  s umma r i s ed  i n  t a b l e  1 1 . 1. T h i s  t a b l e  a l s o  s u m m a r i s e s  

t h e  p r o p e r t i e s  of  t h e  t e s t  s p e c i m e n s .  The t e s t  s p e c i m e n s  g e n e r a l ­

l y  c o r r e s p o n d  t o  o t h e r  s e t s  t e s t e d  i n  t he  l e a c h i n g  p rogram a n d  i n  

many c a s e s  t o  s e t s  t e s t e d  i n  u n c o n f i n e d  c o m p r e s s i o n .  T a b l e  11 . I 

a l s o  l i s t s  t h e  c h a r a c t e r  c odes  used  i n  g r a phs  11.3 t o  11.9 t o  

d e s i g n a t e  t he  i n d i v i d u a l  s e t s .

P r i c e  (1 977) f ou n d  t h a t  t h e  P-Q d i a g ra m f o r  d r y  l e a n  c o n c r e t e  

coui .d be a p p r o x i m a t e d  by a s t r a i g h t  l i n e  and  Lam be and  Whi tman  

(1969)  r e p o r t  a s i m i l a r  o b s e r v a t i o n  f o r  s o i l s .  I n s p e c t i o n  o f  the 

d a t a  i n  Abboud U9f>9),  21-Raw 1 (1967)  a n d  J a r d l n e  (1963)  i n d i c a t e d  

t h a t  a s i m i l a r  a p p r o x i m a t i o n  c ou l d  be us ed  f o r  s o l l - c e m e n t , o v e r  

t h e  r ange  of  c o n f  i . i l n g  p r e s s u r e s  u s e d ,  w i t h o u t  s i g n i f i c a n t  e r r o r ,  

I n  a d d i t i o n ,  t he  l i m i t e d  number  of  d a t a  p o i n t s ,  a maximum o f  s i x ,  

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

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

s t a g e  l i n e a r  e n v e l o p e s ,  a s  s u g g e s t e d  by E l - R a w i .  A l i n e a r  

r e g r e s s i o n  was t h e r e f o r e  a p p l i e d  t o  t he  P-Q d a t a  p o i n t s  a n d  t h e s e
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l».nes a r e  r e f l e c t e d  t o g e t h e r  w i t h  t he  d a t a  p o i n t s  i n  g r a p h s  11.3 t o  
11.5.

2
The r e g r e s s i o n  c o e f f i c i e n t s  ( r " > a r e  s umma r i s ed  i n  t a b l e  11.1 f rom 

which i t  w i l l  be s e e n  f ha t  a good f i t  was gei e r a l i y  o b t a i n e d .  A l l  

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

E x a m i n a t i o n  of  t h e  I n d i v i d u a l  d a t a  p o i n t s  i n d i c a t e s  a t e n d e n c y  

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

p r o n o u n c e d ,  as  i n d i c a t e d  by t he  r e g t e s s l o n  c o e f f i c i e n t .  Whi l e  

t h i s  has  l i t t l e  b e a r i n g  on t h e  r e s u l t s  i n  g e n e r a l ,  i t  does  i n d i c a t e  

t h a t  the  P - i j  l i n e s  f o r  t he  t h r e e  s pe c i me n  s e t s ,  wh i ch  were  

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

c o m p a r a b l e  w i t h  t h o s e  f o r  t he  s i x  s pe c i m e n  s e t s .

i h e  p a r a m e t e r s  P'  a n d  Q used  i n  t h e s e  g r ap h s  a r e  c a l c u l a t e d  i n  

t e r n s  of  ch~ ma jo r  a n d  m i n o r  e f f e c t i v e  p r i n c i p a l  s t r e s s e s .  From 

the  l i n e a r  r e g r e s s i o n s  on t h e s e  p o i n t s  the  e t e c t i v e  s t r e s s  s h e a r  

s t r e n g t h  p a r a m e t e r s  of c o h e s i o n  ( C ‘ ) and  f r i c t i o n  ( 0 ' )  we re  

computed u s i n g  the  n o r ma l  f o r m u l a e  (Lambe a n d  Whi tman 1969) .  

These  v a l u e s  a r e  p r e s e n t e d  on each  g r a p h  t o  f a c i l i t a t e  i n t e r p r e ­

t a t i o n  and a r e  s umma r i s ed  i n  t a b l e  11 . 1 .

Graph 11.3 p r e s e n t s  t he  P-Q d a t a  f o r  the  s t a n d a r d  s o i l - c e m e n t  

s p e c i m e n s  w i t h  c e m e n t  c o n t e n t s  of  0 ,  5, 10, 15 and  20% a n d  t h e  

m i c r o c o n c r e t e  s p e c i m e n s ,  a l l  t l ed  a t  an  age of  a p p r o x i m a t e l y  29* 

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

c o n t e n t  i s  e v l d ,  t  am.  a p r o n ou nc e d  i n c r e a s e  i n  s l o p e  o c c u r s  f rom 

0 t o  5% c e m e n t .  T h e r e a f t e r ,  no p a r t i c u l a r  t r e n d  i n  s l o p e  w i t h  

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

i n c r e a s e  o c c u r s  w i t h  t he  m i c r o c o n c r e t e  s p e c i m e n s .

Graph 11.4 p r e s e n t s  t he  P -Q da a f o r  t he  s p e c i m e n s  s u b j e c t  to 

e x t e n d e d  c u r e s  of f rom a p p r o x i m a t e l y  1 t o  2.5 y e a r s  t o g e t h e r  w i t h  

t h ° J® s u b j e c t  t o  c o m p a c t i o n  1% wet  and  d ry  of  op t i mum m o i s t u r e  

c o n t e n t  and  t h o s e  compac ted  to  2% above  s t a n d a r d  p r o c t o r  maximum 

d r y  d e n s i t y .  The d a t a  f o r  t he  s t a n d a r d  10% s e t ,  C, i s  r e p . o t t e d  on 

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

s l i g h t  d e c r e a s e  f o r  s p e c i m e n s  compa c t e d  wet of opt i mum.  T h e r e  i s  

no i n d i c a t i o n  of  a n y  s i g n i f i c a n t  v a r i a t i o n  i n  s l o p e  a n d  t h e  d a t a  

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

^ r a p h  11.5 p r e s e n t s  t he  P -Q d a t a  f o r  t he  s p e c i m e n s  s u b j e c t  t o  n o n ­

s t a n d a r d  c u r i n g  c o n d i t i o n s  t o g e t h e r  w i t h  t h a t  f o r  t he  s t a n d a r d  10% 

se r *■ ^  t o r  r e f e r e n c e .  Some v a r i a t i o n  i n  c o h e s i o n  i s  a g a i n

a p p a r e n t .  I t  i s  n o t a b l e  »f the  f ou r  t h r e e  s p e c i m e n  s e t s ,  J ,  K,

L and  M, t he  f i r s t  t h r e e  have  a p p r e c i a b l y  h i g h e r  e s t i m a t e d  v a l u e s  

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

r e f e r r e d  to a bove  and  i n  v i ew of  t he  l i m i t e d  number  of  s p e c i m e n s , 

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

d e v i a t i o n .  I t  i s  h o w e v e r  s i g n i f i c a n t  t h a t  t he  f o u r t h  s e t ,  t h a t

p l a c e d  i n  t h e  l e a c h i n g  bach f rom s e v e n  d a y s ,  e x h i b i t s  a n  a n g l e  of  

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

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

f r a c t i o n ,  which  may be t he  c a s e  i n  t h o s e  z o n e s  f rom w h i c h  

v i r t u a l l y  a l l  s t a b i l i z e r  has been  r emoved ,  i t  s ho u l d  be n o t e d  t h a t  

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

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

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

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

1 1 . 4 . 3  E l a s t i c  M o d u l u s

In  s e c t i o n  11.4.1 i t  was n o t e d  t h a t  t he  s e c a n t  modulus  f rom s t a r t  

of  l o a d i n g  to  maximum d a v l a t o r  s t r e s s  ap p e a r e d  t o  r e m a i n  r e a s o n ­

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

g r ap hs  11.1 a n d  11.2 a l s o  i n d i c a t e s  t h a t  i n  most  c a s e s ,  t h e  s l o p e  of  

t he  l i n e a r  p o r t i o n  of  t he  s t r e s s  -  s t r a i n  c u r v e  t e n d s  t o  i n c r e a s e  

w i t h  i n c r e a s i n g  c o n f i n i n g  p r e s s u r e ,  a s i t u a t i o n  t h a t  mus t  o c c u r  i f  
t h e  f i r s t  o b s e r v a t i o n  i s  c o r r e c t .
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In u r d e r  co o b t a i n  some I n d i c a t i o n  of  the  e l a s t i c  modul us  f o r  

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

v i e w  or t he  s h o r t a g e  of  t i me  and  t h e  d e c i s i o n  n o t  t o  p r oduce  a 

c o m p l e t e  s e t  of  s t r e s s  -  s t r a i n  c u r v e s ,  i t  was d ec i d e d  n o t  t o  use  

the  h y p e r b o l i c  r e p r e s e n t a t i o n ,  d e v e l o p e d  by Duncan a n d  Chan a n d  

u sed  by Abboud (1969) ,  t o  e s t i m a t e  t he  i n i t i a l  t a n g e n t  modul us ,  

c o n s i d e r a t i o n  o f  t he  s t r e s s  -  s t r a i n  c u r v e s  i n  g r a p h s  11.1 a n d  

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

i n d i c a t e d  t h a t  t h e  s l o p e  o f  t he  s t r e s s  -  s t r a i n  c u r v e  was 

g e n e r a l l y  l i n e a r  to  about  70% of  t he  maximum d e v i a t o r  s t r e s s .  I t  

- a s  t h e r e f o r e  d e c i d e d  t h a t  t he  s l o p e  of  t h i s  p o r t i o n  o f  t h e  c u r v e  

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

as  p r o v i d i n g  a r e a s o n a b l e  e s t i m a t e  of  t he  i n i t i a l  t a n g e n t  modu l us .

*'  was f u r t h e r  d e c i d e d  to c a l c u l a t e  t he  s lo p e  on an  i n c r e m e n t a l  

b a s t s  t hus  e l i m i n a t i n g  the  need  f o r  z e r o  c o r r e c t i o n s  of  d e f l e c ­

t i o n .  A f t e r  c o n s i d e r a t i o n  o f  t h e  d a t a  and  a few t r i a l  c a l c u l a ­

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

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

as  t he  a v e r a g e  of  f i v e  s l o p e  I n c r e m e n t s  c e n t e r e d  on t h e  a p p r o p r i ­

a t e  s t r e s s .  D e t e r m i n a t i o n  o t  t he  a v e r a g e  t a n g e n t  modu l us  a t  one  

t h i r d  of t he  s t r e s s  a t  f a i l u r e  was a l s o  c o n s i d e r e d  as  t h i s  was more 

c o n s i s t e n t  w i t h  a f a c t o r  of  s a f e t y  of  3 on c o m p r e s s i o n .  H o w e v e r , 

i t  was found  t h a t ,  i n  many c a s e s ,  t h e r e  were  i n s u f f i c i e n t  d a t a  

p o i n t s  b e f o r e  t he  t h i r d  p o i n t  t o  p e r m i t  d e t e r m i n a t i o n  o f  t he  

m o v i ng  a v e r a g e  and I n s p e c t i o n  I n d i c a t e d  t h a t  t he  s l o p e  a t  t h e  two  

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

S i n c e  h a l f  t he  d e v l a t o r  H r e s s  a t  f a i l u r e  i s  e q u a l  t o  t h e  p a r a m e t e r  

Q, t h e  r e s u l t i n g  modulus  has  been  d e s i g n a t e d  t he  " Q - m o d u l u s "  t o  

d i f f e r e n t i a t e  i t  f rom o t h e r  modu l i  which  a r e  i n  g e n e r a l  u s e .  

T r i a l  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  Q- modu l us  I s  o f  s i m i l a r  

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

t a n g e n t  modulus  d e t e r m i n e d  by c o n v e n t i o n a l  me ans .  The Q- mo du l u s  

was found t o  e x h i b i t  c o n s i d e r a b l y  l e s s  v a r i a t i o n  a n d  more 

c o n s i s t e n t  t r e n d s  t h a n  t h e  o t h e r  two modu l i  f o r  t h e  c a s e s  
c o n s i d e r e d .

T K I A X I A L  C O MP R E S S I O N  T E S T S
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T h e  d a t a  w a s  p r o c e s s e d  u s i n g  a  c o m p u t e r  s p r e a d s h e e t  p r o g r a m  a s  

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

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

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

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

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

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

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

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

c u r v e  C o  I n c r e a s e  w i t h  i n c r e a s i n g  c o n f i n i n g  p r e s s u r e  i s  a p p a r e n t .  

A b b o u d  ( 1 9 6 9 )  r e p o r t e d  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  t h e  l o g a r i t h m  

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

A s  n o t e d  i n  s e c t i o n  1 1 . 1 ,  t h i s  t r e n d  i s  n o t  e n t i r e l y  c o n s i s t e n t  

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

j f a p h  1 1 . 6  d e p i c t s  t h e  Q - m o d u l u s  d a t a  f o r  t h e  s t a n d a r d  s p e c i m e n s  

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

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

t e s t e d  a t  a  c o n f i n i n g  p r e s s u r e  o f  0 . 3  M P a ,  t h i s  d a t a  h a s  b e e n  

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

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

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

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

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

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

l o g ( m o d u i u s )  v s  l o g ( c o n f  i n i n g  p r e s s u r e )  a s  s u g g e s t e d  by Abboud 
( 1 9 6 9 ) .

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

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

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

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

m o d u l u s  v a l u e  a t  t h e  0 . 3  M P a  c o n f i n i n g  p r e s s u r e  w a s  n o t  w a r r a n t e d .  

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

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

f o r  c o m p a r a t i v e  p u r p o s e s  a n d  i s  p r e s e n t e d  i n  t a b l e  1 1 . 1 ,

T R I A X I A L  C O M P R E S S I O N  T E S T S
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TaL;, summary data i s  p l o t t e d  a g a i n s t  cement  c o n t e n t  on a l og  s c a l e

in  gr>nh 11.7 from which i t  c m  be s een  that  a r e a s o n a b l y  c l o s e

r e l a t i o n s h i p  e x i s t s  f or  the s tandard s pec i mens  c o n t a i n i n g  10%

cement  and t e s t e d  at  an age of  294 days  ( r ‘ *0 . 94) .  It i s  n o t a b l e

Coat the m i c r o c o n c r e t e  s pe c i me ns  c o n t a i n i n g  18.2% cement  l i e  on

the same i i n e  and that  the spec imen wi th 224 cement  i s  r e a s o n a b l y  
c l o s e .

1 1 . 4 . 4  R e l a t i o n s h i p  o f  C o h e s i o n  t o  C e m e n t  C o n t e n t

The e f f e c t i v e  c o h e s i o n  data i n  t a b l e  11.1 i s  p l o t t e d  a g a i n s t  

cement  c o n t e n t  i n  graph 11.8 from which i t  can be s een  that  a c l o s e  

r e l a t i o n s h i p  e x i s t s  for  the s tandard s o l l - c e m e n t  s p e c i me n s  at  age  

«.9c days  i r *0 . 995 ) .  Cohesion I n c r e a s e s  wi t h  i n c r e a s e d  c u r i n g  

per i od (H and I) and d e c r e a s e s  wi th  compact ion  wet o: optimum (Q).  

The low v a l u e s  f or  the p o i n t s  J,  K and I  r e f l e c t  the s t e e p e r  s l o p e s  

for  the the three  spec imen s e t s  r e f e r r e d  t o  a b o v e  w h i l e  t h a t  f o r

the spec imen p lacea  i n  the l e a c h i n g  bath from s e v e n  days  r e f l e c t s

the reduced c r o s s - s e c t i o n  r e f e r r e d  to  i n  chapter  10.

1 1 . 4 . 5  E f f e c t i v e  A n g l e  o f  I n t e r n a l  F r i c t i o n

As noted i n  s e c t i o n  11 . 4 . 2 ,  the a n g l e  of  i n t e r n a l  f r i c t i o n  

i n c r e a s e s  s u b s t a n t i a l l y  for  an i n i t i a l  a d d i t i o n  of  5% ceme nt  but  

t h e r e a f t e r  i s  i n d e p en d e n t  of  cement  c o n t e n t .  This  a g re e s  w i t h  the  

data  pr e s en t ed  by Nussbaum and C o l l e y  (1971)  which r e f l e c t s  an 

i n c r e a s e  i n  a n g l e  o f  f r i c t i o n  at  low t r e a t m e n t  l e v e l s  but no 

p a r t i c u l a r  t rend at  l e v e l s  above  about 5% dependi ng  on s o i l  t y p e .  

Most of the  i n c r e a s e  o bs erved  by Nussbaum and C o l l e y  o c c u r r e d  

w i t h  the f i r s t  one or two p erce nt  cement  a d d i t i o n .  A p l o t  of  the  

data in t a b l e  11,1 i n d i c a t e s  s i m i l a r  b eh a v i o u r .

The avera | ie ° f f r i c t i o n  for  the . tondnrd c o U - c e m e n t
npeclraen.  In tnbl e  t l . l  (B to t)  1.  i 6 . 9 °  w i t h  s tandard d e v i a t i o n

i Ki. AXI AL COMPRESSION TESTS
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o t  l . J  w h i l e  c h a t  t o r  a l l  s o i l - c e m e n t  s p e c i m e n s  i n  t a b l e  1 1 . 1  i s  

3H. I  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  2 . 8 .  An  a n g l e  o f  i n t e r n a l  

f r i c t i o n  o f  3/  i s  t h e r e f o r e  c o n s i d e r e d  t o  b e  a  r e a s o n a b l y  

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

c o n t e n t s  a b o v e  5%.

1 1 . 4 . 6  E f f e c t  o f  A g e  a t  T e s t

t h e  d a t a  i n  t a b l e  1 1 . 1  w a s  p l o t t e d  a g a i n s t  a g e  a t  t e s t  o n  l i n e a r  

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

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

o b s e r v a t i o n s  m u s t  be  r e g a r d e d  a s  t e n t a t i v e : -

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

r a n g e  c o n s i d e r e d ,  t h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  i n

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

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

s e c t i o n  1 1 . 4 . 4 .

c .  T h e  Q - o o d u l u s  n a y  i n c r e a s e  s l i g h t l y  w i t h  e x t e n d e d  c u r i n g  b u t

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

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

1 1 . 4 . 7  C o h e s i o n  a n d  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h

A b o o u d  ( m y ) ,  M i t c h e l l  ( 1 9 7 b d )  a n d  o t h e r s  h a v e  i n d i c a t e d  a  c l o s e  

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

a n d  t h i s  r e l a t i o n s h i p  wa s  t h e o r e t i c a l l y  d e f i n e d  i n  s u c t i o n  4.3 o f  

t h e  paper r e p r o d u c e d  i n  c h a p t e r  J,  T h i s  r e l a t i o n s h i p  i s  a l s o  

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

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

s p e c i m e n s  w a s  d e t e r m i n e d  f r o m  t h e  d a t a  p r e s e n t e d  i n  g r a p h  1 0 . 9  a n d  

t h a t  f o r  t h e  n o n - s t a n d a r d  s p e c i m e n s  a n d  m i c r o c o n c r e t e  f r o m  the

T R i, A X I A L C O M P R E S S I O N  T E S T S
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i n d i v i d u a l  t e s t  r i s u l t s  f or  c o r r e s p o n d i n g  s e t s .  N o  d a t a  w a s

• i v i l i a b l e  tor s pec i mens  s u bj ec t  to n- n - s t a n d a r d  c u r e s . Th i s  d a t a  

i s  pr e s e n t ed  in t a b l e  i 1 . 1 .

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

s t r e n g t h  i n  g r a p h  i  i  . 9  f r o m  w h i c h  i t  w i l l  b e  s e e n  t h a t  g o o d  

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

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

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

t h e  l i n e  f o r  s o i l - c e m e n t  t h a n  t h e y  d o  i n  g r a p h  1 1 . 8 .  T h e  

r e  g :  e s s  ; o . i  i n t e r c e p t  o f  - 0 . U 0  c a n n o t  b e  c o n s i d e r e d  t o  d i f f e r

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

C o h e s i o n  ■ 0 . 2 2 1  x  U n c o n f i n e d  C o m p r e s s i v e  S t r e n g t h

A p p l y i n g  t h e  v a l u e  o f  3 ' °  p r o p o s e d  f o r  t h e  a n g l e  o f  i n t e r n a l  

f r i c t i o n  . n  s e c t i o n  1 1 . 4 . 5  t o  e q u a t i o n  1 ,  i n  t h e  , > a p e r  i n  c h a p t e r  3 ,  

y i e l d s  a  v a l u e  o f  0 . 2 4  4 w h i c h  c o m p a r e s  f a v o u r a b l y  w i t h  t h e  v a l u e  

o f  . 2 2 1  a b o v e .  I t  i s  t h e r e f o r e  c o n c l u d e d  t h a t  t h e  u n c o n f i n e d  

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

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

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

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

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

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

s h e a r  s t r e n g t h  o f  s o i l - c e m e n t .

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

e f f e c t i v e  c o h e s i o n  b y  a p p r o x i m a t e l y  11% i n  t h i s  c a s e .  T h i s  c a n  

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

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

c o m p e n s a t e d  f o r  b y  m o d i f y i n g  t h e  c o n s t a n t  f a c t o r  i n  e q u a t i o n  1 
f r  0 . 5  t o  0 . 4 4 5  t o  g i v e : -

C' 0 . 4 4 5  o ^  ; c o s  0 '  -  t a n  0 '  ( 1  -  s l n  ( , ' ) ]
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1 1 . 4 . 8  Q - M o d u l u s  a n d  IJ a e o n  l i n e d  C o e  p r e s s  1  v e  S t r e n g t h

A b b o u d  v i ^ b S )  r e p o r t 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  t h e  l o g a r i t ' n :  

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

i m p r e s s i v e  s t r e n g t h .  G r a p h  1 1 . 1 0  p r e s e n t s  t h e  Q - m o d u l u s  p l o t t e o  

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

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

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

p o i n t s  S a n d  . ,  j o i n e d  b y  t h e  d a s h e d  l i n e )  a r e  e f f e c t i v e l y  

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

1 1 . 5  C O N C L U S I O N S

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

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

u n d e r t a k e n  a s  t h e  r e s u l t s  o f  t h e  a n a l y s i s  i n  c h a p t e r s  9  a n d  1 0  

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

A  d e t a i l e d  a n a l y s i s  or t h e  s t r e s s  -  s t r a i n  a n d  p o r e  p r e s s u r e  - 

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

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

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

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

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

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

m e  p e i x  p o r e  p r e s s u r e  w a s  f o u n d

a l l  a t a b U l z e d  a n d  u U r o c o n c r e t e  « r  P o r e  p r e s l J u r ( ,

f a  11  a r e  w a s  l e a s  c h a n  3% o f  m a x i m . ™  p r i n c i p a l  s t r e s s  f o r  a  

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

u n c o n s o l i d a t e d  u n d r a l n e d  t r l a x l a l  t e s t s  o n  unsaturated s p a c l m e  

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

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

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

c a s e  o f  c e m e n t  c o n t e n t s  below 5 / . .

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

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

e n v e l o p e s  p r o p o s e d  b y  A b b o u d  ( 1 9 b 4 )  a n d  E l - R a w i  ( 1 9 6 7 ) .  O n l y  P - Q  

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

' - o e i r l c l e n t  w e r e  o b t a i n e d  i n  a l l  c a s e s  a n d  i t  i s  c o n c l u d e d  t h a t  

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

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

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

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

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

x h e  a n g l e  o f  I n t e r n a l  f r i c t i o n  w a s  f o u n d  t o  i n c r e a s e  f r o m  2 7 °  t o  

3 /  w i t h  t h e  a d d i t i o n  c f  5% c e m e n t  t o  t h e  s o i l ,  t h e r e a f t e r  n o  

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

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

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

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

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

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

t h e o r e t i c a l  r e l a t i o n s h i p  p r o p o s e d  b y  R o b e r t s o n  a n d  B l i g h t  ( 1 9 7 8 ) ,  

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

i n r r o d u c t l o n  o f  a n  a d d i t i o n a l  f a c t o r  o f  0 . 8 9  t h u s  r e d u c i n g  t h e  

c o n s t a n t  i n  t h e  e q u a t i o n  f r o m  0 . 5  t o  0 . 4 4 5 .  G i v e n  t h e  c o n s t a n t  

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

:>%, t h i s  p r o v i d e s  t r e a s o n a b l e  b a s i s  f o r  r e l a t i n g  t h e  c o h e s i o n  

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

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

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

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

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

c a s e  o f  c e m e n t  c o n t e n t s  b e l o w  5%.

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

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

e n v e l o p e s  p r o p o s e d  b y  A b b o u d  ( 1 9 6 9 )  a n d  E l - R a w i  ( 1 9 o 7 ) .  O n l y  P - Q  

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

l i n e a r  r e g i e s * i o n  o n  a l l  d a t a  p o i n t s .  H i g h  v a l u e s  o f  r e g r e s s i o n  

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

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

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

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

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

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

T h e  a n g l e  o f  I n t e r n a l  f r i c t i o n  w a s  f o u n d  t o  i n c r e a s e  f r o m  2 7 °  t o  

w i t h  t h e  a d d i t i o n  o f  5% c e m e n t  t o  t h e  s o i l ,  t h e r e a f t e r  n o  

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

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

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

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

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

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

t h e o r e t i c a l  r e l a t i o n s h i p  p r o p o s e d  b y  R o b e r t s o n  a n d  B l i g h t  ( 1 9 7 8 ) ,  

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

i n t r o d u c t i o n  o f  a n  a d d i t i o n a l  f a c t o r  o f  0 . 8 9  t h u s  r e d u c i n g  t h e  

c o n s t a n t  i n  t h e  e q u a t i o n  f r o m  0 . 5  t o  0 . 4 4 5 .  G i v e n  t h e  c o n s t a n t  

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

5%,  t h i s  p r o v i d e s  a  r e a s o n a b l e  b a s i s  f o r  r e l a t i n g  t h e  c o h e s i o n  

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

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

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

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

s t r e n g t h  o f  s o i l - c e m e n t .



ic modulus tor  comparative purposes was def ined  as the

& f ive  incremental  modular, values . .entered on a value of 

dev l a tor  s t r e s s  at  f a i l u r e .  Since t h i s  value corresponds 

value (j associa ted with the s tandard P-Q diagram, i t  is

red to as the - m o d u l u s T h i s  modulus was found to be of

magnitude to both the secant  modulus at  f a i l u r e  and the 

angent  modulus and was found to be less  va r i ab l e  than

these parameters for  the data i nves t i ga t ed .

P r t l c u l a r  r e l a t i o n s h i p  between Q-modulus and c o n f i n i n g  

pressure was determined and the average modulus for a se t  was thus 

adopted as the r e p r e se n ta t i ve  value.  The l o g a r i t h m  of t h i s  value 

was found to increase  l i n e a r l y  with the logar i thm of the 

unconfined compressive s t r e ng th .  The r e s u l t s  for  the micro­

concrete  specimens were found t o  be c o i n c i d e n t  w i t h  those of the 
so l l - cemen t .

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

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

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

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

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

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

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

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

p r o p e r t i e s  o n  t h e  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 o l l - c e m e n t .  

These t e s t ,  s h o u l d  b e  s u p p o r t e d  by I n i t i a l  c o n s o l i d a t e d  u n d r a t n e d  

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

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

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

w h e r e  a d d i t i o n a l  t r l a x l a l  t e s t i n g  1 ,  r e q u i r e d  t o  e s t a b l i s h  t h e

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

. Hi AXIAL COMPRESSION TESTS
1 1 . 2 7



C H A P T E R  1 2

DI RECT SHEAR TESTS

1 2 . 1  I N T R O D U C T I O N

T h e  o b j e c t i v e s  o f  t h e  d i r e c t  s h e a r  t e s t s  w e r e  a s  f o l l o v s : -

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

o n t a l  o r  n e c r  h o r i z o n t a l  p l a n e  w h i c h  i s  o n e  o f  t h e  m a j o r  

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

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

b " T °  a t  U a , t  3 e r l e a  s t r e n g t h  t e s t s  o n  s p e c i m e n s

p r o d u c e d  e t c h  . 1 1  c o n t e l n l n g  t h e  c o a r s e  f r a c t i o n  ( s . 4 , ; s

e x c l u d e r '  f r o m  t h e  s o i l  u s e d  I n  o t h e r  t e s t s .  T h e  d i r e c t  s h e a r

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

p a r t i c l e  s i z e  o f  1 9  „ „  ( 3 / 4 " )  e h l c h  r e p r e s e n t e d  8 6 $  o f  t h e

t o t a l  s o i l  a ,  c o m p a r e d  t o  6 2 $  f o r  t h e  minus 4 . 7 5  mm f r a c t i o n

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

j o i n t s  o n  a  r e a s o n a b l y  l a r g e  s p e c i m e n  a s  p r e v i o u s  r e s e a r c h  ( D e  

C r o o c  1 9 ,  b )  w a s  c o n f i n e d  t o  s p e c i m e n s  1 0 0  n o  s q u a r e  a n d  5 0  

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

■ h e  t e s t  p r o g r a m  - a .  d i v i d e d  i n t o  t . o  s t a g e s ,  t h e  d e t e r m i n a t i o n  o f  

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

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

The s tandard cement  c o n t e n t  o f  1 U *  . . .  used t o g e t h e r  u l t h  5 $  a n d

f ; ,  t "StS ° n Ch* U U C t  * •  o t h e r  t e s t  programs
had been r e s t r i c t e d  t o  m a t e r i a l  p a s s i n g  the 4,75 mm s i e v e  l . a

i R E C F S H E A R  T E S T S
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t o  w o r k  i n  t e r n s  o f  c e m e n t  c o n t e n t s  e x p r e s s e d  a s  a  

P 1 o t  t h i s  f r a c t i o n  f o r  t h e s e  t e s t s .  T h i s  w a s  j u s t i f i e d  o n  

basis that  i t  is t h e  s o i l  m o r t a r  w h i c h ,  w h e n  m i x e d  w i t h  c e m e n t , 

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

t h e  c o n c e n t r a t i o n "  o f  c e m e n t  i n  t h e  m i x t u r e  i s  a  f u n c t i o n  o f  

the & Cel t i c  s u r f a c e .  T h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  f r a c t i o n  

r e t a ined  o n  the 4 . ,  5 mm s i e v e  w a s  e s t i m a t e d  a t  0 . 0 1 6 7  m * 7 a \  o r  

o f  the area o f  t h e  f r a c t i o n  p a i r i n g  t h e  4 . 7 5  mm s i e v e ,  on 

the basis o f  d a t a  i n  L a m  b e  a n d  W h i t m a n  ( 1 9 6 9 ) .  T h e  c e m e n t  

c o n t e n t s  as a  p e r c e n t a g e  o f  t o t a l  d r y  s o i l  m a s s  w e r e  3 . 2 , 6 . 4  a n d  
1 2 . 8 1  r e s p e c t i v e l y .

Age ai t e s t  was d8 days to be c o n s i s t e n t  with the r es t  of the 

program. In tac t  specimens were sealed Immediately a f t e r  compac­
t i o n  and cured a t  25 °C,

ihe t es t  cond i t i ons  for the jo in t ed  specimens were b a s i c a l l y  the 

?a rae  as for  the i n t a c t  specimens.  A l l  specimens were compacted at  

i cement content  of lUt  of  minus 4.75 mn f r ac t ion  with a  48 hour 

delay between compacting the f i r s t  and second l aye r s .  Specimens 

were c u r e d  in  a closed c h a m b e r  during th i s  period with t w i c e  d a i l y  

a p p l i c a t i o n s  o f  water using a  mist s p r a y .  The s e c o n d  l a y e r  was 

sealed I m m e d i a t e l y  a f t e r  c o m p a c t i o n .  Tes t ing took p l a c e  a t  a n  age 

of 28 d a y s  a f t e r  c o m p l e t i o n  o f  t h e  s p e c i m e n .

T h r e e  J o i n t  p r e p a r a t i o n , !  w e r e  e x a m i n e d ;  j o i n t s  " a s  c o m p a c t e d "

W i t h o u t  t r e a t m e n t ;  a p p l i c a t i o n  of n e a t  c e m e n t  b e f o r e  compact ion a t

t h e  r a t e  r e c o m m e n d e d  b y  De G r o o t  ( 1 9 7 6 ) ;  a n d  w i r e  b r u s h i n g  o f  t h e

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

United Status Bureau ot Reclamation a n d  the Por t l and  Cement 
Assoc ia t ion .

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

D I R E C T  S H E A R  T E S T S
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Tlie range or v e r t i c a l  s t r e s s e s  app l i ed  was s e ’ e c t e d  to c o r r e s po n d  

to the c o n f i n i n g  p res s ur es  used in the t r i a x i a l  t e s t s .  As a r e s u l t  

or v a r i o us  problems wi th  the apparatus ,  the d i s t r i b u t i o n  o f  normal  

s t r e s s e s  was not  uni form and did not corres pond to the i n t e n d e d  

v a l u e s . The v a l u e s  used were 0 . 54 ,  1,17,  1,83 and 2.04 M f a .

1 2 . 2  A P P A R A T U S

1 2 . 2 . 1  D i r e c t  S h e a r  A p p a r a t u s

The d i r e c t  shear apparatus  used for  t hese  t e s t s  was o r i g i n a l l y  

b u i l t  for  the t e s t i n g  of  rock sampl es ,  p l a t e  1 2 . 1 , shows a g e n e r a l

v i e w  of  tne machine In use.

PLATE 12.1 

DIRECT SHEAR APPARATUS IN USE



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

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

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

c o m p a c t e d  i n  t h e  b o x e s .  I n  o r d e r  t o  p r o d u c e  a  z o n e  i n  w h i c h  t h e  

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

s e p a r a t i o n  o f  a p p r o x i m a t e l y  12 mm d u r i n g  t e s t i n g .  S h e a r  p l a n e  

a r e a  w a s  3 8 0  mm l o n g  b y  IbU mm w i d e  a n d  o v e r a l l  s p e c i m e n  d e p t h  w a s  

2 6 0  mm.

V e r t i c a l  a n d  s h e a r i n g  f o r c e s  w e r e  a p p l i e d  b y  m e a n s  o f  3 0 t  c a p a c i t y  

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

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

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

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

H o r i z o n t a l  l o a d  w a s  a p p l i e d  b y  m e a n s  o f  a n  a i r - h y d r o  p u mp  w i t h  a 

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

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

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

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

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

l o a d i n g  r a t e  o f  5 . 2  k N / m i n u t e  w a s  u s e d  f o r  a l l  t e s t s .  T h i s  c o n t r o l  

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

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

g r a p h s  i n  s e c t i o n  1 2 . 4 .

I n  o r d e < t o  o b s e r v e  t h e  b e h a v i o u r  o f  t h e  m a t e r i a l  a f t e r  f a i l u r e ,  

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

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

a i r - h y d r o  p u mp  t o  t h e  J a c k .

M o n i t o r i n g  o f  t h e  a p p l i e d  h o r i z o n t a l  l o a d  d u r i n g  a l l  s t a g e s  o f  t h -  

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

a i r - h y d r o  p u mp  a s s e m b l y  i s  s h o w n  i n  p l a t e  1 2 . 2 .  W i t h d r a w a l  o f  t h e  

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

h y d r a u l i c  l i n e .

D I R E C T  S H E A R  T E S T S
U . 4



PLATE 12.2

a i r - hydro p u mp  a s s e m b l y

M e a s u r e m e n t  o f  h o r i z o n t a l  l o a d  w a s  i n t e n d e d  t o  be  b y  m e a n s  o f  a  

300 <N l o a d  c e l l  w h i c h  w a s  l o c a t e d  b e t w e e n  t h e  j a c k  a n d  che 

r e a c t i o n  f r a m e .  H o w e v e r ,  t h e  o r i g i n a l  l o a d  c e l l  wa s  f o u n d  t o \ e  

n o n - l i n e a r  and the c e l l  b u i l t  to rep l ace  i t  was found to  be 

t emperature  s e n s i t i v e .  A l l  h o r i z o n t a l  load re a d i ng s  were thus  
o b t a i n e d  by measurement  of  h y d r a u l i c  pres s ure .

Measurements  o f  both h o r i z o n t a l  and v e r t i c a l  d e f l e c t i o n s  

made u s i n g  d i a l  d e f l e c t i o n  gauges r e ad i ng  d i r e c t l y  to U 001 T  V  
( 0 . 0254  mm). ' * Ch

d i r e c t  s h e a r  t e s t s
1 2 . 5

■■■■■muni



p p a r a t u s  f o r  C o m p a c t i o n  o f  S p e c i m e n s

S Wete prepared by s t a t i c  compact ion u s i n g  a Macklow

^ ^ ^  compress ion t e s t i n g  machine .  In order to permi t

^8 'nd i o mp ac t i o n ,  a c o l l a r  and p l a t e n  were f a b r i c a t e d  from

m s t e e l  p l a t e .  The c o l l a r  was f i t t e d  on top o f  the box and the

was a t tached  to the c r o s s - h e a d  o f  the machine.  The c r a d l e

1 n 12.3 was used to move the box s e t  under the c r o s s ­
head of  the machine.

PLATE 12.3 

-RADLE FOR POSITIONING SHEAR BOXES ON 

TESTING MACHINE FOR COMPACTION OF SPECIMENS

1 2 . 2 . 3  C u r i n g  o f  T e s t  S p e c i m e n

In agreement  w i t h  o t her  t e . t .  In the program, d i r e c t  she  
spe c i me ns  were c i - e d  for a period of  28 days  «r , ►
o y 4C 1 t emperature  of  2

C. A c u r i n g  chamber was b u i l t  u s i n g  dry l a i d  b r i c k ,  r
“> i c x s  to produce



■jublt. o L wal l  chac was l i n e d  wlch p o l y t h e n e  s h e e t  to e x c l u d e

1 raught The top o f  the chamber was covered wi t h  73 mm 
P o l y s t y r e n e  s l a b s .

' - l e e e r i c  tan heater  wi th  t h e r m o s t a t i c  c o n t r o l  was used to  

-i e u l a t e  heated a i r  In the chamber.  The temperature was m o n i t o r -  

-0 u s i n g  maximum and minimum thermometers  and was g e n e r a l l y  

- i c b i n  the l i m i t s  of  23 to  28 °C.

• 1 . 3  T E S T  P R O C E D U R E S

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

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

- 2 . ; . I S o l i  P r e p a r a t i o n

-!v? b l e n d  s o i l  i n c l u d i n g  coarse  f r a c t i o n ,  w h i c h  w a s  s t o r e d  a f t e r  

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

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

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

b o x  d i m e n s i o n  o n  t h e  r e s u l t s .  H o w e v e r ,  o w i n g  t o  d e l a y s  i n  o t h e r  

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

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

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

1 1 9 8 9 )  p r o v i d e d  t h e  o n l y  i n f o r m a t i o n  o f  r e l e v a n c e .  A f t e r  d u e  

c o n s i d e r a t i o n ,  I t  w a s  d e c i d e d  t o  u s e  t h e  p r o c e d u r e  u s e d  b y  t h e  P C A  

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

19 mm s i e v e  w i t h  t h e  s a m e  m a s s  o f  m a t e r i a l  p a s s i n g  t n e  19 mm s i e v e  

m d  r e t a i n e d  o n  t h e  4.73 mm s i e v e .

Th.  - i n .  m a t e r i a l  w „  a i r  d r i e d  t o  c o n s t a n t  m a t , t o r e  c o n t e n t  a n d  

then  s t or e d  U  s e a l e d  d r u m s .  T h e  c o a r s e  a M r e b a t e  a a s  s t o r e d  I n  

d r u m s  u n t i l  r e qui r ed .  O n e  d r u m  of  c o a r s e  a « * r e 6 a t e  w a s  f i l l e d  

- U h  water  and r e f i l l e d  a f t e r  e v e r y  s e t  w a s  c o m p a c t e d  to  e n s u r e  

'hat  the aggregate  was s a t ur a t ed  at  the t i m e  o f  b a t c h i n g



Moi sture  c o n t e n t  samples  were taken  rroui c m -  r . n c -  i i a t e  i  * a-i- m v  

o v e n  dr i ed  at  110 °C on the day pr i or  to  bat ch i ng  t»: en s ur e  c l o s e  

c o n t r o l  o v e r  batch moi s t ure  c o n c e n t .

Sa t ura t ed  s ur f ace  dry moi s ture  c o n t e n t  o; the a g g r e g a t e  wa 

de t er mi ne d  at the s t a r t  of  the t e s t  program and t h e r e a f t e r  

a d j u s t m e n t s  i n  t h i s  a l l o w a n c e  were made on the b a s i s  of  v a r i a t i o n s  

i n  batch moi s ture  c o n t e n t .  It was found that  because of  the l a r g e  

amount of  coarse  m a t e r i a l  (13kg)  required for each batch,  i t  was 

n o t  p r a c t i c a l  to use absorbent  pads to dry the s u r f a c e  p r i o r  to  

b at c h i n g .  C o n s i s t e n t  r e s u l t s  were o b t a i n e d  by s p r e a d i n g  the  

required amount of  m a t e r i a l  to d ra i n  on a l arge  4,75 am s i e v e  

i m m e d i a t e l y  before  s t a r t i n g  to batch the other  component s .  I t  was 

then p o s s i b l e  to judge by eye  when the d es i r e d  moi s t ure  c o n d i t i o n  

was a c h i e v e d .  O c c a s i on a l  a g i t a t i o n  u s i n g  a scoop e nsured  u n l f o r u  

d r y i n g .

1 2 . 3 . 2  P r e p a r a t i o n  f o r  C o m p a c t i o n

The boxes  were prepared tor  compact ion by c l e a n i n g  w i t h  c o t t o n  

waste  and then reassembled as required .  The base p l a t e  was 

greased to  prov i de  p r o t e c t i o n  a g a i n s t  r u s t i n g  and then c o v e r e d  

wi t h  a s h e e t  of  p o l y t h e n e  to f a c i l i t a t e  removal -  The I n s i d e  

s u r f a c e s  of  the boxes  were greased to p r e v e n t  r u s t i n g ,  reduce s i de  

f r i c t i o n  dur ing  compact ion and t o  f a c i l i t a t e  e x t r u s i o n .

In the case  of  the t e s t s  on i n t a c t  m a t e r i a l ,  the top b oxe s  wer*. 

b o l t ed  to  the bottom boxes  wi t h  9.5 mm spacer bars clamped i n  

p l a c e .  In the case  of  the j o i n t e d  s pe c i me n s ,  o n l y  the bot tom box  

was assembled and a s e t  of  4.75 mm spacer bars were used to support  

the  c e l l a r  at  the t ime  of  compact ion i n  order to  l o c a t e  tho. 

c o n s t r u c t i o n  J o i n t  at  the c e n t e r  of  the box s e p a r a t i o n .
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1 2 , 3 , 3  B a t c h i n g  a n d  C o m p a c t i o n

n i i i c e r t a  1 wa s  w e i g h t  b a t c h e d  a n d  m i x e d  i n  a  p a n  m i x e r  a s  s h o w n  

p i a t e  l i . , 4 ,  A t i m e d  m i x i n g  s e q u e n c e  of  h a n d  a n d  m a c h i n e  

f i x i n g  l a s t i n g  n i n e  m i n u t e s  wa s  f o l l o w e d .

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

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

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

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

j . i r . a p p i n g  d l o w s  w i t h  a  25 mm s q u a r e  s t e e l  t a m p i n g  b a r .

P L A T E  1 2 . 4  
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^ e a d  WdS t l i e n  b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  m a t e r i a l  i n

I  >ad «.. is a p p l i e d  b y  t h e  t e s t i n g  m a c h i n e  t o  b r i n g  t h e  

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

t a e  1 ’‘• f a r  o n  t h e  b o x  s e t .  On c l o s u r e ,  t h e  l o a d  w a s  

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

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

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

s e a l e d  » ' . t h  t w o  l a y e r s  o f  p o l y t h e n e  h e l d  i n  p l a c e  w i t h

f 1^ l n ^ c a p e .  T h e  j o i n t e d  s p e c i m e n s  w e r e  n o t  s e a l e d .  T h e  b o x  

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

1 2 . 3 . 4  T r e a t m e n t  of  J o i n t e d  S p e c i me n s

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

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

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

o f  7 5 0  g / m w a s  u s e d .  T h i s  w a s  a r b i t r a r i l y  d e t e r m i n e d  t o  g i v e  a 

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

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

c I 0 0  a c h l e v e d  h r  a w a t « r  t a n k e r  u n d e r  s i t e  c o n d i t i o n s .

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

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

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

T h e  t “ °  d a y  d e l * y  c o - a c t l ° "  = » .  f l r . t  ,.coai
. a y e r s  w a s  s e l e c t e d  o n  t h e  f o l l o w i n g  g r o u n d s : -

l .  D i s c u s s i o n  , U h  « . » .  O u n s c . n ,  U h i u  he  l n  ^  A

I n d i c a t e d  t h a t  I n  h i s  l n v „ t l , . t l o n ,  l n t 0  h l , h  f l y . . h  c n U  ;

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

t o  be  t w o  d a y s .  I n  c a s e s  w h e r e  a  d r e a r e r  d e l a y  w a s  u n a v o l d -

; Z e : ;  ? r e c a u  t i k e n  t o  —  „ , s
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1 l e  H a n s e n  ( l v 7 9 a ) i n  ,
, t0 e n q u i r i e s  wi t h  regard to cons true*

1 tne p l a c i n g  of  the s o l l - c e m e n t  embankments  foi  

*.ooHn( • ' t er  r e s e r v o i r s  f or  Barney M. Da' I s  powel 

scaclon, r e f e r s  Co d e l a y ,  of  between 0.5 and 3.5 hours between  

ht embankment be i ng  placed i n  r e l a t i v e l y  short
•♦00 m - e n g t h s .  This  was done wi t h  the o b j e c t  of  

a v o i d i n g  maj d e l a y s .

3n:> erud chac l n  c o n s t r u c t i n g  a l ar ge  embankment  
area ,.r placement  would be s u b s t a n t i a l  and that  

^ l a y ,  o f  one or two days  would be r e l a t i v e l y  commonplace.  A 

of  two da vs was f e l t  to r e p r e s e n t  an uppt r l i m i t  of

d e i a y s '  -He need to i n v e s t i g a t e  the e f f e c t  o f  o t h e r  
ies.ay per i ods  i s  however s t r e s s e d .

The s ur f ac e  t r e a t m e n t s  ap p l i e d  to  the i n d i v i d u a l  c o n s t r u c t i o n  
J o i n t s  are d es cr i b e d  below.

1 2 . 1 . 4 . a Unt r ea t ed  J o i n t

Th.  s u r f a c e ,  a ,  c o m p a c t e d ,  1 .  s h o w n  1 „ p l . t .  12.5 f r o m  w h i c h  I t  

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

g e n e r a l l y  smooth a n d  I n t a c t .  T h l ,  s u r f a c e  w a s  l i g h t l y  b r u s h e d  

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

- s y . r ,  t o  r e m o v e  l o o s e  m a t e r i a l .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  

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

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

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

f i n d i n g  o f  0 ,  G r o o .  ( W 7 6 ,  t h a t  " a  c o n d i t i o n  s i m i l a r  t o  S S „  

( s a t u r a t e d  s u r f a c e  d r y ,  s e e m s  t o  b e  m a r g i n a l l y  b e t t e r . "

I 2 . 3 . 4 . b  C e m e n t  Treated J o i n t

D.  Croot (1976,  s t a t e ,  t h a t  " w h e r e  b o n d  b e t w e e n  l a y e r .  

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

recommended".  The ra t e  recommended Is 0 .2  kg/m2 and c M s  ,

- a s  used i n  thes e  t e s t s .  In the l i g h t  o f  the r e . u ' t s  

f e l t  that  a higher  rate should be c o n s i d e r e d .  D, Groo,  

o b s e r v e s  that  i t  ma y  „  d e s i r a b l e  to use s l i g h t l y  high,

ment i 

rat
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u n  C!i 1:0 a c c o u n t  f o r  c o n s t r u c t i o n  v a r i a t i o n S p e c i m e n s  

- r L p r e p a r e d  i n  t h e  s a m e  w a y  a s  t h o s e  w i t h  u n t r e a t e d  j o i n t s  

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

t h e  s e c o n d  l a y e r  wa s  p l a c e d .  A 12 mm p a i n t  b r u s h  w a s  u s e d  t o  

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

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

m e n d e d  f o r  f u t u r e  l a b o r a t o r y  w o r k
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1 2 . 3 . 4 . C  W i r e  B r u s h e d  J o i n t

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

t y p i c a l l y  a p p l i e d  b y  t h e  U S B K  a n d  r e c o m m e n d e d  b y  t h e  P C A  a s  a  

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

[ e  G r o o t  ( 1 9 7 6 )  f o u n d  c h a t  " t h e  r e m o v a l  o f  C h e  s m o o t h  

E n d i n g  p l a n e  s t r e n g t h e n s  t h e  j o i n t  b e t w e e n  t h e  l a y e r s . "  

1 <• - . o u s  i t n e r  a u t h o r s  h a v e  r e f e r r e d  t o  t h e  m e r i t s  o f  b r u s h i n g  

o t  j o i n t  p l a n e s  a n d  a r t  r e f e r r e d  t o  i n  c h a p t e r  3 .  P l a t e  1 2 . 6 a ,  

o b t a i n e d  w i t h  c o r r e s p o n d e n c e  f r o m  W a r r e n  ( 1 9 7 9 ) ,  s h o w s  a  

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

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

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

• « ' v e r ,  o w i n g  t o  t h e  d e l a y s  p r e v i o u s l y  m e n t i o n e d ,  t h e  r i g  w a s  

b u i l t  a n d  C h e  t e s t s  w e r e  r e s t r i c t e d  t o  o n e  s e t  w i t h  w i r e  
b r u s h e d  J o i n t s .

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

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

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

n a n d  d r l .  w i t h  a  r o t a t i o n a l  s p e e d  o f  a p p r o x i m a t e l y  11 >0 r p o .  

T h e  b r u s h  f i n a l l y  u s e d  h a d  a n  o v e r a l l  d i a m e t e r  o f  1 0 4  o m  a n d  

c o n t a i n e d  . . r i m p e d  s t e e l  b r i s t l e s  w i t h  a  f r e e  l e n g t h  o f  2 7  mm  

a n d  d i a m e t e r  0 . 2 7  o m .  P e r i p h e r a l  v e l o c i t y  w a s  a p p r o x i m a t e l y  

3 3 0  m / o l n  a s  o p p o s e d  t o  3 8 0  o / m l n  f o r  a  t y p i c a l  r o t a r y  b r o o m  

u s e d  b y  t h e  U S B R  ( W a r r e n  1 9 7 9 ,  B r i c e  1 9 7 9 ) .  T h e  s u r f a c e  

p r o d u c e d  u  i n g  t h i s  b r u s h  i s  s h o w n  i n  p l a t e  1 2 . 6 b .  U  i s  f e l t  

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

i n  p l a t e  1 2 . 6 a .  N o t e  t h a t  t h e  w i d t h  o f  t h e  s p e c i m e n  i n  p l a t e  

1 2 . 6 b  a p p r o x i m a t e s  t h e  l e n g t h  o f  t h e  p e n  i n  p l a t e  1 2 . 6 a

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

s h o w n  i n  p l a t e  1 2 . 6 a  w a s  c o n s i d e r e d  t o g e t h e r  w i t h  t h a t  s h o w n

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

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

c o n s i d e r e d .  With r e g a r d  t o  t h e  s u r f a c e  des cr i bed  b y

a l  ( 1 9 7 3 )  w h o  s t a t e  c h a t  b r o o m i n g  " l e a v e s  a  9 t r i ^
r i a c ed s u r f a ce

D L K E C T  S H E A R  T E S T S
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12.3.4.C Wire Brushed J o i n t

ru s h i n g  nr c o n s t r u c t i o n  j o i n t s  i s  the t r e a t me n t  t hat  i s  

t y p i c a l l y  a pp l i ed  by the USBR and recommended by the PCA as a 

means ot a c h i e v i n g  bond on J o i n t  p l anes  i n  s o i l - c e m e n  t 

j(> Groot ( 1  / b) found that  "the removal  of  the smooth  

a d i a g  p l a ne  s t r e n g t h e n s  the j o i n t  between the l a y e r s . "

■ urious  o t he r  authors  have r e f er r e d  to the m e r i t s  of  br u s h i ng  

J o i n t  p l a n e s  and are r e f e r r e d  to in chapter 3. P l a t e  12.ba,  

o b t a i n e d  w i t h  corr es pondence  from Warren (1979) ,  shows a 

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

'"iS o r i g i n a l l y  i n t en d e d  to f a b r i c a t e  apparatus to s i m u l a t e  

the ac t ua l  brooms used in p r a c t i c e  as c l o s e l y  as p o s s i b l e ,  

however ,  o wi n g  to the d e l a y s  p r e v i o u s l y  me n t i one d ,  the  r i g  was 

not  b u i l t  and the t e s t s  were r e s t r i c t e d  to one s e t  w i t h  wire  
brushed j o i n t s .

In order to  s i m u l a t e  the wire  brushed j o i n t  s u r f a c e ,  a number 

it t e s t s  were conducted u s i n g  a s e l e c t i o n  of  wi re  brushes  

o b t a i n e d  from hardware s t o r e s .  These were held in  an e l e c t r i c  

hand d r i l l  w i t h  a r o t a t i o n a l  speed of  a p p r o x ima t e l y  1 0 0 U rpo .  

The bru»r. r i n a i i y  used had an over  i l l  d iameter  o f  1 0 4  am and  

c o n t a i n e d  crimped s t e e l  L - i s t i e s  wi t h  a f ree  l e n g t h  of  27 am 

and diameter  0.27 mm. P e r i p h e r a l  v e l o c i t y  was a p p r o x i m e t e l y  

330 ra/min as opposed to 3*0 m/min for  a t y p i c a l  r o t a r y  broom 

used by the USBR (Warren 1979,  Broce 1979).  The s u r f a c e  

produced u s i n g  t h i s  brush i s  shown in p l a t e  12.6b.  I t  U  f e l t  

that  t h i s  i s  a r eas onabl e  a pp r o x i ma t io n  of  the s u r f a c e  shown 

i n  p l ace  12.6a.  Note that  the wi dt h  of  the specimen i n  p l a t e  

1 2 . 6 b approx i mates  the l e n g t h  of  the pen i n  p l a t e  1 2 . 6 a

In j udging  Che s u i t a b i l i t y  of  the s u r f ac e  produced,  the s u r f a c e  

shown in  p l ac e  1 2 . 6 a was c o n s i d e r e d  t oge t her  wi t h that  sh ' 

in  o ther  photographs r e c e i v e d  from the same a o u r c e T l "
a d d i t i o n ,  the d e s c r i p t i o n s  r e f e r r e d  t , i n - c

i n  c h a p t e ;  3 were  
c o n s i d e r e d .  With regard to the s u r f ac e  des cr i bed  by Uav

a l  (1973) who s t a t e  that  brooming " l e a v e s  a s t r i a t e d  su J t^  ^
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PLATE 1 2 . 6 a
SOLl-C EME N'T SURFACE AFTER BROUMING IN FIELD
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PLATE 12.6b
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w i t h  n a r r o w  g r o o v e s  a p p r o x i m a t e l y  1/2 i n c h  ( 1 . 2 7  c m )  a p a r t " ,

H a n s e n  ( 1 9 7 9 a )  o b s e r v e s  " v e r y  h a r d  t o  g e t  j r o o v e s  1 / 6 "  d e e p ,

l / i b "  i s  c l o s e r  t o  r e a l i t y  l)e G r o o t  ( 1 9 7 6 )  d e s c r i b e d  t h e  

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

t h e  s u r f a c e  t e s t e d  i n  h i s  r e s e a r c h .

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

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

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

1 2 . 3 . 5  C o n d u c t  o f  D i r e c t  S h e a r  T e s t s

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

m a c h i n e  a n d  a  v e r t i c a l  s t r e s s  o f  a p p r o x i m a t e l y  2 MPa  w a s  a p p l i e d  

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

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

a p p r o x i m a t e l y  12 mm.

T h e  2 MPa  c o n f i n i n g  p r e s s u r e  d u r i n g  b o x  s e p a r a t i o n  c o m p a r e s  w i t h  

t h e  p r e s s u r e  o f  b e t w e e n  0 . 9  a n d  1 . 4  MPa  r e q u i r e d  t o  e x t r u d e  

s p e c i m e n s  f r o m  t h e  b o x e s  a f t e r  t e s t i n g  a n d  t h e  3 . 1  t o  3 . 4  MPa  

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

T h e  r e c e i v e r  p r e s s u r e  w a s  t h e n  a d j u s t e d  t o  g i v e  t h e  r e q u i r e d  

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

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

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

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

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

f r o m  t h e  b o x e s  u s i n g  a  h y d r a u l i c  J a c k .
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1 2 . 4  T E S T  R E S U L T S

Graphs 12.1 to 12.b r e f l e c t  i/ie r e s u l t s  of  the d i r e c t  shear t e s t s .  

A l l  r e s u l t s  are p l o t t e d  a g a i n s t  h o r i z o n t a l  d e f l e c t i o n  as c o n v e r ­

s i o n  to shear s t r a i n  was not  f e l t  to  be r e l e v a n t .  Adjustment  to 

remove the b e d d i n g - i n  po r t io n  of  the l o a d i n g  curve  has a l s o  not  

been a pp l i e d  in order to m a i n t a i n  the s e p a r a t i o n  of  the I n d i v i d u a l  

r e s u l t s . The c u r v e s  thus r e f l e c t  the t e s t  h i s t o r y  of each s pec i men  

from the commencement of a p p l i c a t i o n  of  h o r i z o n t a l  load.

The s i g n i f i c a n t  f e a t u r e s  shown in  these  graphs are as f o l l o w s : -

a.  The e l a s t i c  po r t io n  o f  the l o a d i n g  curve ,  i . e .  the i n i t i a l  

p o r t i o n  a f t e r  b e d d i n g - i n ,  i s  g e n e r a l l y  l i n e a r  and the s l o p e s  

i n  a l l  t e s t s  are s i m i l a r .

b.  1  he rate  of  l o a d i n g  to  f a i l u r e  i s  g e n e r a l l y  un i f orm and 

c o n s i s t e n t .

c . The p o s t - f a i l u r e  p or t i on  of  the r e s u l t s  i s  w e l l  deve l ope d  and 

the s t r a i n  rate  i s  r e a s o na b l y  c o n s i s t e n t .

d . The l o a d i n g  c u r v e s  for the i n t a c t  m a t e r i a l  show a p r o g r e s s i v e  

deve l opment  from a r e l a t i v e l y  p l a s t i c  f a i l u r e  mode at  the low 

cement  c o n t e n t  (5%) to a r e l a t i v e l y  b r i t t l e  mode at the high  

cement  c o n t e n t  ( 2 0 %).

e .  The s p ec i mens  wi th c o n s t r u c t i o n  j o i n t s  g e n e r a l l y  show a 

s a a ' l e r  drop between u l t i m a t e  and r e s i d u a l  s t r e s s e s .

f .  The d i l a t i o n  e x p e r i e n c e d  by the j o i n t e d  spec imens  i s  s u b s t a n ­

t i a l l y  l e s s  than that  e x p e r i e n c e d  by the c o r r e s po n d i n g  i n t a c t  

spe c i me ns  ( 1 0 % cement ) .  In i number of  c a s e s  v i r t u a l l y  no 

v e r t i c a l  d i s p l a c e m e nt  occurred and i n  the c a s e  of  the  w i r e  

brushed and un t re a t ed  j o i n t s ,  s i g n i f i c a n t  compres s ion  occurred

D I R E C T  S H E A R  T E S T S 1 2 . 1 6



G r a p h s  12 . 1  t o  1 2 . 6  r e f  l e e '  t h e  r e s u l t j  o f  t h e  d i r e c t  s h e a r  t e s t s .  

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

s i o n  t o  s h e a r  s t r a i n  wa s  n o t  f e l t  t o  be  r e l e v a n t .  A d j u s t m e n t  t o  

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

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

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

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

T h e  s i g n i f i c a n t  f e a t u r e s  s h o w n  i n  t h e s e  g r a p h s  a r e  a s  f o l l o w s : -

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

p o r t l o r  a f t e r  b e d d l n p - l n ,  I s  g e n e r a l l y  l i n e a r  a n d  t h e  s l o p e s  

I n  a l l  t e s t s  a r e  s i m i l a r .

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

c o n s i s t e n t .

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

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

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

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

c e m e n t  c o n t e n t  ( 5 2 )  t o  a  r e l a t i v e l y  b r i t t l e  mo d e  a t  t h e  h i g h  

c e m e n t  c o n t e n t  ( 2 0 2 ) .

e .  T h e  spe c i me ns  w i t h  c o n s t r u c t i o n  j o i n t s  g e n e r a l l y  s h o w  a

s m a l l e r  d r o p  Between u l t l m  t e  a n d  r e s i d u a l  s t r e s s e s .

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

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

s p e c i m e n s  ( 1U2 c e m e n t ) .  I n  a n u m b e r  o f  c a s e s  v i r t u a l l y  n o  

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

b r u s h e d  a n d  u n t r e a t e d  j o i n t s ,  s i g n i f i c a n t  c o m p r e s s i o n  o c c u r r e d
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i n  the s pec i mens  subjec t  to the g r e a t e s t  v e r t i c a l  s t r e s s .  Of 

the i n t a c t  s pec i mens ,  o n l y  t hat  wi th  5% cement  e x p e r i e n c e d  

c ompres s i on  under t h i s  s t r e s s .

g.  As i s  t o  be e x p e c t e d ,  d i l a t i o n  d e c r e a s e s  w i t h  i n c r e a s i n g  

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

h. D i l a t i o n  i n c r e a s e s  wi th  i n c r e a s i n g  cement  c o n t e n t  as does  

s t r e n g t h  and t ime to f a i l u r e .

1 2 . 4 . 1  F a i l u r e  E n v e l o p e s

b torn t h e s e  r e s u l t s ,  a graph of  f a i l u r e  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  was p l o t t e d  i n  o r d e r  t o  o b t a i n  t h e  f a i l u r e  

e n v e l o p e s ,  t h i s  i s  p r e s e n t e d  i n  gr aph  12.7.

Owing to var i ous  problems dur ing  the t e s t  program, i t  was  

n e c e s s a r y  to d i s card  a number of  r e s u l t s ,  o n l y  those  c o n s i d e r e d  

v a l i d  are r e f l e c t e d  on the graph.  From a v i s u a l  i n s p e c t i o n  of  the  

data p o i n t s ,  i t  was apparent  that  there  was no b a s i s  for  f i t t i n g  

other  than s t r a i g h t  l i n e s  of equal  s l o pe  to a l l  data s e t s ,  t h i s  was  

c o n s i s t e n t  w i t h  the r e s u l t s  of  the t r i a x i a l  t e s t s  p r e s e n t e d  i n  

chapter  11 and wi th  the f i n d i n g s  of  other  r e s e a r c h e r s .  A c c o r ­

d i n g l y ,  a t r a n s f o r m a t i o n  was performed where 'y  a l l  data s e t s  were  

t r a n s l a t e d  to  a l i g n  t h e i r  c e n t e r s  of  g r a v i t y  wi t h  the c e n t e r  of  

g r a v i t y  for  a l l  the data ( C h a t f i e l d  1975).  A l i n e a r  r e g r e s s i o n  was 

then performed on the combined data to d e t er mi ne  the a n s l e  o f  

i n t e r n a l  f r i c t i o n  for the m a t er i a l  and the t r a n s l a t i o n  c o n s t a n t s  

were used to c a l c u l a t e  adjus ted  c o h e s i o n  for  each s e t  of  t e s t s .  

The r e g r e s s i o n  c o e f f i c i e n t  r was c a l c u l a t e d  as 0.9b i n d i c a t i n g  a 

good f i t .  The r e s u l t s  of  the r e g r e s s i o n  are summarised in t a b l e  
12. 1.

Graph 12.7 i n d i c a t e s  an i n c r e a s e  in c o h e s i o n  wi t h  cement  c o n t e n t .  

This  i s  c o n s i s t e n t  wi th  the r e s u l t s  of  the t r i a x i a l  and u n c o n f i n e d
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TABLE 1 2 . I 
SUMMARY OF ULTIMATE STRENGTH RESULTS 

FOR DIRECT SHEAR TESTS, RANKED ON COHESION

TEST Specimen
No

V e r t i c a l
S t r e s s

MPa

Shear
S t r e s s

MPa

C o r r e c t e d  | 
Cohes ion | 

MPa

UNTREATED JOINT
AB-06 . 40 / 401
34
XY
56

2 . 038  
1 . 828 
1.169 
0 . 5 3 8

1.777
1.889
1.390
0. 732 0 . 250

——————— —
CEMENT TREATED JOINT 

AB-U6.4C/443 
34 
XY 
56

2 . 0 3 8
1 . 828
1.169
0 . 5 3 8

2.131
2. 105
1.449
0. 987 0.471

WIRE BRUSHED JOINT
XY-06.4C/47S
34
56

2 . 032
1. 828
0 . 5 3 8

2. 183
2 . 299
0 . 846 0 . 517

INTACT 052 CEMENT 
AB-03.2C/317 
34 
XY 
56

2 . 038
1.828
1 . 169
0 . 5 3 8

2 . 410
2.299
1.852
1.129 0. 726

INTACT 102 CEMENT 
34*06 . 40 /249

i
56

1 . 470
0 . 871
0 . 30 6

2. 549
1.757
1.342 1.125

INTACT 202 CEMENT 
3 4 - 1 2 . 8C/2B3 
56

1. 828
0 . 5 3 8

3.395
2 . 334 1.849

Angle o f  I n t e r n a l  F r i c t i o n  -
0

40 .7

Group Average Cohes ion - 0 . 72 MPa

D I R E C T  S H E A R  T E S T S
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c o m p r e s s i o n  t e s t s .  Cohes ion  i s  p l o t t e d  a g a i n s t  cemen t  c o n t e n t  on  

g r a p h  12.h a n d  a L i n e a r  r e l a t i o n s h i p ,  as  found w i t h  t h e  t r i a x i a ^  

t e s t s ,  i s  i n d i c a t e d  by the d a t a  p o i n t s  and  s o l i d  l i n e .

The r e s u l t s  f o r  t he  j o i n t e d  s p e c i m e n s  a r e  however  n o t  as  

e n c o u r a g i n g .  In a l l  c a s e s ,  t he  u l t i m a t e  s h e a r  s t r e n g t h  i s  s u b ­

s t a n t i a l l y  l e s s  t h a n  t h a t  f o r  t he  i n t a c t  m a t e r i a l  w i t h  t he  same 

c e m e n t  c o n t e n t  ( l O t ) and  a l s o  l e s s  t h a n  t h a t  f o r  t h e  i n t a c t  

m a t e r i a l  w i t h  o i  c e m e n t .  There  i s  no s i g n i f i c a n t  d i f f e r e n c e  

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

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

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

Th e s e  r e s u l t s  d i f f e r  s u b s t a n t i a l l y  f rom t hose  r e p o r t e d  by De Groot  

(1976)  and t h e r e  i s  t hus  cause  t o  q u e s t i o n  the  c o m p ac t i on  p r o c e d u r e  

u s e d .  The r educed  d i l a t i o n  of  t he  j o i n t e d  s pe c i m e n s  a l s o  s u g g e s t s  

t h a t  c o m p a c t i o n  on t he  j o i n t  p l a n e  was i n a d e q u a t e .  I t  a p p e a r s  

l i k e l y  t h a t  t he  t a m p i n g  of  the  m a t e r i a l ,  as  p e r f o r me d ,  was n o t  

s u f f i c i e n t  t o  e n s u r e  i n t i m a t e  c o n t a c t  on the  j o i n t  p l a n e  and  t he  

use  o f  an i mp a c t  rammer i n  ' u t u r e  t e s t s  shou ld  be c o n s i d e r e d  w i t h  a

v i e w  to  S i m u l a t i n g  the  h i gh  c o n t a c t  p r e s s u r e s  t h a t  would  o c c u r

u n d e r  a sheeps ! : o r t  r o l l e r .

I t  shou ld  be n o t e d  t h a t  i n  d e a l i n g  w i t h  a m a t e r i a l  c o n t a i n i n g  

c o a r s e  a g g r e g a t e ,  where t he  s h e a r  s t r e n g u n  of  t h e  a g g r e g a t e  raa\ 

e x c e e d  t h a t  of  the  s t a b i l i z e d  m a t r i x ,  i t  i s  u n l i k e l y  t h a t  t he  f u l l  

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

c o n s t r u c t i o n  j o i n t s .  Othe r  forms  o f  t e s t ,  such as  t e n s i l e  t e s t s  on 

t he  J o i n t  a n d  s h e a r  t e s f *  w i t h o u t  a p p l i e d  no r ma l  p r e s s u r e ,  as  u s e d  

by De Gr oo t ,  w i l l  n o t  n e c e s s a r i l y  be a f f e c t e d  by the  a b s e n c e  of  

c o a r s e  a g g r e g a t e  a c r o s s  the  J o i n t  p l a n e  and poor  bond b e t w e e n  t h e

m a t r i x  and  a g g r e g a t e  p a r t i c l e s  c o u l d  l e a d  t o  t he  J o i n t  p l a n e

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

F a i l u r e  of  t he  j o i n t e d  s p e c i m e n s  t r e a t e d  w i t h  c e m e n t  and  by 

b r u s h i n g  was g e n e r a l l y  t h rough  the  m a t e r i a l  a d j a c e n t  t o  the  j o i n t

DI RECT SHEAR T E S T :



GRAPh  1 2  8

C O H E S I O N  , ,  CEMENT . 3 N T E N I  OF I N T A C T  S P E C I M E N S

«1.r

c
3

W9
e

C i f e M  C e n t  « n t  i Z o f  - 4 .  nm t r ^ c t t o n )

L L  tui 1111 i ̂  > I In ulaiU. 
0 J   1 ■ ] ,1..........   j

_« tie n 1 .ant • n t i / .  -  — i b  i  o ! u t « )
12 13

a  D i r e c t  » h e « r  l a t a  o o ' n t *  I • o n  . s o l e  1 2 . !

  0 . r e e l  t h e a -  y » 0 . 3 6 4 . 0 . 0 7 4 5 *  0 (  - i . ? S)

,-0.364*0. ,16, i . b . o U , .  %) 
  T r •» < > » 1 » i  a g e  28a y - 0 . 0 4 0 * 0 .  1 2 6 k 1% , 4 ? 5 1

  ' " 0 . 0 4 0 , 0 . 1 2 s ,  . a b e e U t  ( %,
c-M-ct».*iT —  u/oe/««-**i37i-. i i re ?h*-csnf apt. e

.............................................................................................................................. .............



P l a n e  r a t h e r  t h a n  on the J o i n t  p l a n e  i t s e l f .  The f a i l u r e  s u r f a c e  

Ln rhe lnt ;acl :  m a t e r i a l  was g e n e r a l l y  d i s h e d  i n  a p p e a r a n c e  w i t h  

c a r i n g  ot w eake r  a g g r e g a t e  p a r t i c l e s  w h i l e  s t r o n g e r  p a r t i c l e s  

fcOugt.d c h a n n e l s  i n  the s o i l - c e m e n t  m a t r i x .  P l a t e  12.7 shows  

t y p i c a l  f a i l u r e  s u r f a c e s  f o r  t he  d i f f e r e n t  j o i n t  c o n d i t i o n s ,  f rom 

f r o n t  to  b a c k : -  u n t r e a t e d  j o i n t ,  c e men t  t r e a t e d  j o i n t ,  w i r e  

b r u s hed  j o i n t  and u n j o i n t e d  s p e c i m e n . Cement  c o n t e n t  of  a l l  

s p e c i m e n s  was 10% o f  f i n e  f r a c t i o n .

PLATE 12./

TYPICAL FAILURE SURFACES

The i nd i ca t ed  j o i n t  cohesion in graph 12.7 for cement treated and
brushed J o i n t s  i s  approximately 0.5 MPa which whn»

' wulAe not as  great
as that of the i n t a c t  mater ia l ,  i s  ne ve r t he l e s s  a

* s i g n i f i c a n t
s t r e n g t h .  This bond could be s u f f i c i e n t  to r e s i s t  wave forces
a c c o u n t  foi  t he  b e h a v i o u r  o b s e r v e d  in  s l o p e  p r o t e c t i o nr v-nun.  I he work
r e p o r t e d  by De Groot  (197b),  used s o i l s  which c o n t U n  a 
s i g n i f i c a n t  m a t e r i a l  r e t a i n e d  on the  1.19 s «e ve

DIRECT SHEAR TESTS
1 2 . 2 8
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p l a n e  t a t  h e r  chan . chtr joint .  • uic i t s e l f .  The f a i l u r e  s u r f a c e  

LR t h t  1 ° tact ,  m a t e r i a !  war, g e n e r a l l y  d i s h e d  i n  a p p e a r a n c e  w i t h  

• ihear i ng  of  weaker  a g g r e g a t e  p a r t i c l e s  w h i l e  • c o n g e r  p a r t i c l e s  

ougad channe l s ,  i n  t h e  s o l l - c e m e n t  m a t r i x .  P l t . e  1 2 . 7  s h o w s  

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

r o n t  r.u b a c k ; -  u n t r e a t e d  J o i n t ,  c e m e - t  c r e a t e d  j o i n t ,  w i r e  

’ r u s h e d  j o i n t  a n d  u n j o i n t e d  s p e c i m e n .  C e m e n t  c o n t e n t  o f  a i l  

e c i m e n s  was 1 0 % o f  f i n e  f r a c t i o n .

PLATE 12.7 

TYPICAL FAILURE SURFACES

h e  i n d i c a t e d  J o i n t  c o h e s i o n  i n  g r a p h  1 2 . 7  f o r  c e m e n t  t r e a t e d  a n d  

o r u s h e d  j o i n t s  i s  a p p r o x i m a t e l y  0 . 5  M P a  w h i c h ,  w h i l e  n o t  a s  g r e a t  

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

A! r e n g t h .  I b i s  b o n d  c o u l d  b e  s u f f i c i e n t  t o  r e s i s t  w a v e  f o r c e s  a n d

t ccoun t o r  rho b e h a v i o u r  o b s e r v e d  in  s l o p e  p r o t e c t i o n .  T h e  w o r k  

l’ ' r ' ' " (' r 00 ' (197b) ,  used s o i l s  w h i c h  c o n t a i n e d  n o

' ' i t iv- • • he 1.19 ram s i e v e  i n n  ' n n . . _



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

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

w i t h o u t  n o r m a l  l o a d  w e r e  i n  t h e  r a n g e  0.33 t o  i . 4  MPa w i t h  a v e r a g e  

0 . 9 1  MPa f o r  c e m e n t  t r e a t e d  j o i n t s  o n  s p e c i m e n s  c o n t a i n i n g  10% 

c e m e n t .

M o t e  t h a t  t h e  e f f e c t i v e  s h e a r  s t r e n g t h  o f  c o n s t r u c t i o n  j o i n t s  c a .  

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

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

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

j o i n t s .  T h i s  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n  t o  d e t e r m i n e  t h e  

ma x i mu m p e r m i s s i b l e  d e l a y  w i t h o u t  j o i n t  p r e p a r a t i o n .

In v iew  of the problems e x p e r i e n c e d  in  s i m u l a t i n g  com pact ion  .■ n 

the l a b o r a t o r y ,  i t  i s  f e l t  that  f i e l d  t r i a l s  s i m i l a r  to the subgrade  

r e s t r a i n t  t e s t s  of  B of ln g»r  and S u l l i v a n  (1971) should be c o n s i ­

dered .  This  t e s t  procedure would i n v o l v e  p l a c i n g  a number of 

l a y e r s  of  s o l l - c e m e n t  u s i n g  the t e c h n iq u e s  and equipment to  be 

used on s i t e .  A b lock  of cured s o i l  cement  would be e x c a v a t e d  to  

the l e v e l  of  the J o in t  p lan e  u s i n g  a p a v in g  saw and the b lock  

sheared w h i l e  s u b je c t  to a s u i t a b l e  v e r t i c a l  s t r e s s .  A number of  

b lo c k s  could  h* t e s t e d  a t  d i f f e r e n t  v e r t i c a l  s t r e s s e s .  Load and 

s t r a i n  ra te  c o n t r o l  could be a p p l ied  u s in g  the apparatus d ev e lo p e d  

fo r  t h i s  t e s t  progvan. This  tech n iq u e  would permit the e x a m in a ­

t i o n  of a large  number of  v a r i a b l e s  in  a r e l a t i v e l y  short  t i m e .

1 2 . 4 . 2  R e s i d u a l  S t r e n g t h  E n v e l o p e s

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

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

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

j o i n t s .  A c c o r d i n g l y ,  s h e a r  s t r e n g t h s  a t  d i s p l a c e m e n t s  o f  5,  10

a n d  15 mm p a s t  f a i l u r e  w e r e  d e t e r m i n e d  a n d  t h e  d a t a  s u b j e c t e d  t o  

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

s t r e n g t h  d a t a .  Gr a ph  12.9 r e f l e c t s  t h e  s t r e n g t h  e n v e l o p e s  a t  n 

d i s p l a c e m e n t  of  ) mm p a s t  u l t i m a t e .

„  R E C T  S H E A R  T E S T S 1 2 . 2 9
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In  a l l  c a s e s  a r e g r e s s i o n  c o e f f i c i e n t  of  0.98 wan o b t a i n e d  w i t h  

a n g l e  o f  i n t e r n a l  f r i c t i o n  r a n g i n g  f rom 41° t h r ough  39.7 5° to  

38.77°  f o r  t he  ch ree  d i s p l a c e m e n t s  c o n s i d e r e d ,  i n d i c a t i n g  a 

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

a v e r a g e  c o h e s i o n  v a r i e d  from 0.074 t h r ou g h  0.014 to  0 .002 MPa f o r  

the  same r a n g e .  T h i s  c a n n o t  be c o n s i d e r e d  to d i f f e r  s i g n i f i c a n t l y  

f rom z e r o ,  c o n f i r m i n g  t h a t  once  f a i l u r e  has  o c c u r r e d ,  t he  r e s i d u a l  

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

These  r e s u l t s  i n d  c a t e  t h a t  t he  r e s i d u a l  s t r e n g t h  of  t he  j o i n t e d  

m a t e r i a l  i s  e s s e n t i a l l y  I d e n t i c a l  t o  t h a t  of  the u n J o i n t e d .

1 2 . 4 . 3  R a t i o  o f  U l t i m a t e  t o  R e s i d u a l  S t r e n g t h

From t he  I n c e p t i o n  of  t h i s  t e s t  p rogram,  i t  was c o n s i d e r e d  t h a t  

d e s i g n  on the  b a s i s  of  r e s i d u a l  s h e a r  s t r e n g t h  s hou l d  be i n v e s t ­

i g a t e d  as a p o t e n t i a l l y  more r e l i a b l e  t e c h n i q u e  on t he  a s s u m p t i o n  

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

t h a n  u l t i m a t e  s t r e n g t h .  I t  was f o r  t h i s  r e a s on  t h a t  t he  h o r i ­

z o n t a l  load  c o n t r o l  a p p a r a t u s  was d e s i g n e d  to  s u p p l y  s t r a i n  r a t e  

c o n t r o l  i n  t he  p o s t - f a i l u r e  zone  and  t h i s  d e c i s i o n  was v i n d i c a t e d  

by the  r e s u l t s  d i s c u s s e d  above .

Wi th  a v i ew t o  e x p r e s s i n g  t h e s e  r e s u l t s  i n  t e rms  o f  a d e s i g n  

p h i l o s o p h y ,  t he  r a t i o  of  u l t i m a t e  t o  r e s i d u a l  s t r e n g t h  was e x a m ­

i n e d .  T h i s  r a t i o  can  be c o n s i d e r e d  to r e p r e s e n t  a measure  of  t he  

f a c t o r  of  s a f e t y  t h a t  would a p p l y  t o  a d e s i g n  on t he  b a s i s  of  t he  

r e s i d u a l  s t r e n g t h  r e l a t i v e  to  t he  u l t i m a t e  s t r e n g t h .  C o n s i d e r i n g  

the  e x t r e m e  c a s e s  f o r  t he  i n t a c t  m a t e r i a l : -

The maximum r a t i o  v a r i e s  f rom 3.7 a t  a d i s p l a c e m e n t  of  5 ram 

p a s t  f a i l u r e  t o  4.5 a t  a d i s p l a c e m e n t  of  15 mm f o r  t he  s pe c i m e n  

w i t h  a c e men t  c o n t e n t  >f 2U% s u b j e c t  to the l o w e s t  v e r t i c a l  

s t r e s s  (0.54 MPa).  For  t he  s p e c i me n  s u b j e c t  t o  1.8 MPa t h i s  

r ed u c e s  t o  L . tween  1.95 and 2 .18.
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i he minimum r a t i o  v a r i e s  Strom 1.2 t o  1.35 f o r  t he  s p e c i m e n  

w i t h  a cemen t  c o n t e n t  o f  5% s u b j e c t  to the h ' g h e s t  v e r t i c a l  

s t r e s s  (2.04 MPa) .  For  t he  c o r r e s p o n d i n g  spe c i me n  w i t h  u n ­

t r e a t e d  j o i n t ,  t he  r a t i o  v a r i e s  f rom 1.08 t o  1.18.  For  the 

s p e c i me n  w i t h  5% cemen t  s ub j e  t t o  a s t r e s s  of  0.54 MPa t he  

r a t i o  r a n g e s  oe t ween  1.8 and 2.

From c o n s i d e r a t i o n  of  the  a v a i l a b l e  d a t a , i t  a p p e a r s  t h a t  t he  r a t i o  

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

b r i t t l e  n a t u r e  of  t he  m a t e r i a l  w i t h  i n c r e a s e d  c«*raent c o n t e n t .

1 2 . 4 . 4  F a c t o r s  o f  S a f e t y  C u s t o m a r i l y  A p p l i e d

R o b e r t s o n  and  B l i g h t  (1978) s e c t i o n  4 . 3 . 2 ,  r ep roduced  i n  c h a p t e r  3, 

r e f e r  t o  t he  a p p a r e n t  a n o m a l y  i n  the c u s t o m a r y  f a c t o r s  o f  s a f e t y  

a g a i n s t  s l i d i n g  f a i l u r e  used i n  d e s i g n  of  e a r t h f i l l  and  c o n c r e t e  

g r a v i t y  dams.  In t he  f i r s t  i n s t a n c e ,  a f a c t o r  of  s a f e t y  of  2 i s  

g e n e r a l l y  c o n s i d e r e d  a d eq u a t e  whereas  i n  t h e  s econd  a minimum 

f a c t o r  of  5 i s  s p e c i f i e d  i n  c a s e s  where t he  s i m p l i f i e d  method of 

a n a l y s t s  c a n n o t  be a p p l i e d .  Note t h a t  t h e  USSR a n a l y s i s  r e f e r r e d  

t o  i n  s e c t i o n  3.2.d i s  somewhat  l e s s  c o n s e r v a t i v e .  The s i m p l i f i e d  

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

h o r i z o n t a l  to v e r t i c a l  force;?,  s hou l d  l i e  i n  the r a n g e  of  0 .65 to 

0.75 f o r  c o n c r e t e  on  r o c k ,  an d i s c u s s e d ,  t h i s  r e q u i r e s  a minimum 

a n g l e  of  i n t e r n a l  f r i c t i o n  of  33l . T h i s  e m p i r i c a l  method r e l i e s  

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

f a c t o r  a g a i n s t  s l i d i n g .

The s a f e t y  f a c t o r s  r e f e r r e d  to  above  a r e  a p p l i e d  t o  t he  u l t i m a t e  

s t r e n g t h  of  the  m a t e r i a l  i . e .  t he  u l t i m a t e  s t r e n g t h  i s  d i v i d e d  by 

t h e  r e l e v a n t  f a c t o r  to  a r r i v e  a t  a d e s i g n  s t r e n g t h  which  I s  

compared w i t h  d e s i g n  s t r e s s e s  to  d e t e r m i n e  the  adequacy  of  t h e  

m a t e r i a l .  R e l a t i n g  t h i s  to  t he  r a t i o  r e s u l t s  summar i sed  a b o v e : -

a .  The weak m a t e r i a l  t v s  a t r u e  f a c t o r  of  s a f e t y  of  r e s i d u a l  o v e r  

u l t i m a t e  s t r o n g  e r ange  1.2 to 2.0.  Th i s  compares  w e l l
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w i t h  t h e  v a l u e  of  2 a p p l i e d  t o  s o i l .  The v a l u e  of  1.2 

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

s t r e n g t h  where d e s i g n  i s  u n d e r t a k e n  w i t h  a s a f e t y  f a c t o r  of  2 

on u l t i m a t e  s t r e n g t h .

b.  In  t he  c a s e  of  t he  s t r o n g e r  m a t e r i a l ,  t he  f a c t o r  of  s a f e t y  of  

r e s i d u a l  o v e r  u l t i m a t e  s t r e n g t h  i s  i n  the  r ange  1.95 t o  4 . 5 .  

T h i s  r e p r e s e n t s  an e n ha n c e d  f a c t o r  of  s a f e t y  on r e s i d u a l  

s t r e n g t h  where d e s i g n  i s  based  on a s a f e t y  f a c t o r  o f  5 on  

u l t i m a t e  s t r e n g t h .  I t  s hou l d  be n o t e d  t h a t  i n  c o n c r e t e  the  

r a t i o  of  u l t i m a t e  t o  r e s i d u a l  s t r e n g t h  may w e l l  e x c e e d  5.

1 2 . 4 . 5  P r o p o s e d  D e s i g n  P h i l o s o p h y

The above  s u g g e s t s  t h a t  t he  app n t  a n o m a l y , r e f e r r e d  t o  a b o v e , 

r e p r e s e n t s  a d e s i g n  p‘ sophy which  i s  i n  f a c t  bas ed  on 

c o n s i d e r a t i o n  of the  r e s 11 . s t r e n g t h  of  t he  m a t e r i a l ,  i . e .  on t h e

b a s i s  of  e x p e r i e n c e ,  the  f a c t o r s  of  s a f e t y  t h a t  have  come t o  be 

a s s o c i a t e d  w i t h  t he  two m a t e r i a l s , s o i l  and  c o n c r e t e ,  i n  f a c t  

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

commonly d e v e l o p e d  by the  r e s p e c t i v e  m a t e r i a l s .

T h i s  r e l a t i o n s h i p  i s  by no means e x a c t ,  t he  r a t i o  of  1.2 above  

i n d i c a t e s  t h a t  i n  the  c a s e  of  s o i l ,  t he  f a c t o r  of  2 a l s o  I n c l u d e s  an 

a l l o w a n c e  f o r  t he  g r e a t e r  v a r i a b i l i t y  of  t he  m a t e r i a l .  L i k e w i s e ,  

a c o n s i d e r a t i o n  of  t he  h i g h e r  s t r e n g t h  c o n c r e t e s  I n d i c a t e s  th a t  

t h e  f a c t o r  of  s a f e t y  of  5 a l l o w s  f o r  a p e r c e n t a g e  o f  the c o h e s io n  

t o  be t a k e n  i n t o  a c c o u n t .  However ,  i n  t e r m s  of  t* ; s t r e s s e s  

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

g e n e r a l l y  s m a l l ;  a p p l y i n g  e q u a t i o n s  1 and  2 i n  R o b e r t s o n  and  

B l i g h t  s e c t i o n  4.3 and a s s u m i n g  an a n g l e  of  i n t e r n a l  f r i c t i o n  of  

4 0 ° ,  an u n c o n f I n e d  c o m p r e s s i v e  s t r e n g t h  of  26 MPa i s  I n d i c a t e d  

b e f o r e  the  f a c t o r  of  5 makes a l l o w a n c e  f o r  c o h e s i o n .

On t he  b a s i s  of  the  above  d i s c u s s i o n , t a k i n g  a c c o u n t  of  t he  f a c t  

t h a t  s o i l - c e m e n t  can be e x p e c t e d  t o  v a r y  i n  s t r e n g t h  f rom t h a t  of
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a s t r o n g  s o i l  t o  a mode ra t e  q u a l i t y  c o n c r e t e ,  d e p e n d i n g  on t he  

a p p l i c a t i o n ,  i t  i s  s u g ge s t e d  t h a t  d e s i g n  chould  be based on  the  

r e s i d u a l  ( i . e .  f r i c t i o n a l )  s t r e n g t h  of  t he  m a t e r i a l  w i t h  a f a c t o r  o f  

a a t e t y  of  s a y  1.2 a p p l i e d  to  t a k e  a c c o u n t  o f  m a t e r i a l  v a r i a b i l i t y .

At the same t i m e ,  i t  i s  a c k n o w l e d g e d  t h a t  a d d i t i o n a l  t e s t s  a r e  
r e q u i r e d  t o  s u pp o r t  t h i s  p r o p o s a l .

I t  shou ld  be n o t e d  t h a t ,  as  the a n g l e  of  i n t e r n a l  f r i c t i o n  has  been  

found  t o  be i n d e p e n d e n t  of  c e m e n t  c o n t e n t  f o r  cemen t  c o n t e n t s  

a bove  (3 .2* of  whole s o i l ) ,  t h i s  d e s i g n  p h i l o s o p h y  does  n o t  

p r o v i d e  a b a s i s  f o r  d e t e r m i n a t i o n  of  c e men t  c o n t e n t .  I t  i s  

t h e r e f o r e  p r oposed  t h a t  a minimum c e m e n t  c o n t e n t  of  3.2% of whole  

s o i l  shou ld  be s p e c i f i e d  u n t i l  f u r t h e r  t e s t s  a r e  c o n d u c t e d  a t  low 

c e men t  c o n t e n t s  and  t h a t  a minimum f a c t o r  of  s a f e t y  of  2 s h o u l d  be 
a p p l i e d  t o  the  u l t i m a t e  s t r e n g t h .

1 2 . 4 . 6  C o m p a r i s o n  w i t h  R e s u l t s  o f  T r i a x l a l  T e s t s

Tne t r i a x l a l  t e s t s  y i e l d  an e s t i m a t e d  a n g l e  of  i n t e r n a l  f r i c t i o n  

o f  37 as  opposed t o  the v a l u e  o f  40 . 7°  f o r  the  d i r e c t  s h e a r  t e s t s  

p r e s e n t e d  i n  t a b l e  12.1.  I :  i s  l i k e l y  t h a t  t M  p r e s e n c e  of  c o a r s e  

a g g r e g a t e  w i l l  c aus e  an i n c r e a s e  i n  a n g l e  of  f r i c t i o n  and  i t  i s  

- o n s i d e r e d  t h a t  t h i s  3 .7°  I n c r e a s e  r e s u l t s  from t h i s .  I t  s ho u l d  

however  be n o t e d  t h a t  t he  maximum p r i n c i p a l  s t r e s s  i n  t he  d i r e c t  

s h ea r  t e s t s  i s  c o n s i d e r a b l y  l o we r  t h a n  t h a t  o c c u r r i n g  i n  t ne  

t r l a x i a l  t e s t s .  C o n s e q u e n t l y ,  an  I n c r e a s e d  a n g l e  of  I n t e r n a l  

r r i c t l o n  would be e x p e c t e d  from t he  c u r v a t u r e  of t he  Mohr e n v e l o p e  
r e f e r r e d  no i n  s e c t i o n  11.4.2.

I n  o r d e r  t o  compare  the  e s t i m a t e d  c o h e s i o n  o b t a i n e d  f rom the  

d i r e c t  s h e a r  t e s t s  w i t h  t h a t  f o r  t he  t r i a x l a l  t e s t s ,  which were  

c o n d u c t e d  on s p e c i m e n s  a t  a n o m i n a l  age of  294 days ,  an  a d j u s t m e n t  

was r e q u i r e d .  Graph 10.9 i n d i c a t e 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  

u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  and  l o g a r i t h m  of age and  g r aph  

11.9 i n d i c a t e s  a l i n e a r  r e l a t i o n s h i p  b e t wee n  c o h e s i o n  and  u n c o n -

d i r e c t  s h e a r  t e s t s



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

e r e n t  c e m e n t  c o n t e n t s  p l o t t e d  In  g r ap h  10.9,  i t  was d e t e r m i n e d  

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

age  of  28 d a y s  t o  t h a t  a t  294 d a y s  was 0.576 w i t h  a s t a n d a r d  

d e v i a t i o n  o f  0 . 009 .  A p p l y i n g  t h i s  f a c t o r  to  t he  r e g r e s s i o n  

c o e f f i c i e n t s  p r e s e n t e d  I n  graph  11.9 g i v e s  an  e s t i m a t e  o f  the  

c o h e s i o n  -  c e men t  c o n t e n t  r e l a t i o n s h i p  a t  age 28 d a y s  f o r  t h e  
s t a n d a r d  c y l i n d e r s  i n  the t r i a x t a l  t e s t : -

Cohes Ion  (MPa) -  0 .040 + 0 .126 x Cement  C o n t e n t  (Z)

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

t r a c t i o n  p a s s i n g  t h e  4.75 mm s i e v e  whereas  t he  d i r e c t  s h e a r  

s p e c i m e n s  a l s o  c o n t a i n e d  the  f r a c t i o n  r e t a i n e d  on t h i s  s i e v e .  As 

d i s c u s s e d  i n  s e c t i o n  12.1,  i t  was d e c i d e d  to  s p e c i f y  t h e  c e m e n t  

c o n t e n t  of  t he  d i r e c t  s h e a r  s p e c i m e n s  i n  t e r m s  o f  the  t he  s o i l

t r a c t i o n  p a s s i n g  t h e  4.75 mm s i e v e  a n d  t h i s  c o n v e n t i o n  has  been

used  t h r ou g no u t  t h i s  c h a p t e r .  The p r i m a r y  c e m e n t  c o n t e n t  a x i s  on 

g r ap h  12.8 i s  p l o t t e d  on t h i s  b a s i s  whereas  t he  s e c o n d a r y  a x i s  

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

s h e a r  s p e c i m e n s  i n  t e rms  of  t he  t o t a l  s o i l  c omponen t .

The s o l i d  l i n e  on graph  12.8 r e f l e c t s  the  c o h e s i o n  -  c e m e n t  

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

c e m e n t  c o n t e n t  e x p r e s s e d  on o i t h e r  b a s i s .  The c o h e s i o n  i n t e r c e p t  

of  0.364 MPa i s  c o n s i d e r a b l y  above  the  v a l u e  of  0.040 e s t i m a t e d  f o r  

the  f . ' l a x i a l  r e s u l t s .  Th i s  I n d i c a t e s  t h a t  the  p r e s e n c e  of  c o a r s e  

a g g r e g a t e  c a u s e s  a s i g n i f i c a n t  i n c r e a s e  i n  s h e a r  s t r e n g t h  a t  low 

c e men t  c o n t e n t s  where the  s t r e n g t h  of  the  a g g r e g a t e  i s  h i g h  
r e l a t i v e  t o  t h a t  of  t he  s o i l - c e m e n t  m a t r i x .

The e h o r t - d a e h e d  U n .  on gr aph  12.8 r e f l . c t .  t he  c o h e s i o n  -  c . a . n t  

c o n t e n t  r e l a t i o n s h i p  d e r i v e d  from the  t h e  t r l a x l a l  r e s u l t s  p l o t t e d  

i n  t e r m s  o f  t he  f r a c t i o n  p a s s i n g  t h e  4.75 mm s i e v e ,  w i t h  the  

c e m e n t  c o n t e n t  e x p r e s s e d  on t h i s  b . s l s ,  the r e s u l t s  I n d i c a t e  t h a t  

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

oi I n c r e a s e  of c o h e s i o n  w i t h  c e m e n t  c o n t e n t  I s  s i g n i f i c a n t l y
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de>_teas id.  T h i s  o c c u r s  to the  e x t e n t  t h a t  above  a c e m e n t  c o n t e n t  

of  a p p r o x i m a t e l y  6.2 . t he  s t r e n g t h  o f  s pe c i me n s  p r e p a r e d  w i t h o u t  

Che c o a r s e  f r a c t i o n  e x c e e d s  t h a t  of  s pe c i m e n s  c o n t a i n i n g  i t .

As t he  s o i l  b e i n g  i n v e s t i g a t e d  was a r e s i d u a l  s o i l  formed by 

w e a t h e r i n g  of  t he  i n  s i t u  r o c k ,  t he  de g r e e  of  w e a t h e r i n g ,  and  h e n c e  

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

q u e n t l y  , as  t he  s t r e n g t h  of  t he  mat t  i x  i n c r e a s e s  w i t h  i n c r e a s e d  

a d d i t i o n  of  c e m e n t ,  f n  i n c r e a s i n g  p r o p o r t i o n  o f  t he  c o a r s e  

a g g r e g a t e  i s  w e a k e r  t h a n  the  m a t r i x  and t  i u s  t he  a v e r a g e  s t r e n g t h  

of  t he  m a t e r i a l  i n c r e a s e s  more s l o w l y  t h a n  i f  t he  c o a r s e  a g g r e g a t e  
were  n o t  p r e s e n t .

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

u n d e r  about  12%, i t  does  i n d i c a t e  t h a t  c a r e  ahoul d  be t a k e n  i n  

a p p l y i n g  t h e  r e s u l t s  of  t e s t s  on s p e c i m e n s  c o n t a i n i n g  o n i •' t h e  

mi nus  4.75 mm f r a c t i o n  i f  t he  c e m e n t  c o n t e n t  i s  r e c k o n e d  on t h i s  

b a s i s .  I t  i s  l i k e l y  t h a t  t he  r e l a t i v e  s l o p e  of  t he  r e s u l t s  f o r  t he  

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

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

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

These  r e s u l t s  s u gg es t  t h a t  t h e  b e n e f i c i a t i o n  of  t he  s o i l  e i t h e r  by

the  r e p l a c e m e n t  of  a p r e p o r t i o n  of  t he  n a t u r a l  a g g r e g a t e  w i t h ;  o r

by t he  f u r t h e r  a d d i t i o n  o f ;  an I n t a c t ,  u nw e a t h e r e d  a g g r e g a t e ,  such

as  q u a r r i e d  r o c k ,  cou l d  improve  t h e  s t r e n g t h  of  t he  s o l l - c e m e n t

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

s l o p e  of  t he  c o h e s i o n  -  c e men t  c o n c e n t  r e l a t i o n s h i p  and  p o s s i b l y

a l s o  i n c r e a s i n g  t he  a n g l e  of  i n t e r n a l  f r i c t i o n .  G i v e n  t h e

r e l a t i v e l y  Low s t r e n g t h  of t he  s o l l - c e m e n t  m a t r i x ,  i t  i s  l i k e l y

t h a t  a r e l a t i v e l y  sm< 11 a d d i t i o n  of  h i gh  s t r e n g t i .  a g g r e g a t e  would 
be r e q u i r e d .

The above  d i s c u s s i o n  i n d i c a t e s  t h a t  t he  i n i t i a l  a s s u m p t i o n s  made 

:n  e s t i m a t i n g  the  e q u i v a l e n t  c e men t  c o n t e n t  f o r  the  c o m p a r i s o n  of  

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

e r r o n e o u s .  An a l t e r n a t i v e  b a s i s  of  c o m p ar i s o n  i s  i n  t e r r a s  of  t h e
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a b s o l u t e  c e m e n t  c o n t e n t  of  t he  s o l l - c e m e n t  m i x t u r e ,  I . e .  t he

c e m e n t  c o n t e n t  e x p r e s s e d  as  a p e r c e n t a g e  of  a l l  s o i l  I n  t he  

m i x t u r e  i r r e s p e c t i v e  of  maximum p a r t i c l e  s i z e .  The l o n g - d a s h e d  

l i n e  on g r aph  12.8 r e p r e s e n t s  t he  a d j u s t e d  c o h e s i o n  -  c e m e n t

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

w e .  p l o t t e d  r e l a t i v e  t o  the  l o w e r  c e m e n t  c o n t e n t  a x i s .

On t h i s  b a s i s ,  t he  s l o pe  of  t he  c o h e s i o n  -  c e m e n t  c o n t e n t

r e l a t i o n s h i p  t e r  bo th  t e s t s  i s  v e r y  s i m i l a r ,  d i f f e r i n g  by l e s s

t h a n  ti*.  I t  i f  p o s s i b l e  t h a t  t he  c o n v e r g e n c e  of  t he  two l i n e s  

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

of  the m a t r i x  r e l a t i v e  t o  the  more h e a v i l y  w e a t h e r ed  p a r t i c l e s  o f  
c o a r s e  a g g r e g a t e .

E x p r e s s e d  i n  t h e s e  t e r m s ,  t he  r e s u l t s  of t he  two t e s t  p rograms  a r e

c o m p a r a b l e .  For  t he  s o i l  used i n  t h i s  r e s e a r c h ,  i t  i s  a p p a r e n t

t h a t  d e s i g n  on t he  b a s i s  o f  t he  a c t u a l  c emen t  c o n t e n t  o f  t e s t

s p e c i m e n s  p r e p a r e d  u s i n g  t he  s o i l  f r a c t i o n  p a s s i n g  t he  4.75 mm

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

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

b a s i s  f o r  d e s i g n  but  a d d i t i o n a l  i n v e s t i g a t i o n  of  t h i s  r e l a t i o n s h i p  
i s  r e q u i r e d .

I t  i s  ^ i x e l y  t h a t  t he  v a r i a t i o n  i n  de g r e e  of  w e a t h e r i n g  o f  t he

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

s t r e n g t h  o f  s o l l - c e m e n t  i s  d e t e r m i n e d  by t he  a v e r a g e  a g g r e g a t e

S t re n g th ,  i t  i s  l i k e l y  t h a t  s i m i l a r  r e s u l t s  w i l l  be o b t a i n e d

i r r e s p e c t i v e  of  maximum p a r t i c l e  s i z e  o v e r  the  r a n g e  c o n s i d e r e d .

It i s  c o n s i d e r e d  t h a t  t h i s  i s  a l i k e l y  e x p l a n a t i o n  f o r  the r e s u l t s  
o b s e r v e d  he r e .

I t  shou ld  be n o t e d  t h a t  t he  r e s u l t s  d i s c u s s e d  i n  t h i s  s e c t i o n  do

no t  have a n y  s i g n i f i c a n t  e f f e c t  on the  d e s i g n  p h i l o s o p h y  p r oposed

i n  s e c t i o n  12.4,5 which i s  based on the  f r i c t i o n a l  c o m p on en t  of  
s h e a r  s t r e n g t h .

D I R E C T  S H E A R  T E S T S



1 2 . 5  C O N C L U S I O N S

I t  i s  p r oposed  cha t  d e s i g n  f o r  s l i d i n g  s t a b i l i t y  of  s o i l  c e men t  

s h o u l d  be based on the  r e s i d u a l  ( f r i c t i o n a l ;  s t r e n g t h  o f  t h e  

m a t e r i a l  w i t h  a f a c t o r  o f  s a f e t y  of  1.2 t o  a c c o u n t  f o r  the  

v a r i a b i l i t y  of  t he  m a t e r i a l .  In  a d d i t i o n ,  a u i n i mum ceraei . t  

c o n t e n t  o f  l . J *  of  t o t a l  s o i l  and a minimum f a c t o r  of  s a f e t y  of  

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

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

p r o p o s a l .  In the c a s e  of  s u b s e q u e n t  a n a l y s i s  i n  t h i s  p r og r am,  an  

a n g l e  of  i n t e r n a l  f r i c t i o n  of  40° i s  a p p l i c a b l e .

f u r t h e r  t e s t s  a r e  a l s o  r e q u i r e d  to  d e t e r m i n e  a r e l i a b l e  method f o r  

c e v e l o p i i . g  t he  f u l l  u l t i m a t e  s h e a r  s t r e n g t h  of  t he  m a t e r i a l  on 

c o n s t r u c t i o n  j o i n t s .  I t  i s  no t e d  than  the  t e c h n i q u e s  i n v e s t i g a t e d  

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

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

s u g g e s t e d  t h a t  the use  o f  an  i m p a c t  rammer  on the f i r s t  l a y e r  of  

- a t e r l a l  p l a c e d  on the  j o i n t  p l a n e  c o u l d  remedy t h i s  p r o b l e m .  I t  

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

t r i a l  s l a b s  compac ted  u s i n g  f u l l - s c a l e  c o n s t r u c t i o n  e q u i p m e n t  

would  p r o v i d e  an  e x c e l l e n t  means of  r a p i d l y  e x a m i n i n g  t h e  e f f e c t s  
o f  d i f f e r e n t  j o i n t  t r e a t m e n t s .

An t h i s  s t a g e ,  i t  i s  c o n s i d e r e d  t h a t  t he  l ower  u l t i m a t e  s t r e n g t h  of 

t h e  j o i n t e d  s p e c i m e n s  may be more a r e s u l t  of  e x p e r i m e n t a l  

t e c h n i q u e  t h a n  of  m a t e r i a l  p r o p e r t i e s .  T h i s  i s  based  on t he  

o b s e r v a t i o n  t h a t  o t h e r  w o r k e r s  i n  t h i s  f i e l d  have  found  t h e  two 

merhods  of  j o i n t  p r e p a r a t i o n  e x a m i n e d  h e r e ,  cemen t  t r e a t m e n t  and  

• ' i r e  b r u s h i n g ,  to p r o v i d e  f u l l  bond on c o n s t r u c t i o n  J o i n t s .  I t  i s  

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

a g g r e g a t e  I t  i s  u n l i k e l y  t h a t  t he  f u l l  s h e a r  s t r e n g t h  of  t he  i n t a c t  

m a t e r i a l  w i l l  be d e v e l op e .  in c o n s t r u c t i o n  J o i n t s  a n d  t h a t  no 

r e s u l t s  a r e  a v a i l a b l e  f o r  c o m p a r i s o n .  F u r t h e r  i n v e s t i g a t i o n  o f  
t h i s  a s p e c t  4 s r e q u i r e d .
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Un i f o r m a p p l i c a t i o n  of  cemen t  t o  j o i n t  s u r f a c e s  a t  t he  r a t e  of  0 . 2  

<g/m lecomtr ' nde.i by De Groot  (1976) was found t o  be i m p r a c t i c a l  

and  i t  i s  c o n s i d e r e d  t h a t  a r a t e  of  a b o u t  0.4 kg/m" i s  l i k e l y  t o  be 

che p r a c t i c a l  minimum.  With a l a y e r  t h i c k n e s s  of  0 .2  m, t h i s  

r e p r e s e n t s  an  i n c r e a s e  i n  t he  ce-. tent c o n t e n t  of  the  emb a n k me n t  o f  
t h e  o r d e r  o f  0.1%.

I f  t he  I n t a c t  s he a r  s t r e n g t h  of  the m a t e r i a l  c a n n o t  be r e l i a b l y  

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

s l o p i n g  up t o w a r ds  t he  d owns t r e a m f a c e  should  be s p e c i f i e d .

The e f f e c t  of  v a r i a t i o n  i n  c o n s t r u c t i o n  d e l a y  r e q u i r e s  f u r t h e r  

i n v e s t i g a t i o n .  In  p a r t i c u l a r ,  che maximum d e l a y  wh i ch  w i l l  

p e r m i t  c o n s t r u c t i o n  w i t h o u t  J o i n t  t r e a t m e n t  s ho v ' d  be i n v e s ­
t i g a t e d .

Whi le  the d e v e l o p m e n t  of  a d e v i c e  t o  s i m u l a t e  t he  r o t a r y  s t e e l  

brooms used i n  p r a c t i c e  i s  s t i l l  c o n s i d e r e d  d e s i r a b l e ,  i t  i s  f e l t  

t h a t  a d e q u a t e  r e s u l t s  c an  be o b t a i n e d  u s i n g  the  t e c h n i q u e s  used i n  
t h i s  r e s e a r c h .

E v a l u a t i o n  of  the c e m e n t  c o n c e n t  of t h e  m a t e r i a l  i n  t e r r a s  of  che 

f r a c t i o n  p a j s i n g  the  4 . ’5 mm s i e v e  does  n o t  p r o v i d e  a r e a s o n a b l e  

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

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

b a s i s  f o r  c o m p a r i s o n  should  be the  e m e n t  c o n t e n t  i n  t e r r a s  of  t h e  

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

e s t i m a t e  t he  s t r e n g t h  a v a i l a b l e  f rom the  s o i l  c o n t a i n i n g  t h e  

c o a r s e  f r e e  Cion as t he  c o a r s e  a g g r e g a t e  caus es  a s l i g h t  i n c r e a s e  i n  

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

c o n t e n t s .  Thus ,  wher cemen t  c o n t e n t s  of  5% c e m e n t  a r e  r e f e r r e d  

t o  t h r ou g h o u t  t h i s  t h e s i s  w i t h  r e f e r e n c e  to  s p e c i m e n s  produced 

from s o i l  p a s s i n g  the 4.75 mm s i e v e ,  i t  shou ld  be assumed t h a t  t he  

same cemen t  c o n t e n t  would be used f o r  the s o i l  c o n t a i n i n g  the  

c o a r s e  f r a c t i o n  i . e .  t he  e qu l v  i l e n t  c e m e n t  c o n t e n t  to  be used f o r
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cue c o i l  w i t h  c o u r s e  f r a c t i o n  i s  a l s o  5:i.  The e f f e c t i v e  c e m e n t  

c o n t e n t s  f o r  t he  d i r e c t  s h e a r  s pe c i m e n s  i s  t h e r e f o r e  3.2,  6.4 and 
• .8% r e s p e c t i v e l y .

l u t h e i  r e s e a r c h  i n t o  t he  r e l a t i o n s h i p  be t ween  r e s u l t s  o b t a i n e d  

w i t h  and  w i t h o u t  coa a g g r e g a t e  and  the  i n f l u e n c e  of d e g r e e  o f  

w e a t h e r i n g  of  c o a r s e  a g g r e g a t e  a r e  r e q u i r e d .

Lt i s  s u g g e s t e d  t h a t  the  s h e a r  s t r e n g t h  of  s o i l - c e m e n t  c o u l d  be 

s i g n i f i c a n t l y  improved  by the  use  of  r e l a t i v e l y  s m a l l  q u a n t i t i e s  

of  h i gh  s t r e n g t h  a g g r e g a t e  e i t h e r  added t o  t he  s o i l  or  u s ed  t o  

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



The o b j e c t i v e  of  t h e s e  t e s t s  was t o  I n v e s t i g a t e  t he  s e t t l e m e n t  

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

c o n s t r u c t ) ' n  and  s ub s e q u en t  b e h a v i o u r  under  c y c l i c  r e s e r v o i r  

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

t he  l o n g - t e r m  t e s t s  and  f u r t h e r  t e s t s  were c o n d uc t e d  t o  e x a m i n e  

the  e f f e c t  o f  v a r i a t i o n s  1 l o a d i n g  c o n d i t i o n s  and  m o i s t u r e
c o n t e n t .

The number  o f  t e s t s  was l i m i t e d  by the number  o f  o e d om e t e r s

a v a i l a b l e .  The d u r a t i o n  of  t he  s h o r t - t e r m  t e s t s  was 14 d a y s  and

t h a t  of  the  l o n g - t e r m  t e s t s  a p p r o x i m a t e l y  60 weeks .  A t o t a l  of  70

s p e c i m e n s  were  t e s t e d  as  p a r t  of  t h i s  program.

«#

The s t r e s s e s  a p p l i e d  i n  t h e se  test-. i  were  s e l e c t e d  t o  be s i m i l a r  to 

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

s t r e s s i n g  l i m i t e d  to  p e r m i t  an e x a m i n a t i o n  of  the  b e h a v i o u r  u n de r  

c y c l i c  l o a d i n g .  *he maximum s t r e s s  was s e l e c t e d  to  c o r r e s p o n d  t o  

t he  97.52 c o n f i d e n c e  l i m i t  e s t i m a t e  of  the 28 day  s oaked ,  

u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  p r e s e n t e d  In  graph  6 . 3 .  A f a c t o r  

of  s a f e t y  w i t h  r e g a r d  t o  c o m p r e s s i v e  s t r e s s  (Sc) of  3, as  s u g g e s t e d  

by t he  USBR and  r e f e r r e d  to  In  s e c t i o n  %2 (d) was a p p l i e d  t o  t h i s  

f i g u r e .  T h i s  p r o v i d e d  a h i g h e r  s t r e s s  l e v e l  t ha n  t h e  v a l u e  of  Sc-4  
r e f e r r e d  to  i n  s e c t i o n  3.1.
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CyCii,~ Leading. Short-term t e s t s  were conducted on

subject to the standard cu ring  cond i t ions and tes ted  at 
ages of 56. 140 and 252 days.

lo adi ng  s e q u e n c e  for o e d o me t e r  t e s t s

■Loading State Stress (kPa) for  Cement Corten

1 Star t  of tes t
Nominal load

2
End construction

4
pm Reservoir fu l l

s

pm
8

3

mpty

po fu l l
Inundate

0
pm R e s e r v o i r  empty

1
„ P° fu l l
2

Pm empty

4
pm Nominal load 

End of t e s t

52 102 152 202

0 0 0 0
11 12 12 12
56 135 206 269

189 403 618 807
433 929 1442 1907
545 1174 1786
667 1418 2198 2702
667 1418 2198 2702
667 1418 2198 2702
545 1174 1786
433 929 1442 1907
545 1174 1786
667 1418 2198 2702667 1418 2198 2702
545 1174 1786
433 929 1442 1907
545 1174 1786
667 1418 2198 2702545 1174 1786
433 929 1442 1907189 403 618 80756 135 206 26911 12 12 120 0 0 0

<Fa p e r  day
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e r ^ e c t  of  c y c l i c  l o a d i n g .  S h o r t - t e r m  t e s t s  were c o n d u c t e d  or. 

s p e c i m e n s  s u b j e c t  t o  the s t a n d a r d  c u r i n g  c o n d i t i o n s  a n d  t e s t e d  a t  
ages  of  56,  140 and 252 d a y s .

TABLE 13.1 

LOADING SEQUENCE FOR OEDOMETER TESTS

Day Loading S t a t e  S t r e s s  (kPa)  f o r  Cement Con t e n t
5% 10% 15% 20%

1 S t a r t  of  t e s t 0 0 0 0
Nominal  load 11 12 12 12

56 135 206 26)
2 189 403 618 807
3 End c o n s t r u c t i o n 433 929 1442 1907
4 545 1174 1786

pm R e s e r v o i r  f u l l 667 1418 2198 2702
5 667 1418 2198 2702
6 667 1418 2198 2702
7 545 1174 1786

pm empty 433 929 1442 1907
8 545 1174 1786

pm f u l l 667 1418 2198 2702
9 I nunda t e 667 1418 2198 2702

10 545 1174 1786
pm R e s e r v o i r  empty 433 929 1442 1907

11 545 1174 1786
pm f u l l 66 7 1418 2198 2702

12 545 1174 1786
pm empty 433 929 1442 1907

13 189 403 618 80714 56 135 206 269pm Nominal load 11 12 12 1215 End of  t e s t 0 0 0 0

.Jote t h a t  i n t e r m e d i a t e  l o a d s  between r e s e r v o i r  empty and 
r u i 1 were o n l y  a p p l i e d  when c i r c u m s t a n c e s  p e r m i t t e d

The l o n g - c e r m  t « » t  s p . c t m e n ,  w . r e  l o . d e d  w i t h  .  c o n . t a n t  d a l l y  

I n c r e m e n t  f o r  f i v e  d a y ,  end h e l d  a t  c o n , r a n t  , t r = „  o v e r  w e e k e n d ,  

t o  m o n i t o r  a d d i t i o n a l  c r e e p  d e f l e c t i o n .  The , a „ e  l i m i t i n g  , t r e , -  

, e ,  need In  t he  s h o r t - t e r m  t e . t .  were  a p p l i e d .  The , t r , „  

h i s t o r i e s  f o r  t h e  l o n g - t e r m  s p e c i m e n ,  e r e  d e p l e t e d  on g r a p h ,  13.1 

end  13.2.  Lo a d i ng  r a t e  fo r  t he  51 s p e c i m e n ,  was 11.1 k P .  p, r  d. y
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d u r i n g  che 5 d,w l o a d i n g  week., e q u i v a l e n t  t o  a r a t e  o f  c o n s t r u c ­

t i o n  of  a p p r o x i m a t e l y  0.52 m pe r  day ,  which  i s  u n l i k e l y  t o  be 

e x ce e d e d  i n  p r a c t i c e .  Load i ng  r a t e  f o r  t he  15% s p e c i m e n s  was 27.5 

per  d a \ ,  e q u i v a l e n t  t o  1.29 m/d.  Load i ng  r a t e  f o r  r e s e r v o i r  

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

^ou ld  p o t e n t i a l l y  p roceed  more r a p i d l y  t h a n  c o n s t r u c t i o n .  Load­

ing  or l o n g  t e rm s pe c i me n s  commenced a t  a spec i men  age of  3 d a y s .

a . 1 v l e c i me ns  t e s t e d  i n  t h i s  program were d i s k s  71.4 mm d i a m e t e r  

and  20 mm deep i n  o r d e r  to  p e r m i t  t he  use of  s t a n d a r d  o e d o m e t e r s .  

I t  had been  o b s e r v e d  i n  o t h e r  p a r t s  of  t he  t e s t  p rogram t h a t  

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

c u r i n g ,  t hu s  s u g g e s t i n g  t h a t  a c o n s i d e r a b l e  deg r ee  o f  r e s t r a i n t  

would be p r e s e n t  i n  s pe c i m e n s  compac ted  and  t e s t e d  i n  s t a n d a r d  

sampl e  r i n g s .  S i n c e  the  c o m p r e s s i v e  s t r e n g t h  of  t he  m a t e r i a l  was 

c o n s i d e r a b l y  g r e a t e r  t ha n  t he  s t r e s s e s  t o  be a p p l i e d  i n  t h e s e  

r e s t s ,  t he  s pe c i m e n s  were t e s t e d  u n c o n f i n e d .  T h i s  p r o v i d e d  

minimum v e r t i c a l  r e s t r a i n t  and  l a t e r a l  c o n f i n e m e n t  and  was 
e x p e c t e d  t o  l ead  t o  maximum s e t t l e m e n t .

In  o r d e r  t o  e x a m i n e  the  e f f e c t  of  r e . t r . l n t  and c o n f i n e m e n t ,  a

number  o f  t e s t s  were  u n d e r t a k e n  u s i n g  s p e c i m e n s  c o m p a c t e d  and

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

u n c o n f I n e d ,  were t e s t e d  w i t h  t o p  a n d  bo t t om p l a t e n ,  o f  r ed u c e d

d i a m e t e r  - -  a form of  p l a t e  l o a d i n g  t e s t .  P l a t e n  d i a m e t e r s  o f  50 
and  39 mm were used .

Sp e c i me n s  c u r e d  In  t h e  l e a c h i n g  b a t h  and s u b j e c t  t o  l e a c h i n g  I n

t he  l e a c h i n g  c e l l ,  d e s c r i b e d  In c h a p t e r  9 were a l s o  t e s t e d  a s  p a r t

of  t h i s  program.  F u r t h e r  s p e c i m e n ,  were t e s t e d  a f t e r  s o a k i n g  In

w a t e r  f o r  7 d a y s  and  a f t e r  b e i n g  s u b j e c t  t o  s a t u r a t i o n  u n d e r  
vacuum as  d e s c r i b e d  i n  c h a p t e r  11,

A number  of  - s t a b i l i s e d  s p ec im en s  were t e s t e d  fo r  c o m p a r i s o n  

w i t h  the r e s u l t s  f o r  the s t a b i l i s e d  s p e c im e n s .  Two s p e c i m e n s  were 

t e s t e d  u n con f  Ined at the same s t r e s s  l e v e l s  as  u s ed  for  t he  

spec im en s  w ith  5* cement .  Two c o n f i n e d  spec im ens  were t e s t e d  at



str»_bs l e v e l s  c o r r e s p o n d i n g  t o  t he  s p e c i m e n s  w i t h  15% c e m e n t .  

Thib  maximum s t r e s s  c o r r e s p o n d s  t o  the  maximum v e r t i c a l  s t r e s s  

t h a t  would occur  a t  the  base of a 100 m h i gh  e a r t h f i l l  e m b a n k m e n t .

1 3 . 2  A P P A R A T U S

S t a n d a r d ,  s o i l  m e c h a n i c s ,  o e d c m e t e r s  were  used f o r  t h e s e  t e s t s ,  

•he m a c h i n es  were m o d i f i e d  by t he  a d d i t i o n  of  a s ec o n d  l o a d i n g  

p l a t  rorm on the  l o a d  h an g e r  t o  f a c i l i t a t e  i n t e r c h a n g e  of  w e i g h t s .  

C e r t a i n  of  t he  o l d e r  ma c h i ne s  were m o d i f i e d  by a t t a c h m e n t  of  t h e  

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

o i d e r  to  m i n i m i s e  e r r o r s  due to  movement  of  t he  f r ame  o f  t h e  
t e s t i n g  ma c h i n e .

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

l a y e r s  of  t he  same l a b o r a t o r y  f i l m  used t o  s e a l  t h e  l e a c h a t e  

c o l l e c t i o n  b o t t l e s  d e s c r i b e d  in c h a p t e r  9. T h i s  f i l m  was c o v e r e d  

w i t h  p a c k a g i n g  t a pe  t o  e x c l u d e  l i g h t  and  ho ld  t he  f i l m  i n  p l a c e .  

Tape was a l s o  used t o  s e a l  the  f i l m  to  t h e  t op  p l a t e n  a r o u n d  the  

l o a d i n g  b a l l  so t h a t  i t  d i d  no t  i n t e r f e r e  w i t h  t h e  b a l l  s e a t ,  

- a t e r  l o r  f l o o d i n g  t he  s pe c i m e n s  was s u p p l i e d  i n  t h e  n o r ma l

m a n n e r  t h r ou g h  bo t t om c o n n e c t i o n s  t o  t he  c e l l s .  P l a t e  13.1

i l l u s t r a t e s  two c e l l s  and t e s t i n g  m a c h i n e s .

The 71.4 X  20 am dl . k  s p e c i me n s  were  s t a t i c a l l y  compac t e d  I n  a

s i m i l a r  m a n n e r  t o  t he  s t a n d a r d  37.5 ,  75 mm c y l i n d e r s  u s ed  I n

o t h e r  p a r t ,  of  t he  p r og r am.  A mould was d e s i g n e d  t h a t  p e r m i t t e d

s p e c i m e n s  t o  be compac t ed  and  e x t r u d e d  I n  t he  same way as  t he

s t a n d a r d  c y l i n d e r ,  o r  t o  be compac ted  d i r e c t l y  I n t o  t h e  s t a n d a r d

oe d o me t e r  s a mp l e  r i n g s .  A d d i t i o n a l  r i n g s  were  f a b r i c a t e d  t o

p e r m i t  s p e c i m e n s  t o  he compac ted  and  c u r e d  In  t h e  r i n g s .  The

mould 1 ,  I l l u s t r a t e d  In p l a t e  13.2 and  a d d i t i o n a l  d e t a i l ,  a r e
f u r n i s h e d  i n  a p p e n d i x  C.
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s p e c i m e n s  were s t a t i c a l l y  compac t ed ,  humid cu r ed  f o r  7 days  and  

t h e n  s e a l e d  i n  f o i l  and wax u n t i l  r e q u i r e d  f o r  t e s t i n g .  L o n g ­

t e r m  s p e c i me n s  were removed f rom the  hum.d chamber  a f t e r  3 d a y s  
a r d  p l aced  i n  t h e  t e s t i n g  ma c h i n e .

P r i o r  to  t e s t i n g ,  c e l l s  were p r e p a r e d  by f i l l i n g  t he  d i s t r i b u t i o n

c h a n n e l s  b e n e a t h  t he  porous  d i s k s  w i t h  w a t e r .  The porous  d i s k s

were  soaked  and  s u r f a c e  d r i e d  i n  o r d e r  t o  p r e v e n t  d e s i c c a t i o n  o f  

the  s p e c i m e n s .  The s p e c i me n s  were p l a c e d  i n  t he  c e l l s  and  t h e  

c e l i s  a s s e m b l e d .  P l a s t i c  a n n i l l  were used to l o c a t e  t he  39 and 50 

ram d i a m e t e r  porous  d i s k s  c o n c e n t r i c a l l y  w i t h  t he  s p e c i m e n s  i n  t he  

t e s t s  w i t h  r educed  p l a t e n  d i a m e t e r .  The o u t e r  s h e l l s  of  t h e  

o e d ome t e r  c e l l s  were p o s i t i o n e d  and  the  c o v e r i n g  of  l a b o r a t o r y  

f i l m  and  p a c k a g i n g  t ape  was s e a l e d  t o  t he  top of  t he  p l a t e n .

The c e l l  was t h e n  p l a ced  i n  t he  t e s t i n g  machine  and  a z e r o  l o a d

r e a d i n g  t a k e n .  The n o m i n a l  load was a p p l i e d  and l o a d i n g  commenc­

ed i n  a c c o r d a n c e  w i t h  t he  s e q u e n c e  i n  t a b l e  13.1 f o r  t he  s h o r t - t e r m

s pe c i m e n s  o r  a s  d e s c r i b e d  i n  s e c t i o n  13.1 f o r  t he  l o n g - t e r m  
s p e c i m e n s .

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

a p p l i c a t i o n  of  load  and  a t  I n t e r v a l s  t h e r e a f t e r .  However ,  i t  was  

found  t h a t  most  of  t he  s e t t l e m e n t  o c c u r r e d  v i r t u a l l y  i n s t a n t ­

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

t i o n  of  the  n e x t  load i n c r e m e n t ,  o r  d a l l y ,  as r e q u i r e d .

-he l o n g - t e r m  t e s t s  I nc l u d e d  p e r i o d s  of  c o n s t a n t  s t r e s s  of  2 t o  4

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

e t t e c t s .  These s p e c i me n s  were a c c i d e n t a l l y  i n u n d a t e d  a f t e r  f i r s t

" f i l l i n g "  i n s t e a d  of  a f t e r  s econd  f i l l i n g  as  a p p l i e d  t o  a l l  s h o r t ­
t e rm s p e c i m e n s .
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1 3 . 4  T E S T  R E S U L T S

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

c h a p t e r  9, t he  d a t a  f o r  t he  s p e c i m e n s  cu r ed  i n  the  l e a c h i n g  b a t h  

a n d  f o r  t h o s e  s u b j e c t  to  l e a c h i n g  i n  the  l e a c h i n g  c e l l s  was not  

p r o c e s s e d .

The s e t t l e m e n t  r e s u l t s  i n  t h i s  s e c t i o n  a r e  p r e s e n t e d  i n  t e r m s  of 

s t r a i n  as  i  : was f e l t  t h a t  t h i s  p r o v i d e d  the  b e s t  b a s i s  f o r  

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

The use  of  s o i l  m e c h a n i c s  c o n v e n t i o n s  and v o i d  r a t i o  was f e l t  t o  

be i n a p p r o p r i a t e  as  t he  volume of  t h e  h y d r a t e d  c e m e n t  p a s t e  was 

u n k n o w n . Void r a t i o s  f o r  t he  m a t e r i a l ,  c a l c u l a t e d  on t he  b a s i s  of  

a s p e c i f i c  g r a v i t y  of  cemen t  of  3.15 (USBR 1975),  a r e  0 .427,  0.436,  

0.444 and  0.452 f o r  5, 10, 15 and 20% cemen t  r e s p e c t i v e l y .

Load and  s e t t l e m e n t  a r e  p l o t t e d  i n  t he  form of s t r e s s  -  s t r a i n  

c u r v e s  w i t h  s t r a i n  on t he  h o r i z o n t a l  a x i s  a n d  c o m p r e s s i o n  

p o s i t i v e .  I f  v i e wed  f rom the  r i g h t ,  t h e s e  p l o t s  c o n f o r m t o  t he  

s o i l  me c h a n i c s  c o n v e n t i o n  of  p r e s s u r e  on t he  h o r i z o n t a l  a x i s  and  

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

I n  i n t e r p r e t i n g  t h e s e  g r aphs  i t  s h o u l d  be n o t e d  t h a t  the  d a t a  was

o b s e r v e d  w i t h  d i a l  gauges  r e a d i n g  t o  0.002 mm per  d i v i s i o n  which
3

c o r r e s p o n d s  t o  a s t r a i n  of  0.1 x 10 . T h i s  i s  h a l f  a d i v i s i o n  on

the  s t r a i n  a x i s  of  g raphs  13.1 and I 3.2 and one  d i v i s i o n  on g r c p hs  

13.3 to 13.11.  Smal l  v i s i b l e  d e v i a t i o n s  on these graphs are 

t h e r c r o r e  of  s i m i l a r  ma g n i t u d e  t o  t he  l im i t s  of r e p e a t a b i l i t y  for 

d e f l e c t i o n  r e a d i n g s .  Al though no e r r o r  a n a l y s i s  was performed, i t  

i s  c o n s i d e r e d  cha t  v a r i a t i o n s  of  s i m i l a r  m a gn i t u d e  cou l d  r e s u l t  

t  om t e m p e r a t u r e  e f f e c t s .  E l a s t i c  d e f o r m a t i o n  of  l o a d i n g  bal l s  

and  p l a t e n s  and porous  d i s k s  may a l s o  have  a s i '  h t  i n f l u e n c e  on

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

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

d i s t u r ) a n c e  of  the t e s t i n g  ma ch i nes  by a c c i d e n t a l  bumping or
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v i b r a t i o n  a n d  to  i n a c c u r a c i e s  due to  f r i c t i o n  i n  d i a l  gauges  a n d  
t e s t i n g  m a c h i n e s .

I t  i s  c o n s i d e r e d  t h a t  the a b o v e  f a c t o r s  a c c o u n t  f o r  a number  of  t he  

random t r e n d s  shown i n  the  a c c o m p a n y i n g  gr aphs  and  t h a t  t h e  

a p p a r a t u s  used i s  i n s u f f i c i e n t l y  s e n s i t i v e  f o r  the me a su r eme n t  of  

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

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

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

The d a t a  o b s e r v e d  on one t e s t i n g  ma ch i ne  i» c o n s i s t e n t l y  random 

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

t h e  d a t a  i s  p l o t t e d  on the  g r a p hs ,  i t  has been i g n o r e d  i n  

d e t e r m i n i n g  the  modulus  v a l u e s  p r e s e n t e d  a t  the  end  of  t h i s  

s e c t i o n .  The a f f e c t e d  s pe c i me n s  a r e  i n d i c a t e d  i n  t he  c o r r e s p o n d ­
i n g  d i s c u s s i o n .

i t  s hou l d  be n o t e d  t h a t  the  o b s e r v e d  d e f l e c t i o n s  can  be s i g n i f i ­

c a n t l y  a : f a c t e d  by the  p r e s e n c e  of  l o o s e  p a r t i c l e s  on the  s u r f a c e  

of  t he  s p e c i me n  which cou l d  l ead  t o  h i g h  s e t t l e m e n t s  u n d e r  t he  
f i r s t  few load i n c r e m e n t s .

1 3 . 4 . 1  L o n g - T e r m  S e t t l e m e n t  T e s t s

' -.raphs 13.1 and  13.2 d e p i c t  t he  s t r e s s  -  t i me  and s t r a i n  -  t i m e  

d a t a  f o r  t he  l o n g - t e r m  t e s t s  p l o t t e d  on t h e  same a x e s  f o r  

s p e c i m e n s  w i t h  5 and  15% c e men t  r e s p e c t i v e l y .  The s t r e s s  -  

s t r a i n  d a t a  f o r  t h e s e  t e s t s  i s  p l o t t e d  on gr aph  13. 3

As would be e x p e c t e d ,  r a t e  of  s e t t l e m e n t  d e c r e a s e s  w i t h  t i m e  

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

Between 75 a n d  88% o f  s e t t l e m e n t  t o  f i r s t  f i l l i n g  o c c u r s  by end  o f  

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

r e l a t i v e l y  s m a l l  c h a n g e s  i n  s t r a i n .  T h e  5% s pe c i me n s  show a 

s m a l l  p r o g r e s s i v e  i n c r e a s e  i n  s t r a i n  which l e v e l s  o f f  a f t e r  the

O E D O  M E T E R  T E S T S 1 3 . 9
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f o u r t h  c y c l e ,  no p a r t i c u l a r  t r e n u  i s  e v i d e n t  f o r  t he  15% s p e c i ­

mens .  The u n l o a d i n g  c u r v e s  i n d i c a t e  a c o n s i d e r a b l e  deg r ee  of  

i r r e c o v e r a b l e  c o n s o l i d a t i o n  and /  o r  c r e e p  which i s  c o n s i s t e n t  
^ I t h  the above  o b s e r v a t i o n .

The s t r e s s  -  s t r a i n  p l o t s  f o r  the  r e s e r v o i r  c y c l e s  f o r  s p e c i m e n s  

w i t h  15% c e m e n t  c o n f i r m  the  l a c k  o f  a n y  s i g n i f i c a n t  c r e e p  t r e n d  

u n d e r  c y c l i c  l o a d i n g  and i t  i s  c o n s i d e r e d  t h a t  the s p r ea d  be t wee n  

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

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

The s t r e s s  -  s t r a i n  p l o t s  f o r  the  5% s p e c i m e n s  r e f l e c t  a g r e a t e r  

s u s c e p t i b l l t y  t o  machine  d i s t u r b a n c e  due to  t he  l ow e r  a p p l i e d  

s t r e s s e s  as  r e f l e c t e d  by a number  of  d i s c o n t i n u i t i e s .  However ,  i t  

i s  c o n s i d e r e d  t h a t  a degree  of  c r e e p  i s  i n d i c a t e d  as  a p r o g r e s s i v e  

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

w i t h  the  15% s pe c i m e n s  where the l a s t  r e s e r v o i r  c y c l e  l i e s  to  t he  
j . ef t  of a number  of  p r e c e d i n g  c y c l e s .

A s l i g h t  c ha nge  it.  s t r a i n  u n d e r  c o n s t a n t  s t r e s s  i s  e v i d e n t  i n  b o t h  

c a s e s ,  but  i s  s m a l l  and i s  u n l i k e l y  t o  be of  s i g n i f i c a n c e  i n  a 
s o i l - c e m e n t  embankment  dam.

I t  1 .  n o t a b l e  t h a t  t h .  I n i t i a l  a t r e . a  -  s t r a i n  c u r v e s  f o r  

s p e c i me n s  w i t h  5 and  151 ceme n t  shown on graph  13.3 a r e  

e r t e c t l v e l y  I d e n t i c a l .  However ,  In v i e w  of  t he  d i f f e r e n t  r a t e s  of

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

1 3 . 4 . 2  S t a n d a r d  S h o r t - T e r e  T e s t s

The s t a n d a r d  s h o r t - t e r m  t e s t s  I n v o l v e d  the  a p p l i c a t i o n  of  t h e  

l o a d i n g  s e q ue n ce  l i s t e d  In t a b l e  13.1 t o  u n c o n f l n e d  s p e c i m e n s  

l oa d e d  u n i f o r m l y  o v e r  the e n t i r e  s u r f a c e  of  t he  s p e c i me n .  Where 

t i me  p e r m i t t e d ,  s p e c i m e n s  were  s u b j e c t  t o  a d d i t i o n a l  l o a d i n g  
cyc l er ,  a f t e r  c o m p l e t i o n  of  the  s t a n d a r d  s equence .

O E D O M E T E R  T E S T S



Graph 13.4 d e p i c t s  t he  s h o r t - t e r m  r e s u l t s  f o r  t he  u n s t a b i l i z e d  

s p e c i m e n s .  A compressed  s t r a i n  a x i s ,  w i t h  maximur v a l u e  160 x 

10 i s  used f o r  t h i s  p l o t .  S t r a i n  a x i s  l i m i t  f o r  a l l  o t h e r  s t r e s s
— 3

-  s t r a i n  p l o t s  i s  26 x 10 . Graphs 13.5 to 13.8 d e p i c t  t he  s h o r t ­

t e r m  d a t a  f o r  the  s t a b i l i z e d  s p e c i m e n s  a c c o r d i n g  to  cement  c o n t e n t  

and  t e s t e d  a t  v a r i o u s  ages .

As m e n t i o n e d  above ,  t he  d a t a  o b t a i n e d  on one t e s t i n g  ma ch i ne  was 

i g n o r e d  i n  i n t e r p r e t i n g  the  r e s u l t s .  The a f f e c t e d  s p e c i me n s  a r e : -

a .  The s e c o n d  s pec i men  w i t h  5% c e men t  t e s t e d  a t  age 252 - -  t he

d a t a  p l o t t e d  w i t h  an x on the  r i g h t  of  graph  13.5.

b.  The s e c o n d  s pec i men  w i t h  lOt  c e m e n t  t e s t e d  a t  age 140 - -  t he

r andoml y  d i s t r i b u t e d  d a t a  p l o t t e d  w i t h  a d i amond symbo l  on
graph  13.6.

c .  The s econd  s p e c i me n  w i t h  15% c e m e n t  t e s t e d  a t  age 140 —  t h e

r an d o ml y  d i s t r i b u t e d  d a t a  p l o t t e d  w i t h  a d iamond symbol  on
graph  13.7.

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

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

f o r  t he  c o n f i n e d  u n s t a b i l i z e d  s p e c i m e n s  i s  3 t o  5 t i m e s  t he  

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

G e n e r a l  form of  a l l  r e s u l t s  i s  s i m i l a r  t o  t h a t  f u r  the  l o n g - t e r m  

t e s t  r e s u l t s ,  i t  i s  n o t a b l e  t h a t  a l l  r e s u l t s  f o r  s t a b i l i z e d  

sp e c i m e n ?  11* i n  a s i m i l a r  band i r t e s p e c t i v e  o f  c e m e n t  c o n t e n t .  

The maximum s t r a i n  i n c r e a s e s  s l i g h t ) y  w i t h  i n c r e a s i n g  c e m e n t  

c o . i t e n t  but  t h i s  I n c r e a s e  i s  s m a l l  i n  c o m p a r i s on  to the  r a n ge  of  

o b k ' r v e d  r e s u l t s .  There  i s  a t e n d e n c y  f o r  maximum s t r a i n  t o  

d e c r e a s e  w i t h  i n c r e a s i n g  age a t  t e s t  but  t h i s  t r e n d  i s  masked by 

the  v a r i a t i o n  b e t wee n  n o m i n a l l y  i d e n t i c a l  s p e c i m e n s .
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The maximum s t r a i n  i n  a l l  c a s e s  i s  l e s s  t h a n  2;xlO™3, o r  2.47.,  

mos t  of which o c c u r s  by the end  of  c o n s t r u c t i o n .  S i n ce  t he  c e m e n t  

c o n t e n t  i n  most  c o n e s  of  t he  emb a n k me n t  w i l l  be d e t e r m i n e d  by 

t a c t o r s  o t h e r  t h a n  c o m p re s s i ve  s t r e n g t h ,  i t  i s  e x p e c t e d  t h a t  

a v e r a g e  c o n s o l i d a t i o n  i n  most  zones  o f  the embankment  w i l l  be o f  
Che o r d e r  o f  IX o r  l e s s .

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

some d a t a  e x h i b i t s  sudden d i s p l a c e m e n t s  which a r e  a t t r i b u t e d  t o  

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

s pe c i m e n s  s u b j e c t  to  r e l o a d i n g  f rom z e r o  and  t h i s  i s  s ome t i me s  

a s s o c i a t e d  w i t h  a s i g n i f i c a n t  a d d i t i o n a l  d i s p l a c e m e n t  which may

l e c t  an  a d d i t i o n a l  c o n s o l i d a t i o n  or  may be a t t r i b u t e d  t o  
ma ch i ne  d i s t u r b a n c e .

No i n c r e a s e  i n  s t r a i n  f o l l o w i n g  f l o o d i n g  i s  d i s c e r n i b l e  and  i t  i s  

c o n s i d e r e d  t h a t  t he  i n c o r r e c t  f l o o d i n g  of  the  l o n g - t e r m  s p e c i m e n s  

a f t e r  f i r s t  f i l l i n g  i s  u n l i k e l y  t o  have  had a n y  e f f e c t  on t he  

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

c h a p t e r  9 which would be e x p e c t e d  t o  be reduced  as  a r e s u l t  of t he  
c o n s o l i d a t i o n  i n d i c a t e d  in t h e s e  t e s t s .

The s p r ead  of  r e m i t s  c o v e r s  the  r a n g e  o f  t he  l o n g - t e r m  t e s t  

r e s u l t s  and  the  - c r e s s  -  s t r a i n  c u r v e s  a r e  of  g e n e r a l l y  s i m i l a r  

s ha pe .  I t  i s  t h e r e f o r e  c o n s i d e r e d  t h a t  the s t a n d a r d  t e s t  a t  an age 

of  56 days  p r o v i d e s  an a c c e p t a b l e  measure  of  the l o n g - t e r m  
s e t t l e m e n t  c h a r a c t e r i s t i c s  of  t he  m a t e r i a * .

1 3 . 4 . 3  S p e c i m e n s  S o a k e d  2 e f o r e  T e s t i n g

A number  of  s pe c i m e n s  were s oaked  b e f o r e  t e s t i n g  as  c o n t r o l  

s p e c i me n s  f o r  the  l eached  and  l e ach  b a t h  cured  s p e c i m e n s  t he  

r e s u l t s  of  which were not  p r o c e s s e d .  The r e s u l t s  f o r  t h e s e  
s p ec i me n s  a r e  d e p i c t e d  on graph I J . 9 .
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vo s pe c i m e n s  w i t h  10% cement  were so a k e d  f o r  7 days  f rom age 133 

’n o r  t e s t i n g  a n e  t h e se  e x h i b i t  somewhat  h i g h e r  d e f l e c t i o n s  

Uan the c o r r e s p o n d i n g  s t a n d a r d  s p e c i me n s  and  the  s p e c i m e n s  

i a b j e c t  t o  vacuum s a t u r a t i o n .  I t  i s  c o n s i d e r e d  t h a t  t h i s  p r o b a b l y  

' i  -s : tom s u r f a c e  s o f t e n i n g  as a r e s u l t  of  l e a c h i n g .

: - second s p e c i me n  w i t h  10% c e m e . r  s u b j e c t  to vacuum s a t u r a t i o n ,  

l o t t e d  w i t h  a d i amond symbol  on g r a p h  13.9,  was t e s t e d  on t h e  

n a c h i n e  r e f e r r e d  to e a r l i e r .  Th i s  d a t a  e x h i b i t s  random b e h a v i o u r  
md  was a c c o r d i n g l y  i g n o r e d .

he r e s u l t s  f o r  t he  r e m a i n i n g  s p e c i m e n s  s u b j e c t  to  vacuum 

s a t u r a t i o n  and  t e s t e d  a t  age 252 l i e  i n  the  same band as  t hos e  f o r  

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

n c r e a s i n g  the  m o i s t u r e  c o n t e n t  of  t he  m a t e r i a l  has no s i g n i f i c a n t  

' r e  - t c  c o n s o l i d a t i o n  c h a r a c t e r i s t i c s .

1 3 . a . 4 N o n - S t a n d a r d  L o a d i n g  C o n d i t i o n s

r . i scs  w i t h  n o n - s t a n d a r d  l o a d i n g  c o n d i t i o n s  were c o n d uc t e d  a t

•ement  c o n t e n t ,  of 5 and  15* c e men t  t o  c o r r e s p o n d  t o  t hos e  u s ed

• o r  t he  l o n g - t e r m  t e s t s .  The r e s u l t ,  f o r  t h e se  t e s t ,  a r e  d e p i c t e d  

)n graphs  i 3.10 and 13.11.

- I t h  tne e x c e p t i o n  o f  t he  two 5 :  s p e c i m e n s  t e s t e d  u n c o n f l n e d  w i t h

I "  mm p l a t e n ,  a l l  . e s u l t ,  l i e  In t h e  same band o b s e r v e d  f o r  t h e

t a n d a r d  and  socked  s p e c i m e n s ,  m  t h e  c a s e  of  t he  f i r s t  o f  t h e s e

U  s p e c i m e n s ,  the t e s t  r e c o r d  I n d i c a t e ,  t h a t  the ma ch i ne  may have

■een d i s t u r b e d  on a t  l e a s t  two o c c a s i o n ,  and t h i s  may a c c o u n t  t o r

•he random d i s t r i b u t i o n  of  p a r t  of  t h e  d a t a .  In t he  ca s e  of  t h e

-econd s pe c i me n ,  v e r y  l a r g e  s e t t l e m e n t s  were n o t e d  on a p p l i c a t i o n

■t t h e  n o m i n a l  load and  the  f i r s t  load  I n c r e m e n t  and t h i s  z e r o

r o r  i r n n u n t s  t o r  t he  e x c e s s i v e  d e f l e c t i o n  r e f l e c t e d  on graph  
. .
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W h i l _  t h e  r e s u l t s  i n d i c a t e  a  p o s s i b l e  t e n d e n c y  f o r  d e f l e c t i o n s  t o

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

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

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

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

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

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

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

1 3 . 4 . 5  C h a r a c t e r i s t i c  M o d u l i

F r o m  a n  e x a m i n a t i o n  o f  t h e  d a t a  i n  g r a p h s  13.3 t o  13.11,  i t  w a s  

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

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

p u r p o s e s .  T h e s e  m o d u l i  w e r e  d e f i n e d  a s  f o l l o w s : -

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

c o n s t r u c t i o n  t o  e n d  o f  f i r s t  f i l l i n g  - -  t h e  "construct a n d  

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

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

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

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

t o t a l  s e t t l e m e n t  t o  b e  e x p e c t e d .

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

t i o n  t o  e n d  o f  f i r s t  f i l l i n g  - -  t h e  " f i r s t  f i  ’ l i n g "  m o d u l u s .

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

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

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

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

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

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

t h e  p r e v i o u s  m o d u l u s  to e s t i m a t e  t h e  e n d  o f  c o n s t r u c t i o n
s e t t l e m e n t .
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d i s t  u, =,ed i n  b e n  iio n  1 J . 1 ,  L t  s h o u l d  b e  n o t e d  t h a c  C h e  end 

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

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

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

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

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

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

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

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

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

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

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

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

t h e  r e s e r v o i r  -  t h e  " r e s e r v o i r  o p e r a t i o n "  m o d u l u s .  T h i s  w a s

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

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

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

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

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

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

r r u m  c o n s i d e r a t i o n  o f  t h e  d i s c u s s i o n  I n  t h e  p r e v i o u s  s e c t i o n s ,  1 , 

I S  a p p a r e n t  t h a t  t h e  I n i t i a l  c o n s , . i d . t l o n  1 ,  l a r g e l y  I n d e p e n d e n t

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

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

m e n t ,  b o t h  of  w h i c h  r e s u l t  In a n  I n c r e a s e  I n  c o m p r e s s i v e  s t r e n g t h  

•  t s o  l e a d  t o  a  r e d u c t i o n  I n  c o n s o l i d a t i o n .  B o t h  t h e s e  f a c t o r ,  

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

t o  t h e  c o m p r e s s i v e  s t r e n g t h  of  the m a t e r i a l .  A, d i s c u s s e d  I n  

s e c t i o n  11.4,3,  a l i n e a r  r e l a t i o n s h i p  o n  l o g a r i t h m i c  a x e s  h a ,  b e e n
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TABLE 1 3 .2
SUMMARY OF RESULTS —  OEUOMETER TESTS

d c G r a p h
No

NOTES

1 1 3 . 3 L o n g - t e r m , 5% c e m e n t ,  s t a r t  a g e  3
2 15% c e m e n t
3 1 3 . 4 0%,  u n c o n f i n e d ,  l o a d  a s  5%,  a g e  7 5 2
4 U%, c o n f i n e d ,  l o a d  a s  15 %,  a g e  2 5 2
5 1 3 . 5 S t a n d a r d , 5% c e m e n t ,  a g e  5 b
6 a g e  1 4 0
7 a g e  2 5 2
B 1 3 . 6 S t a n d a r d , 10% c e m e n t , a g e  5 b
9 a g e  1 4 0
A a g e  2 5 2
B 1 3 . 7 S t a n d a r d , 15% c e m e n t ,  a g e  5 b
C a g e  1 4 0
D a g e  2 5 2
E 1 3 . o S t a n d a r d , 20% c e m e n t , a g e  2 5 2
F 1 3 . 9 S o a k e d  f r o m  a g e  1 3 3 ,  t e s t e d  1 4 0 ,  10% c o m
G V a c u u m  s a t u r a t e d  a g e  2 5 2 ,  10% c e m e n t
H 15%
I 20%
J 1 3 . 1 0 5% c e m , a g e  5 b ,  / 1 . 4  mm p l a t e n ,  c o n f i n e d
K 5 0  nun p i  H e n ,  u n c o n f i n e d
L c o n f 1 n e d
M 3 9  mm p l a t e n ,  u n c o n f i n e d
N c o n f 1 n e d
0 1 3 . 1 1 15% c e m , a g e  5 b ,  7 1 . 4  mm p l a t e n ,  c o n f i n e d
P 5 0  n*n p l a t e n ,  u n c o n f i n e d
Q c o n f i n e d
R 3 9  nun p l a t e n ,  u n c o n f i n e d
S c o n f 1 n e d

M o d u l i  ( M t ' a )
l o n s t  r u c t  F i r s t  
a n d  F i l l  F i l l i n g

Reservolr  
Ope rat Ion

Co mp
S t r
MPa

57 1 1 2 9 5 2 N / A
1 2 7 3 5 5 1 4 1 5 N / A

5 8 4 3 1 0 . 3
3 0 4 4 9 7 1 N / A
3 9 1 3 5 1 1 6 1 3 . 5
6 9 1 5 4 9 8 7 4 . 5
5 7 1 0 1 1 3 2 2 5 . 1
9 8 5 1 / 9 5 9 6 . 9
9 2 4 2 9 1 5 0 0 8 . 9

1 4 8 3 3 3 1 3 9 0 1 0 . C
1 3 b 2 8 8 1 4 1 2 1 0 . 5
1 4 7 5 2 8 2 0 6 9 1 3 . 3
1 7 8 5 0 3 1 2 9 2 1 4 . 1
1 2 9 4 7 9 1 6 6 9 2 0 . 8

6 4 2 8 2 8 0 8 8 . 9
7 5 2 3 6 3 3 0 1 0 . 0

”>0 2 5 5 5 1 7 9 0 1 4 . 1
1 8 7 6 8 2 1 9 0 9 2 0 . 8

5 2 1 5 4 9 2 6 3 . 5
37 1 3 6 5 0 0 3 . 5
5 8 1 6 3 4 9 7 3 . 5
8 1 181 8 3 5 3 . 5
9 6 1 8 5 9 6 9 3 . 5

1 8 2  , 4 0 6 1 4 6 3 1 0 . 5
1 2 9 2 6 0 6 9 7 1 0 . 5
1 3 0 3 0 5 1 1 9 9 1 0 . 5
1 7 5 5 4 0 3 0 3 9 1 0 . 5
2 8 0 6 4 5 1 8 7 5 1 0 . 5

S t a n d a r d  c a s e  I s  u n c o n f i n e d  s p e c i m e n  w i t h  l o a d i n g  p l a t e n  7 1 . 4  ram i n  d i a m e t e r .  
C o d e s  I n  f i r s t  c o l u m n  r e f e r  t o  g r a p h s  1 3 . 1 2  t o  1 3 . 1 4 .



r e p o r t e d  b A b b o u d  ( 1 9 6 9 )  a n d  w a s  f o u n d  t o  p r o v i d e  a  g o o d  f i t  t o  

t h e  d a t a  o b t a i n e d  i n  t h e  t r l a x i a l  t e s t s  a s  p r e s e n t e d  i n  g i a p h  

11.10.

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

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

f r o m  g r a p h  1 0 . 3  a n d  i s  p r e s e n t e d  i n  t a b l e  1 3 . 2 .  T h e  t h r e e  m o d u l i  

d i s c u s s e d  a b v v e  a r e  p l o t t e d  a g a i n s t  t h i s  s t r e n g t h  i n  g r a p h s  1 1 . 1 2  

t o  1 3 . 1 4  w i t h  l o g  s c a l e s  u s e d  o n  b o t h  a x e s .  T a b l e  1 1 . 2  a l s o  

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

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

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

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

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

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

s t a n d a r d  t e s t  c o n d i t i o n s  ( p o i n t s  3 ,  5 t o  9  a n d  A t o  E ) .  T h e

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

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

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

p r e s e n t e d  a s  d a s h e d  l i n e s  o n  g r a p h  1 3 . 1 5  f o r  c o m p a r i s o n .  T h e  

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

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

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

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

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

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

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

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

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

e x a m i n a t i o n  o f  t h e  s c a t t e r  o f  i s u i t s  r e f l e c t e d  o n  g r a p h  1 3 . 1 4

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

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

s c a t t e r  r e s u l t s  f r o m  t h e  f a c t  t h a t  t h e  v a l u e s  f o r  t h i s  m o d u l u s  w e r e
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m a n u a l l y  o ' u c a i n e d  f r o m  c h e  p l o t t e d  d a t  i. - tddlt ion ,  thu r e l a ­

t i v e l y  h i g h  v a l u e s  ( s t e e p  s l o p e s )  of ‘.hi  > modulus makv 

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

The r e s u l t s  f o r  t h e  r e s e r v o i r  oper a t ion  m o d u l u s  s u g g e s t  t h a t  i t  

v a l u e  i s  l e s s  d e p e n d e n t  o n  t h e  degree o f  s t a b i l i z a t i o n  than on t h e  

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

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

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

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

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

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

p r e s s i v e  s t r e n g t h  o f  t h e  m a t r i x  a n d  t h a t  t h e  r e s e r v o i r  o p e r a t i o n  

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

I t  s h o u l d  b e  n o t e d  t h a t ,  a s  t h e  a p p l i e d  s t r e s s e s  u s e d  i n  t h i s  t e s t  

p r o g r a m  w e r e  d e t e r m i n e d  i n  t e r m s  o f  2 8  d a y  u n c o n f i n e d  c o m p r e s s i v e  

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

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

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

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

s t r e s s  l e v e l s  a s  u s e d  f o r  t h e  s p e c i m e n s  s t a b i l i z e d  w i t h  5  .  c e m e n t .  

T h i s  c o n f i r m s  t h e  t r e n d  f o r  i  c e m e n t  I n c r e a s e  f r o m  0  t o  5 £  c e m e n t .  

H o w e v e r ,  t h e  d a t a  f o r  t h e  u n s t a b l l l z e d  s p e c i m e n s ,  p o i n t  3  o r .  t h e  

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

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

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

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

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

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

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

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

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

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

O E D O  M E T E R  T E S T S .



F u r t h e r  t e s t s  o n  ' i n s t a b i l i z e d  s p e c i m e n s  a n d  s t a b i l i z e d  s p e c i m e n s  

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

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

o f  t h e  s t r e s s  l e v e l s  u s e d  h e r e .

1 3 . 4 . 6  C o m p a r i s o n  w i t h  R e s u l t s  o f  T r i a x l a l  T e s t s

G r a p h  1 3 . 1 5  a l s o  p r e s e n t s  t n e  r e g r e s s i o n  l i n e  o f  Q - m o d u l u s  v s  

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

p r e s e n t e d  i n  g r a p h  1 1 . 1 0 .  I t  i s  n o t a b l e  t h a t  t h e  s l o p e  i s  s i m i l a r  

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

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

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

t r i a x i a l  t e s t s  w e r e  s m a l l  r e l a t i v e  t o  t h e  s t r e s s ,  <*c w h i c h  t h e

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

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

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

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

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

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

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

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

d i f f e r e n c e  a r e : -

t h e  h i g h e r  s t r e s s e s  i n  t h e  t r i a x i a l  t e s t ;  

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

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

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

The t r i a x i a l  m o d u l u s  i s  o f  s i m i l a r  m a g n i t u d e  t o  the r e s e r v o i r  

o p e r a t i o n  m o d u l u s  o v e r  the r a n g e  o f  u n c o n f i n e d  compress ive  
s t rengths  l i k e l y  to be u s e d  f o r  d e s i g n .

O E D O M E T E K  T E S T S
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As Che o e d o m e C e r  t e s t  r e s u l t s  a l l o w  f o r  t h e  e f f e c t s  o f  c r e e p ,  I t  i s  

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

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

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

1 3 . 5  C O N C L U S I O N S

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

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

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

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

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

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

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

o v e r  t h e i r  f u l l  a r e a  a n d  t e s t e d  a t  a n  a g e  o f  56 d a y s  p r o v i d e s  a

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

i s t i c s  o f  s o i l - c e m e n t .  F u r t h e r  t e s t s  w i t h  t h i c k e r  s p e c i m e n s  a r e  

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

i n v e s t i g a t i o n .

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

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

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

c o m p l e t e  a t  t h e  e n d  o f  I n i t i a l  l o a d i n g .

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

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

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

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

s o i l - c e m e n t  e m b a n k m e n t .

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

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

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

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

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



r a e n t .  M a x i m u m  o b s e r v e d  c o n s o l i d a t i o n  w a s  2 . 4 ' ,  a n d  i n  m o s t  c a s e s  

w a s  c o n s i d e r a b l y  l e s s .  I n  a  s o l l - c e m e n t  e m b a n k m e n t ,  c e m e n t  

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

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

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

a v e r a g e  c o n s o l i d a t i o n  i n  a n y  z o n e  o f  a n  a c t u a l  s t r u c t u r e  w i ^  3 8  

l e s s  t h a n  1 Z .  C o n s o l i d a t i o n  c a n  b e  l i m i t e d  i n  c r i t i c a - .  a r e a s ,  

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

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

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

i n v e s t i g a t e d .

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

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

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

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

t i o n s h i p  t a k e s  a c c o u n t  o f  i n c r e a s e s  i n  b o t h  ' . e r a e n t  c o n t e n t  a n d  

a g e .

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

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

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

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

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

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

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

t i o n  a n d  s t r e s s  l e v e l s .

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

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

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

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

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

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

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

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

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

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

c o n s o l i d a t i o n  a n d  i s  u n l i k e l y  t o  be s i g n i f i c a n t .  I n c r e a s e d  

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

e f f e c t  i n  c r i t i c a l  z o n e s .



C H A P T E R  1 4

H E A T  G E N E R A T E D  D U R I N G  H Y D R A T I O N

1 4 . 1  I N T R O D U C T I O N

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

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

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

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

d e v e l o p m e n t .

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

c o n c r e t e ,  t h e r m a l  c r a c k i n g  w i t h i n  a  c o n c r e t e  m o n o l i t h  w h e n  a  

t e m p e r a t u r e  d i f f e r e n t i a l  i n  e x c e s s  o f  2 4  ’ c  o c c u r s  a n d  r e s t r a i n t  

c r a c k i n g  a t  t h e  c j l d  J o i n t  ( D u n s t a n  a n d  M i t c h e l l  1 9 7 6 ) .  T h e  

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

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

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

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

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

d e p t h ,  a  l o w  g r a d e  h e a r t i n g  c o n c r e t e  s h o w e d  a  g a i n  o f  a b o u t  8  ° C  

f o r  a  l i f t  o f  0 . 8  m I n c r e a s i n g  t o  a b o u t  1 7  ° C  a t  1 . 6  m .  R a t e  o f  

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

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

i n  l a y e r s  o f  2 0 0  t o  3 0 0  mm i s  u n l i k e l y  t o  r e p r e s e n t  a  m a j o r  

p r o b l e m  i n  t h e  c o n s t r u c t i o n  o f  s o l l - c e m e n t  d a m s .  S c h r a d e r  ( 1 9 7 7 )  

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

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

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

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

( 1 9 7 9 a )  i n d i c a t e d  t h a t  n o  s t u d i e s  o f  h e a t  g a i n  d u e  t o  h y d r a t i o n  

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

M.  D a v i s  p o w e r  s t a t i o n  b u t  t h a t  he  b e l i e v e d  t h a t  a n  i n v e s t i g a t i o n  

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

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

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

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

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

An i n s u l a t e d  e n c l o s u r e  wa s  e r e c t e d  i n  t h e  c o n s t a n t  t e m p e r a t u r e  

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

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

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

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

S p e c i m e n s  w e r e  c o m p a c t e d  w i t h  c e  . t  c o n t e n t s  o f  0 ,  5 ,  10 ( 2

s p e c i m e n s ) ,  15 a n d  20% c e m e n t .  S i x  t h e r m o c o u p l e s  w e r e  e m b e d d e d  i n  

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

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

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

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

1 4 . 2  A P P A R A T U S

T h e  s p e c i m e n s  w e r e  c o m p a c t e d  i n  s t e e l  AASHO m o u l d s  1 5 2 . 3  mm 

d i a m e t e r  a n d  1 5 2 . 3  mm Long  u s i n g  s t a n d a r d  AASHO c o m p a c t i v e  

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

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

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

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

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

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

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



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

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

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

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

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

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

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

p l a c e d  a t  t h e  c e n t e r  o f  e a c h  j o i n t  a n d  a d j a c e n t  t o  e a c h  e n d  p l a t e .

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

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

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

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

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

t h e r m o m e t e r .

A n  e l e c t r i c  t h e r m o m e t e r  r e a d i n g  d i r e c t l y  t o  0 . 1  ')C,  ( C o m a r k  m o d e l  

1621)  w a s  u s e d .  A t o t a l  o f  f o r t y  t h e r m o c o u p l e s  w e r e  c o n n e c t e d  t o  

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

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

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

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

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

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

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

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

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

c o m p a r t m e n t .

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

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

m e n t s  w e r e  l o c a t e * ,  w i t h  300  mm o f  c o v e t  a b o v e  a n d  b e l o w  a n d  2 0 0  mm 

b e h i n d  t h e  s p e c i m e n .  A 50 mm s l o t  w a s  l e f t  b e t w e e n  t h e  r e a r  o f  

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

t e m p e r a t u r e  a i r .  S p a c e  b e t w e e n  c o m p a r t m e n t s  w a s  350  mm a n d
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b e t w e e n  t h e  e n d  c o m p a r t m e n t s  a n d  t h e  e n d s  o f  t h e  e n c l o s u r e  4 5 0  mm.  

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

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

b a s e .

D i a m a n t  ( 1 9 6 9 )  r e p o r t s  c o e f f i c i e n t s  o f  t h e r m a l  c o n d u c t i v i t y  ( k )  o f  

0 . 0 3 3  W / m / ° C  f o r  p o l y s t y r e n e ,  0 . 5 2  f o r  " s t o n y  n o r m a l  s o i l "  a n d  1 . 2 1 

f o r  " v e r y  d a m p ,  t i g h t l y  p a c k e d  s o i l " .  On t h e  b a s i s  o f  t h e s e  

f i g u r e s ,  f o r  e q u a l  c o e f f i c i e n t s  o f  h e a t  t r a n s m i s s i o n  ( U ) ,  200  mm o t  

p o l y s t y r e n e  I n s u l a t i o n  i s  e q u i v a l e n t  t o  b e t w e e n  3 . 1  a n d  7 . 3  a  o f  

s o i l .  On t h e  e x p e c t a t i o n  t h a t  n o t  m o r e  t h a n  t w o  l a y e r s  o f  s o i l  -  

c e m e n t ,  e a c h  n o t  t h i c k e r  t h a n  3 0 0  mm, w o u l d  be  p l a c e d  i n  o n e  d a y ,  

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

1 4 . 3  T E S T  P R O C E D U R E S

S o i . . - c e m e n t  w a s  b a t c h e d  a n d  m i x e d  i n  a  t i m e d  s e q u e n c e  s i m i l a r  t o  

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

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

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

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

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

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

m o u l d .  P la t e  14.1 shows t h e  c e n t e r  a n d  e .ge thermocouples on t h e  

c e n t e r  J o i n t  p r io r  t o  p l a c i n g  t h e  t h i r d  l aye r .

C o m p a c t i o n  t o o k  p l a c e  i n  t h e  g e n e r a l  l a b o n t o r v  which was n o t  

t e m p e r a t u r e  c o n t r o l l e d  a s  t h e  v i b r a t i o n  o f  c o m p a c t i o n  could not  be  

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

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

22 d u r i n g  c o m p a c t i o n .

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

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

tJ i . a t e  14 . 2  s h o w s  a n  a s s e m b l e d  c e l l  t o g e t h e r  w i t h  p o l y s t y r e n e

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

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

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

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

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

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

s w i t c h e d  o n  w h e n  r e a d i n g s  w e r e  t a k e n .  Two r e a d i n g s  w e r e  t a k e n  

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

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

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

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

O w i n g  t o  t i m e  c o n s t r a i n t s  i m p o s e d  by  o t h e r  p a r t s  o f  t h e  t e s t  

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

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

s p e c i m e n s .  S p e c i m e n s  w e r e  c o m p a c t e d  i n  t h e  s e q u e n c e : -  0 ,  5,  1 0 ,  

10 ,  15 a n d  20% c e m e n t  c o n t e n t  a n d  p l a c e d  i n  c o n s e c u t i v e  c o m p a r t ­

m e n t s .  T h i s  s e q u e n c e  w a s  a d o p t e d  o n  t h e  e x p e c t a t i o n  t h a t  a n y  h e a t  

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

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

b y  t h e  r e s u l t s  f o r  t h e  t w o  a d j a c e n t  10% s p e c i m e n s .

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

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

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

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

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

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

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

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

1 4 . 4  T E S T  R E S U L T S

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

r e a c h e d  a  m a x i m u m  a p p r o x i m a t e l y  20 m i n u t e s  a f t e r  a d d i t i o n  o f
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n u t e s

h o u r

b o u t  2

r a t u r e

o c c u r

w o u l d

i d e r e

•vatet,  w h i l e  the spec imen was b> in y  compacted,  -n the c a s e  o f  t h e  

s p e c i m e n  w i t h  20% c e m e n t . ,  t h e  m a x i m u m  t e m p e r ' C u r e  o f  t h e  m i x t u r e

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

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

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

F u l t o n  ( 1 9 7 7 )  r e p o r t s  a  t y p i c a l  r a t e - o f - h e a t - e  - i u t i o n  c h a r a c t e r ­

i s t i c  f o r  c e m e n t  w h i c h  p e n < 9  a f t e r  a b o u t  ^  m i n u t e s  a n d  d e c a y s  t o  

n e a r  z e r o  a f t e r  1 0  m i n u t e s .  A s e c o n d  p e a k  s t a r t s  a f t e r  a b o u t  2  

h o u r s  a n d  p e a k s  * t  a b o u t  5% o f  t h e  i n i t i a l  p e a k  v a l u e  a f t e r  1 0  

h o u r s  b e f o r e  d e c a y i n g  b y  a b o u t  85% a f t e r  3 0  h i u r s .

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

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

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

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

d e c l i n e  o r  t h e  s p e c i m e n , 1 . 3 °  i n  3 7  m i n u t e s ,  g i v e s  a n  i n d i c a t i o n  

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

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

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

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

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

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

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

u n l i k e l y  t n a t  t h e  i n i t i a l  h y d r a t i o n  h e a t  g a i n  w o u l d  h a v e  a n y  

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

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

e n k  t e m p e r a t u r e  o f  t h e  s p e c i m e n  c o n t a i n i n g  2 0 »  c e m e n t  w a s  3 0  ° C  

i i d  o c c u r r e d  2 7  h o u r s  a f t e r  S c i r t  o f  m i x i n g .  T h i s  a g r e e s  w i t h  t h e  

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

v - a s  2 b . 9  C a f t e r  1 9  in!  n u t e s ,  w i t h  i n i t i a l ,  d i . m i x t u r e  t e m p e r a -  

ure of 2 2 . 8 °  a n d  a i r  t e m p e r a t u r e  o f  2 2 ° .  T h e  c o r r e s p o n d i n g  p e c k  

. p e c i r a e n  t e m p e r a t u r e  w a s  2 5 . 1 °  f o r  t h e  t h i r d  l a y e r  2 3  m i n u t e s  

if  t a r  the s t a r t  o f  c i x i n g  w i t h  i n i t i a l  u . o u l d  t e m p e r a t u r e  o f  2 1 . 1 ° .

t e m p e r a t u r e  l a b o r a t o r y ,  s p e c i m e n  t e m p e r a t u r e  r a n g e d  f r o m  2 3 . 1 °  o n  

t h e  s u r f a c e  t o  2 3 . 8 °  i n  t h e  c e n t e r  w i t h  i l r  t e m p e r a t u r e  o f  2 2 . 2 °
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c i o n , r e s u l t i n g  f r o m  i m p r o v e d  i n s u l a t i o n , c l e a r l y  apparent .  The

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

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

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

t e m p e r a t u r e  o f  0 . 1 5  C f r o m  t h e  c e n t e r  t o  t h e  s u r f a c e  o v e r  a

d i s t a n c e  o f  a p p r o x i m a t e l y  7 b  m m .  T h e  d i f f e r e n c e  b e t w e e n  t h e
o

s p e c i m e n  a n d  t h e  a i r  i n  t h e  l a b o r a t o r y  w a s  6 . 5  .  A s s u m i n g  t h a t  

t h i s  d r o p  o c c u r r e d  a c r o s s  t h e  m i n i m u m  2 0 0  mm t h i c k n e s s  o f

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

e d  a s  f o l l o w s : -

o
D r o p  i n  t e m p e r a t u r e  a c r o s s  7 b  mm o f  s o i l  c e m e n t  *  0 . 1 5

D r o p  i n  t e m p e r a t u r e  a c r o s s  2 0 0  mm o f  p o l y s t y r e n e  *  6 . 5 °

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

T h i c k n e s s  r e q u i r e d  t  -  ( b . 5  , 0 . 1 5 )  x  0 . 0 7 6
s

-  3 . 2 9  m o f  s o i l - c e m e n t

C o e f f  o f  t h e r m a l  c o n d u c t i v i t y  o f  p o l y s t y r e n e  ( k  > -  0 . 0 3 3  W / t n /  ‘
2  o  P

C o e f f  o f  h e a t  t r a n s m i s s i o n  ( U )  •  k / t  W / o  /  C 

F o r  e q u i v a l e n t  t n s u l a t i o n : -

U o f  s o i l - c e m e n t  ( U  )  •  U o f  p o l y s t y r e n e  ( U  )
& p

T h e r e f o r e : -
k / t  - k / t  

s s  p  p

o r  k  -  ( 0 . 0 3 3  /  0 . 2 )  x  3 . 2 9
s

-  0 . 5 4  W / m /  ’ c

T h i s  c o m p a r e s  f a v o u r a b l y  w i t h  t h e  v a l u e  o f  0 . 5 2  f o r  " s t o n y  n o r m a . ,  

s o i l "  s u g g e s t e d  j y  D i a m a n t  ( 1 9 6 9 )  a n d  r e f e r r e d  t o  I n  s e c t i o n  1 6 . 2 ,  

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

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

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

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

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

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

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

d e t a i l .
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In jrder to d e term ine  ab so lu te  temperature g a i n ,  a r e f e r e n c e  was 

required .  I n s p e c t i o n  of  the data for  the u n s t a b l l i z e d  spec imen  

I n d ic a te d  no I n i t i a l  or subsequent temperature ga in  c o n f i r m i n g  

the s u i t a b i l i t y  of  t h i s  specimen as a r e f e r e n c e .  The temperature  

p r o f i l e s  for the u n s t a b l l i z e d  spec imen and the three  r e f e r e n c e  

thermocouples  are p lo t t e d  in  graph 14.1.  These thermocouples were 

mounted at the c e n t e r  of  the f r o n t  and rear fa c e s  of the e n c l o s u r e  

and in  the c e n t e r  of  the bouy o f  I n s u l a t i o n  i . e .  midway between  

the f r o n t  and rear fa c e s  and midway between the two c e n t r a l  

compartments at  the midheight of  rhe i n s u l a t _ o n .

The data p lo t t e d  on graph 14.1 co v e r s  the f i v e  week period s t a r t i n g  

at  OhOO on the day the u n s t a b l l i z e d  spec imen was compacted.  The 

t ime of compat t i o n  of  each of the s i x  t e s t  spec imens i s  i n d i c a t e d  

at  the top l e f t  hand corner  of  the p l o t .  An exaggerated  v e r t i c a l  

s c a l e  w ith  o r i g i n  at  20 i s  used to o b ta in  data s e p a r a t i o n .

The p r o f i l e s  for  the four data s e t s  p lo t t e d  on graph 14.1 show 

s i m i l a r  o v e r a l l  t r e n d s .  The temperature  at  the rear of  the  

e n c lo s u r e  was c o n s i s t e n t l y  lower  because of  the narrow a i r  gap 

between the I n s u la t e d  e n c l o s u r e  and the w a l l  of  the lab ora tory  

which r e s t r i c t e d  the f low  of heated a i r .  The rem ain in g  p r o f i l e s  

I l f  in  a narrow band, g e n e r a l l y  between 23 and 25 'c which agrees  

w<11 with the temperature records for the lab ora tory  over  the t e s t  

p er iod .  A maximum d a i l y  range of a p p ro x im a te ly  2 0C was a ch ie v ed  

throughout the period of  t h i s  research  and was the l i m i t  a v a i l a b l e  

from the th erm osta ts  used.

The d a l l y  range of  temperature i s  p a r t i c u l a r l y  n o tab le  on the days  

on which specim ens  were compacted. On these  d ays ,  a large  number 

of read ings  were tak en ,  spread throughout the day and the ex trem es  

of  thermosta t  o p e r a t i o n ,  to geth er  w ith  the e f f e c t  of  c o n t i n u a l  

a c c e s s  to  the l a b o r a to r y ,  are apparent .  In a l l  c a s e s ,  the s c a t t e r  

of  r e s u l t s  for  the core thermocouple and u n s t a b l l i z e d  spec imen i s  

c o n s i d e r a b l y  l e s s  than that for the s u r fa c e  thermocouples .

H E A T  G E N E R A T E D  D U R I N G  H Y D R A T I O N  1 4 . 9
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I t  was observed  that  the thermometer c a l i b r a t i o n  appeared to  

change s l i g h t l y  w h i l e  readings  were t a k e n .  This e f f e c t  was not  

conf irmed or q u a n t i f i e d  but i t  i s  c o n s id e r e d  that i t  could  have  

c o n t r ib u t e d  to the observed v a r i a t i o n s ,  some of  which appear  

e x c e s s i v e  in  v iew of the degree of i n s u l a c i o n .  All  r ead ings  were 

taken  w i th  the same thermometer and a l l  thermocouples  were read 

c o n s e c u t i v e l y ,  so that the r e l a t i v e  temperature data ,  d i s c u s s e d  

below, should be u n a f f e c t e d  by t h i s  err o r .

The e l e c t r i c  thermometer was not a v a i l a b l e  during the e l e v e n t h  

and t w e l f t h  days and readings  were tak en  with  a d i g i t a l  v o l t m e t e r ,  

however i t  was not p o s s i b l e  to ob ta in  a r e l i a b l e  c a l i b r a t i o n  w i th  

t h i s  in s tru m en t  and the data for t h i s  I n t e r v a l  was thus d iscarded .

The e f f e c t  of l a t e r a l  heat t r a n s f e r  w i t h i n  the body of the

i n s u l a t i o n  i s  e v i d e n t  in the data for the u n s t a b i l i z e d  specimen  

which l i e s  above that  for  the core in  the days im m ed ia te ly

f o l l o w i n g  the compact ion  o f  the spec imen  with  5% cement .  This  

e f f e c t  i s  a l s o  apparent  in  the data for  th» core thermocouple

f o l l o w i n g  the compaction o f  the second spec imen w ith  10% cement.  

This  data l i e s  s i g n i f i c a n t l y  above th at  for  the u n s t a b i l i z e d  

specimen and f r o n t  thermocouple for a period of 5 days .  There­

a f t e r ,  the data for  these three  s e n s o r s  i s  g e n e r a l l y  s i m i l a r .

The p r o f i l e s  for  the temperature in c r e a s e  of the s t a b i l i z e d  

specim ens  r e l a t i v e  to the • • ^ s t a b i l i z e d  specimen are p l o t t e d  on 

graph 14.2.  The temperature Increase  was c a l c u la t e d  for  c o r r e s -  

p o id ln g  s e t s  of  d a t a .  The t ime a x i s  r e f l e c t s  the e la p s ed  t im e  

from the a d d i t i o n  of water to the dry s o i l  and cement m ixture .  

Specimens were compacted at i n t e r v a l s  of one day.

A further  i n d i c a t i o n  of the hear t r a n s f e r  between spec im ens  can be 

obta ined  from the r e s u l t s  for  the second specimen with 107. cem ent .  

This  data f o l l o w s  e x a c t l y  the same path as that  for the f i r s t  10% 

specimen for  ap prox im ate ly  the f i r s t  27 hours and t h e r e a f t e r  shows  

a s i g n i f i c a n t  fu r th er  heat ga in .  It i s  con s id ered  that  t h i s

H E A T  G E N E R A T E D  D U R I N G  H Y D R A T I O N  1 4 . 1 1
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a d d i t i o n a l  heat ga in  r e f l e c t s  heat t r a n s f e r  from the a d ja c e n t  15% 

spec im en .  This  d e v i a t i o n  i s  s i m i l a r  to that  measured by the core  

thermocouple as d i s c u s s e d  above.  The 20% specimen shows a much 

sharper peak than that for  other  spec im ens  as i t  was the l a s t  

specimen compacted and c o n s e q u e n t l y  did not  r e c e i v e  any s u b s t a n ­

t i a l  fu r th er  heat in p u t .  S ince  the temperature of p r e v i o u s l y  

compacted spec im ens  peaked at about the t ime that  the n e x t  

specimen was compacted,  i t  i s  c o n s id e r e d  that  heat  t r a n s f e r  from 

p r e v i o u s l y  compacted spec imens did not have a s i g n i f i c a n t  i n f l u ­

e n ce  on the peak temperature ach ie ved .

While the e x a c t  form of the decay curve i s  d i s t o r t e d  by the heat  

t r a n s f e r  ment ioned  above,  i t  i s  c o n s id e r e d  that the decay curve  

for  the 20% spec imen i s  reason ab ly  r e p r e s e n t a t i v e  as no h e - t  input  

from spec im ens  w ith  higher cement c o n t e n t  occurred.  The e x a c t  

shape of  the decay curve w i l l  in  any e v e n t  be a f u n c t i o n  of  the 

degree of  i n s u l a t i o n  and specimen s i z e .  Heat t r a n s f e r  from 

a d jacen t  spec im ens  w i th  lower cement c o n t e n t s  can be c o n s id e r e d  

to  r ep re se n t  an i n c : e a » a  in  the e f f e c t i v e  s i z e  of the spec im en.  

On t h i s  b a s i s ,  the r e s u l t s  i n d i c a t e  th at  most of  the heat  ga in

d ecays  in  a period of about 10 days  and the peak i s  s i g n i f i c a n t l y  

a t t e n u a te d  in  comparison with that  reported by F u l t o n ,  " h i s  i s  

aga in  a s cr ib ed  to the heat c a p a c i ty  of  the s e l l  and mould and the 

high degree of i n s u l a t i o n . It i s  noted that  temperature decay i s  

s t i l l  o c c u r r in g  a f t e r  28 days .  I t  i s  n otab le  that the I n i t i a l  race  

of  temperature In crease  i s  very s i m i l a r  for  a l l  s p ec im en s .

S in c e  v i r t u a l l y  a l l  heat ga in  occurs  w i t h i n  24 hours and not more 

than two l a y e r s ,  each of 2 0 0  to 3 0 0  mm t h i c k n e s s ,  are L ik e ly  to be 

placed in  t h i s  per iod,  no s i g n i f i c a n t  temperature d i f f e r e n t i a l  in  

the embankment due to hyd rat ion  i s  e x p e c t e d .

O n  the b a s i s  o f  t h e  f o r m  o f  t h e  peak f o r  the 20% s p e c i m e n ,  the peak

t e m p e r a t u r e  f o r  i n d i v i d u a l  s p e c i m e n s  without  h e a t  t r a n s f e r  was 

a s s u m e d  t o  o c c u r  a t  .14 t o  2 7  h o u r s .  I n  a l l  ca s es ,  a  l e v e l l i n g  o f f  

o r  d e c r e a s e  i n  t e m p e r a t u r e  o c c u r r e d  a f t e r  th i s  i n t e r v a l .  These
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peak v a lu e s  are p lo t t e d  a g a i n s t  cement c o n t e n t  on graph 14.3.  The 

v a lu e s  for specim ens  with cement c o n t e n t s  up to 15% e x h i b i t  a 

v ery  l i n e a r  tren d ,  r e g r e s s i o n  on these  p o i n t s  y i e l d s  a r e g r e s s i o n  

c o e f f i c i e n t  of  0.998 and s lo p e  of  0.26 .  However, the p o in t  for  the 

specimen w itn  20% cement l i e s  w e l l  above the r e g r e s s i o n  l i n e .  A 

l i n e  through t h i s  p o in t  and the o r i g i n  i n d i c a t e s  a s lop e  of  0 .33 .  

These l i n e s  arc p lo t t e d  on graph 14.3.

Dunstan and M i t c h e l l  (1976) observed  that temperature g a in  

in cr ea se d  With p la c i n g  temperature.  It  i s  th e r e fo r e  p o s s i b l e  th a t  

the heat g a i n  from the 15i specimen r a i sed  the temperature of  the 

20% spec im en,  Immediate ly  a f t e r  p l a c i n g  in  the I n s u la te d  compart­

ment,  s u f f i c i e n t l y  to cause a s i g n i f i c a n t  in c r e a s e  in temperature  

g a i n .  Other e x p l a n a t i o n s  for  t h i s  d i s c r e p a n c y  may e x i s t  or i t  may 

s im p ly  r e p r e s e n t  an accumulat ion  o f  e x p e r i m e n t a l  e r r o r s .  The 

primary f i n d i n g  of  t h i s  i n v e s t i g a t i o n  i s  that  heat  g a in  due to  

h yd rat ion  w i l l  not be s u f f i c i e n t  to lead  to thermal c r a c k i n g  and 

c o n s e q u e n t l y  a d e t a i l e d  i n v e s t i g a t i o n  of t h i s  anomaly i s  not  

warranted.  The e x a c t  thermal behaviour of  the m a t e r i a l  can o n l y  

be further  i n v e s t i g a t e d  by means of  a t r i a l  embankment.  I t  i s

however c o n s id ered  that  the a v a i l a b l e  in f o r m a t io n  i s  s u f f i c i e n t  to

i n d i c a t e  th a t  fu r th er  i n v e s t i g a t i o n  of t h i s  a sp ec t  pr ior  to  

c o n s t r u c t i o n  of  a working s t r u c t u r e  i s  not warranted .  I f  an 

e s t im a t e  of  temperature ga in  in  an i n s u l a t e d  mass i s  required ,  i t  

i s  suggested  that the value of  0.33 °C/% cement could be used.

No temperature change was observed on c o n n e c t i o n  of  the water

supply  a f t e r  three months. It  Is t h e r e f o r e  concluded that  in v iew  

of the low p e r m e a b i l i t y  of  the m a t e r i a l ,  the rate of  advance  of the  

w e t t i n g  f r o n t  i s  so slow that  the volume of s o i l —cement  a f f e c t e d  

at  any t ime i s  i n s u f f i c i e n t  to lead to any s i g n i f i c a n t  temperature  

r i s e .  C o n s e q u e n t ly ,  secondary  h y d r a t io n  and p o z z o la n ic  r e a c t io n  

do not pose any th reat  to the I n t e g r i t y  of the s t r u c tu r e  by 
g e n e r a t i o n  o f  thermal s t r e s s e s .

H E A T  G E N E R A T E D  D U R I N G  H Y D R A T I O N 1 4 . 1 4
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1 4 . 5  C O N C L U S I O N S

The temperature i n c r e a s e  c h a r a c t e r i s t i c s  of  s o i l - c e m e n t  are found  

to  agree w i th  the r a t e - o f - h e a t - e v o l u t i o n  c h a r a c t e r i s t i c s  for  

cement reported  by Fulton  (1977) w ith  the peaks d e layed  and 

a t t e n u a te d  by the heat c a p a c i ty  of  the s o i l .  The i n i t i a l  peak 

occurs a p p ro x im a te ly  minutes a f t e r  a d d i t io n  of  water and the 

secondary peak a f t e r  approx im ate ly  27 hours.

Heat d i s s i p a t i o n  from the s o i l - c e m e n t  during  m ix i n g  and h a n d l in g  

was found to be c o n s id e r a b le  and a l s o  r e s t r i c t e d  the temperature  

g a in  o f  the m ix tu re .  It  i s  concluded  that  the I n i t i a l  heat  g a in  

w i l l  peak before  the s o i l - c e m e n t  i s  placed on s i t e  and that  

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

heat  g a in  be ing  d i s s i p a t e d  by the t ime p la c i n g  of  a l a y e r  i s  

completed.  Spraying  to r e p l e n i s h  mois ture  l o s s ,  as norm al ly  

a p p l ie d ,  w i l l  lead  to further  e v a p o r a t i v e  c o o l in g .  Heat g a in  due 

to i n s o l a t i o n  w i l l  probably be more s i g n i f i c a n t  than that due to  

i n i t i a l  h y d r a t i o n .

The c o e f f i c i e n t  of  thermal c o n d u c t i v i t y  o f  the s o i l - c e m e n t  was 

found to be of  the order of  0.54 W/o/°C comparing w e l l  w ith  th at  

suggested  by Diamant (1969) for s o i l .  The 200 mm minimum depth of  

expanded p o l y s t y r e n e  i n s u l a t i o n  used in the t e s t  apparatus i s  thus  

e q u i v a l e n t  to approx im ate ly  3.3 m of s o i l - c e m e n t  ap p l ied  approx­

im a te ly  one hour a f t e r  m ix i n g .

The secondary  temperature ga in  was found to peak at between 24 and 

27 hours.  Most of  the secondary temperature in c r e a s e  decayed in  a 

period of  10 c a y s .  The temperature I n crea s e  was found to l i e  in  

the range 0.26 to 0.33 0ClX cement c o n t e n t  for the specimen s i z e  

and degree of  i n s u l a t i o n  used.  As the maximum cover  that  might be 

expected  to be placed in a 24 hour period was one to  two l a y e r s  of  

s o i l - c e m e n t ,  each 200 to 300 mm t h i c k ,  i t  is  concluded that  no 

s i g n i f i c a n t  r e s id u a l  temperature I n crea s e  can be e x p e c te d .  Evap­

o r a t io n  from the surface  of the s o i l - c e m e n t  can a l s o  be expected  

to a s s i s t  heat d i s s i p a t i o n .

H E A T  ( E N E R A T E l )  D U R I N G  H Y D R A T I O N 1 4 . 1 6



H<*Pt t r a n s f e r  was found to occur between t e s t  specim ens  and a f f e c t  

the shape of  the t ime -  temperature curve  recorded.  As specim ens  

were compacted w ith  a 24 hour d e la y  between specim ens  and i n  

seq :ence of  i n c r e a s i n g  cement c o n t e n t ,  i t  i s  cons id ered  that  heat  

t r a n s f e r  did not s i g n i f i c a n t l y  a f f e c t  the peak temperatures  

recorded.  This fa c to r  i s  thus not c o n s id e r e d  to have any bear ing  

on the r e s u l t s  of  the t e s t  program.

No temperature ga in  was observed  when a d d i t i o n a l  water wa? 

suppl ied  to the t e s t  spec imens a f t e r  cu r in g  for three months.  I t  

i s  concluded  that because of the low p e r m e a b i l i t y  of the s o i l -  

cem ent ,  o n l y  a l i m i t e d  volume of m ater ia l  i s  a f f e c t e d  by 

I n c r e a s i n g  moisture  c o n t e n t  at any t ime and c o n s e q u e n t l y  no 

s i g n i f i c a n t  heat e v o l u t i o n  occurs .

I t  i s  th e r e fo r e  concluded  that for a s o l l - c e m e n t  embankment,  

r a i sed  at the rate e n v i s a g e d ,  temperature e f f e c t s  due to h y d r a t io n  

w i l l  be of  no s i g n i f i c a n c e  and heat g a in s  due to I n s o l a t i o n  w i l l  

be of grea te r  im portance .  In the l i g h t  of  the o b s e r v a t i o n  by 

Dunstan and M i tc h e l l  (197b) that wet c u r in g  leads  to s i g n i f i c a n t  

red u c t io n s  in  the s u r fa ce  temperature of  macs c o n c r e t e ,  i t  i s  

suggested  that  the normal procedure of  s p r a y in g  l a y e r s  of  s o i l -  

cement at i n t e r v a l s  w i l l  further  a s s i s t  in d i s s i p a t i n g  heat g a i n s  

due to h y d ra t io n  and I n s o l a t i o n .

I t  i s  suggested  that  i f  further  i n f o r m a t io n  i s  required  on the  

thermal behaviour of  mass s o l l - c e m e n t ,  t h i s  w i l l  o n l y  be o b ta in e d  

by the c o n s t r u c t i o n  o f  a t r i a l  embankment.  However, in  the l i g h t  

of these r e s u l t s  toge th er  with  the e x p e r i e n c e  with s o i l - c e m e n t  and 

other  m a t e r i a l s  placed in th in  l a y e r s ,  i t  i s  concluded  that  the 

c o n s t r u c t i o n  of a t r i a l  ibankment s im ply  for the purpose of  

m o n i to r in g  thermal behaviour i s  not warranted.



C H A P T E R  1 5

S U M M A R Y  O F  R E S U L T S  OF  L A B O R A T O R Y  P R O G R A M

This chapter  rev i e w s  the r e s u l t s  of  the e x p e r i m e n t a l  programs 

presented  in  chapters  8 to 14. The parameters e x t r a c t e d  fot  

d es ig n  purposes are summarised in  s e c t i o n  16.1 and recommen­

d a t i o n s  for fur th er  research are summarised in  chapter 17.

1 5 . 1  W E T T I N G  A N D  D R Y I N G  D U R A B I L I T Y  T E S T S  ( C h a p t e r  8 )

The c o i l  from the Rondebosch Dam s i t e  i s  found to  be sv ta b le  for  

use as s lope  p r o t e c t i o n .  Cement c o n t e n t s  of  2 and 2.4% for  s o i l  

w ith  and without  coarse  f r a c t i o n  s a t i s f y  the standard mass l o s s  

c r i t e r i a .  A cement c o n t e n t  of  4% i s  i n d ic a t e d  for s lop e  p r o t e c ­

t i o n  over  the expected  range of  r e s e r v o i r  l e v e l s .

The hy d ra t io n  c o r r e c t i o r  of 25% of cement  c o n t e n t ,  recommended by 

the PCA U 9 7 6 c ) ,  i s  found to be c o n s e r v a t i v e  for the m a te r ia l  used 

in t h i s  research and a fa c t o r  of  12 % i s  c o n s id e r e d  more

appropria te .

The e x t e n s i o n  of  the t e s t  program to in c lu d e  a second s e r i e s  of  

tw e lv e  w e t t i n g  and d ry in g  c y c l e s  p rov ides  u s e f u l  a d d i t i o n a l  

in fo r m a t io n .  At cement c o n t e n t s  above 16%, a d d i t i o n a l  mass ga in  

occurs with e v e r y  wet in g  and d r y in g  c y c l e  i n d i c a t i n g  c o n t i n u i n g  

h ydrat ion  with  e v e r y  w e t t i n g  period.  A d i m i n i s h i n g  ra te  of  

m a ter ia l  l o s s  i s  found for specim ens  c o n t a i n i n g  more than 6% 

cement ,  s u g g e s t i n g  con vergence  on a s t a b l e ,  no l o s s ,  s i t u a t i o n .  A 

zero lo s s  c o n d i t i o n  occurs at a cement c o n t e n t  of 15%. Greater



ia s s  g a i n s  w e r e  o b s e r v e d  f o r  t h e  37 .b m m  d i a m e t e r  c y l i n d e r s  used  

i s  s t a n d a r d  „ n  t h e  r e s t  o f  t h i s  p r o g r a m  t h a n  f o r  the s tandard w e t -

cry t e s t  s p e c im e n s .

in a l t e r n a t i v e  t e s t  procedure i s  proposed and i s  rev iew ed  in
hapter 17.

.cach ing  t e s t s  on specim ens  su b je c t  to w e t t i n g  and d r y in g  c y c l e s  

n d ic a te  an in c r e a s e  in  p e r m e a b i l i t y . An i n c r e a s e  in r e s i s t a n c e  

:o l e a c h in g  i s  observed d e s p i t e  t h i s  in c r e a s e  in  p e r m e a b i l i t y ,  

uosses  in  the w e t -d r y  t e s t  are found to  be comparable to those  

observed in  the l e a c h in g  t e s t s  for  e q u i v a l e n t  em u la t iv e  s o a k in g  / 

Leaching per iods  and i t  i s  suggested  that  the w e t -d r y  t e s t  i s  

e s s e n t i a l l y  a measure o f  r e s i s t a n c e  to s u r fa ce  l e a c h in g .

he u n c o n f in e d  com press ive  s t r e n g t h  of  spec im ens  s u b jec t  to  

v e t t i n g  and d r y in g  c y c l e s  i s  found to exceed  that  of  comparable  

standard  a o i l - c e o e n t  spec imens and i t  i s  concluded  that the  

d r y in g  phase o f  the standard t e s t  at 72 °C leads  to a c c e l e r a t e d  

cur ing  (if the s o l l - c e r a e n t .  These r e s u l t s  suggest  that the s e v e r -  

- ty  of  :he t e s t  - o c 1j be Increased  by reducing  the temperature of  

the d r y in g  phase or d i s p e n s i n g  w i th  i t  a l t o g e t h e r  and co n d u c t in g  

the t e s t  u s in g  a l e a c h in g  bath as used in  t h i s  research .  This  

would c o n s i d e r a b l y  reduce the t im e required  to conduct  the t e s t .

f u r t h e r  proposal r e s u l t i n g  from the t e s t s  on specim ens  s u b je c t  

to the standard w e t -d r y  t e s t  c y c l e s  Is that  s t r e n g t h  and l e a c h in g  

r e s i s t a n c e  i n  c r i t i c a l  areas can be Improved at e a r l y  a  s by the 

i s e  o f  black  p l a s t i c  s h e e t i n g  to  provide  a mois ture  b a t t l e  ai d 

e l e v a t e d  t e m p e r a t u r e s .  Areas where t h i s  techn ique  might be e u -  

; l o y e d  in c lu d e  those  r eg ion s  which are at  r i s k  from o v e r to p p in g  

Hiring c o n s t r u c t i o n  a s  w e l l  as s p i l l w a y  s u r fa ces .

should be noted that the f r e e z e - th a w  t e s t  i f  u s u a l l y  more s e v e r e  

■han the w et -d ry  t e s t  (VGA 1976c, Marals 1984). F reeze- thaw  t e s t s  

vure not conducted as part of t h i s  program due to a lack  of

ii Hihlo f iuipmen■ nnd s i n c e  f r e e z e - th aw  t  1 ng was not c o n s l -
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d e r e d  a p p r o p r i a t e  t o  S o u t h  A fr ic a n  c o n d i t i o n s .  The p r o p o s e c  

m e t h o d  o f  i n c r e a s i n g  t h e  s e v e r i t y  of  t h e  w e t - d r y  t e s t  could  be 

c a l i b r a t e d  t o  p r o v i d e  a m o r e  appropria te  t e s t  of  equal s e v e r i t y  t 

t h e  f r e e z e - t h a w  t e s t .

1 5 . 2  L E A C H I N G  T E S T S  ( C h a p t e r  9 )

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

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

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

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

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

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

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

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

l i k e l y  t o  b e  e n c o u n t e r e d .

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

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

d e t e r i o r a t i o n  i s  u n l i k e l y  t o  e x c e e d  t h e  c o n s t r u c t i o n  t o l e r a n c e  o n  

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

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

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

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

t h e  s t a n d a r d  A S T  M w e t t i n g  a . i d  d r y i n g  t e s t  i s  e s s e n t i a l l y  a 

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

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

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

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

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

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

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

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

i n g  a t  a  h y d r a u l i c  g r a d i e n t  of 10 m/m were found to e x h i b i t  v e r \
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low f low s  and l e a c h i n g  l o s s e s  and a mass ga in  was observed in  one  

c a s e .  D i f f i c u l t i e s  were e x p e r ie n c e d  in  e s t a b l i s h i n g  f low under  

th es e  c o n d i t i o n s .

I t  was found that  pH does not provide a r e l i a b l e  measure of ca lc iu m  

c o n c e n t r a t i o n  of l each ate  due to the presen ce  of other  a l k a l i n e  

m eta l  s a l t s  in  the cement.  It i s  suggested  that mass d e te r m i n ­

a t i o n s  of d i s s o l v e d  s a l t s  f o l l o w i n g  e v a p o r a t io n  of l e a ch a te  should  

provide  a s im p le  and low cos t  means of  e v a l u a t i n g  the le a c h in g  -  

t ime char, c t e r i s t i c s  of t e s t  spec*-nens.

The presence  of  d i s s o l v e d  gases  was found to reduce the permeabi­

l i t y  of  the m a te r i a l  c o n s id e r a b ly  and further  r e d u c t io n s  i n  

p e r m e a b i l i t y  were observed with the n a tu ra l  r e s e r v o i r  water which 

was found to be in  approximate chemica l  e q u i l ib r iu m  w ith  the s o i l  

o f  the r e s e r v o i r  b a s in .  Absorption of magnesium from t n i s  water  

and r e t e n t i o n  of  magnesium, p resent  in  the le a ch a te  of  u n s t a b i l i ­

zed sp ec im en s ,  by s t a b i l i z e d  s p ec im en s ,  was observed  i n d i c a t i n g  

that  the s o i 1 - c e m e n t  had a s i g n i f i c a n t  c a p a c i ty  for magnesium.

Water s a tura ted  w ith  carbon d i o x i d e  was found to r e s u l t  in  low 

p e r m e a b i l i t i e s  due to the presen ce  of  d i s s o l v e d  gases  w i th  a 

ten d en cy  for p e r m e a b i l i t y  to i n c r e a s e  as l e a c h in g  progressed .  The 

e q u i l ib r iu m  CÔ  c o n t e n t  of  the s o l u t i o n  was lower than might be 

expected  in  a r e s e r v o i r  where anaerob ic  decay was t a k i n g  p lace  and 

l e a c h in g  under these  c o n d i t i o n s  i s  e x p e c te d  to be more s e v e r e .  

This might be s im u la ted  u s in g  a l e a c h i n g  bath with  a co n t in u o u s  

f lo w  of CO^.

The l e a c h in g  t e s t s  do not provide any b a s i s  for s e l e c t i o n  of  a 

cement c o n t e n t  for  use in s lop e  p r o t e c t i o n  othe than those  

i n d ic a t e d  by the r e s u l t s  u* the w e t t i n g  and d r y in g  t e s t s ,  although  

an optimum cement c o n t e n t  of 10% a', h igher  g r a d ie n t s  i s  i n d i c a t e d .  

Cement c o n t e n t s  of  6% and 15%, r e l a t e d  to the l e v e l  of  reducing  

l o s s  and no l o s s  in the double w e t t i n g  and d r y in g  t e s t , are  

suggested  in  v iew of  the s teep  s lo p e s  proposed.
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P e r m e a b i l i t y  of  the s o l  1 -cement  t e s t e d  was found to be of  the  

order of  1x10  ̂ m/s for d e -a ir e d  d i s t i l l e d  water at  25 °C under a 

h y d r a u l ic  g r a d ie n t  of 50 m/m. P e r m e a b i l i t y  of u n s t a b i l i z e d  s o i l  

under these  c o n d i t i o n s  was found to be of the order of 1x10 m/s.  

A p r o g r e s s iv e  red u c t ion  in  p e r m e a b i l i t y  approaching an asymptote  

w ith  ex ten d ed  p e r c o l a t io n  was g e n e r a l l y  observed .

P e r m e a b i l i t y  of  m icroconcrete  ( c o n c r e te  mortar) spec im ens  was 

c o n s id e r a b ly  l e s s  than that of s o i l - c e m e n t  but was found to  f u l f i l  

the mix d es ign  requ irem ents .  I t  i s  suggested  that t h i s  lower  

p e r m e a b i l i t y  r e f l e c t s  the e f f e c t  of  wet cur ing  of  the c o n c r e t e  

spec im ens  as opposed to the humid cure of  the s o i l - c e m e n t  

s p e c im e n s .  S o i l - c e m e n t  spec imens wet vured from s e v e n  days  

e x h i b i t e d  a s i g n i f i c a n t  redu ct ion  in  p e r m e a b i l i t y .

Disk specim ens  e x h i b i t e d  very  high p e r m e a b i l i t i e s  i n i t i a l l y  but  

th ese  decayed to l e v e l s  s i m i l a r  to  chose for the c y l i n d r i c a l  

sp ec im en s .  S im i la r  behaviour was observed for c y l i n d r i c a l  s p e c i ­

mens w ith  l o n g i t u d i n a l  t e n s i o n  cracks  where p e r m e a b i l i t y  decayed  

ro that of  the i n t a c t  m a t e r i a l .

Compaction 1% dry of  proctor optimum moisture c o n t e n t  (OMC) 

r e s u l t s  in a c o n s id e r a b le  i n c r e a s e  in  p e r m e a b i l i t y  and l e a c h i n g  

l o s s  under f low .  Specimens compacted IX wet of  OMC e x h i b i t  

reduced p e r m e a b i l i t y  and l e a c h in g  l ,> is .  Compaction at  optimum 

moisture  c o n t e n t  and d e n s i t y  2X above proctor maximum does not  

lead to  any s i g n i f i c a n t  change in  the p r o p e r t ie s  of  the m a t e r i a l .  

No s u b s t a n t i a l  d i f f e r e n c e  in l e a c h in g  bath and w et -d ry  t e s t  l o s s e s  

i s  observed  for these c o n d i t i o n s  and i t  i s  co n s id ered  th a t ,  

provided  a su rface  l e a c h in g  c o n d i t i o n  e x i s t s ,  t o l e r a n c e s  on 

compaction c o n d i t i o n s  do not need to be e x c e s s i v e l y  s t r i c t .  

However,  where a r e l a t i v e l y  high g r a d ie n t  e x i s t s ,  care should be 

taken  to avo id  compaction unduly dry of  optimum. A l i m i t a t i o n  of  

0.5% or even 0.252 dry of  optimum might be appropriate i n  c e r t a i n  

c i r c u m s ta n c e s .
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A model for  l e a c h in g  in  the le a c h in g  c e l l s ,  l e a c h in g  bath and w e t -  

dry t e s t  i s  proposed and a t h e o r e t i c a l  depth of  d e t e r i o r a t i o n  i s  

d e f in e d  as the depth to which a l l  s t a b i l i z e r  i s  removed assuming  

no s t a b i l i z e r  l o s s  in  the remainder of  the specim en.  This was 

compared w ith  the p e n e tr a t io n  measured u s in g  a s tandard bitumen  

p enetrcmeter  and a r e l a t i o n s h i p  of  p e n e t r a t i o n  approx im ate ly  

equal to 25% of  t h e o r e t i c a l  depth of d e t e r i o r a t i o n  was determined  

for  the s tandard l e a c h in g  c o n d i t i o n s .

The depth of  d e t e r i o r a t i o n  was found to provide a va lu ab le  t o o l  for  

comparing the r e s u l t s  of  l e a c h in g  t e s t s  with d i f f e r e n t  specimen  

geom etr ies  and t e s t  c o n d i t i o n s .

1 5 . 3  U N C O N F I N E D  COMPRESSION A N D  T E N S I O N  ( C h a p t e r  1 0 )

U nconf ined  c o m p ie s s iv e  s t r e n g t h  and s p l i t  t e n s i l e  s t r e n g t h  i s  

found to i n c r e a s e  l i n e a r l y  with cement c o n t e n t  and logar ithm of  

a g e .  The u n c o n f in e d  com press ive  s t r e n g t h  data i s  summarised i n  

graph 10.9 which can be useo for d e s ig n  purposes.  The s p l i t  

t e n s i l e  s t r e n g t h  i s  found to be a p p ro x im a te ly  10% of the 

unconf  ined  com p ress ive  s t r e n g t h  i n d i c a t i n g  a true t e n s i l e  

s t r e n g t h  of the order of  10.8% of the com press ive  s t r e n g t h .

Soaking of  the specimen pr'or  to t e s t  i s  found to s i g n i f i c a n t l y  

reduce s t r e n g t h  and, in  g e n e r a l ,  the mois ture  c o n t e n t  at t e s t  i s  

found to have a s i g n i f i c a n t  e f f e c t  on measured s t r e n g t h .  S trength  

i s  a l s o  found to be r e la t e d  to degree of  h y d r a t i o n , as measured by 

r e s id u a l  (oven dry)  moisture  c o n t e n t .  These f a c t o r s  account  for a 

number of  an om al ie s  in the t e s t  r e s u l t s .

Compaction wet of  optimum moisture c o n t e n t  i s  found to lead to a 

red u ct ion  in  s t r e n g t h ,  white compaction dry of optimum or above  

proctor  maximum dry d e n s i t y  has no s i g n i f i c a n t  e f f e c t .  Compac­

t i o n  at  optimum i s  th ere fore  to be preferred  al though compaction  

dry of optimum may be in d ica te d  where reduct ion  of  sh r inkage  i s  

required .



A model for l e a c h in g  In the le a c h in g  c e l l s ,  l e a c h i n g  bath and w e t -  

dry t e s t  Ls proposed and a t h e o r e t i c a l  depth of  d e t e r i o r a t i o n  Is  

d e f in e d  as the depth to which a l l  s t a b i l i z e r  i s  removed assuming  

no s t a b i l i z e r  l o s s  in  the remainder of  the spec imen.  This  was 

compared w i th  the p e n e t r a t io n  measured u s in g  a s tandard bitumen  

penetrometer  and a r e l a t i o n s h i p  of  p e n e t r a t i o n  a p p ro x im a te ly  

equal to 25% of  t h e o r e t i c a l  depth of d e t e r i o r a t i o n  was determined  

for  the s tandard  le a c h in g  c o n d i t i o n s .

The depth of d e t e r i o r a t i o n  was found to provide  a va lu ab le  t o o l  for  

comparing the r e s u l t s  of  l e a c h in g  t e s t s  w ith  d i f f e r e n t  specimen  

geom etr ies  and t e s t  c o n d i t i o n s .

1 5 . 3  U N C O N F I N E D  COMPRESSION A N D  T E N S I O N  ( C h a p t e r  1 0 )

U nconf ined  com press ive  s t r e n g t h  and s p l i t  t e n s i l e  s t r e n g t h  i s  

found to i n c r e a s e  l i n e a r l y  with  cement  c o n t e n t  and logar ithm of  

age .  The u n c o n f ln e d  com press ive  s t r e n g t h  data i s  summarised in  

graph 10.9 which can be used for d es ig n  purposes.  The s p l i t  

t e n s i l e  s t r e n g t h  i s  found to be a p p ro x im a te ly  10% of the  

u n c o n f in e d  com p ress ive  s t r e n g t n  i n d i c a t i n g  a true t e n s i l e  

s t r e n g t h  of the order of  10.8% of the co m p res s iv e  s t r e n g t h .

Soaking of  the specimen pr ior  to t e s t  i s  found to s i g n i f i c a n t l y  

reduce s t r e n g t h  and, in  g e n e r a l ,  the moisture  c o n t e n t  at  t e s t  i s  

found to have a s i g n i f i c a n t  e f f e c t  on measured s t r e n g t h .  S tren gth  

i s  a l s o  found to be r e la te d  to degree of  h y d r a t i o n ,  measured by 

r e s id u a l  (oven  ury) moisture  c o n t e n t .  These f a c t o r s  account  tor a 

number of a n o m a l ie s  in the t e s t  r e s u l t s .

Compaction wet of  optimum moisture c o n t e n t  i s  found to lead to a 

reduct ion  in  s t r e n g t h ,  w hi le  compaction dry o f  optimum or above  

proctor maximum dry d e n s i t y  has no s i g n i f i c a n t  e f f e c t .  Compac­

t i o n  at  optimum i s  th ere fore  to be p re ferred  although compaction  

dry of optimum may be in d ic a te d  where r ed u c t io n  of s h r in k a g e  i s  

required .
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S tren gth  r ed u ct io n s  of  specim ens  Leached in  the l e a c h i n g  bath  

support the o b s e r v a t io n  in  the p rev ious  s e c t i o n  that  t h i s  i s  a 

s u rface  le a c h in g  e f f e c t .

The u n c o n f in e d  com press ive  s t r e n g t h  of  the s o i l - c e m e n t  used in  

t h i s  program compares favourab ly  with  that  determined in  o ther  

research  and with  that  of co n c r e te  used at Dworshak Dam and 

r o l l c r e t e  proposed for Willow Creek Dam although higher  q u a n t i t i e s  

of  c e m e n t i t i o u s  m a ter ia l  are i n d i c a t e d .  It i s  however concluded  

that  these  d i f f e r e n c e s  are such that s o i l - c e m e n t  w i l l  be found to  

be c o m p e t i t i v e  on s u i t a b l e  s i t e s .  Higher s cren g tn s  are ob ta in ed  

for  the s o i l - c e m e n t  used in  t h i s  research  than for  the m icr o ­

c o n c r e te  mixes  at ages in e x c e s s  of about 200 days .

A d i s c r e p a n c y  between the s t r e n g t h  of  s o i l - c e m e n t  c o n s id e r e d  

adequate for s lope  p r o t e c t i o n  of  e a r t h f i l l  embankments and that  

proposed for the f a c i n g  of Willow Creek Dam i s  n o ted .  I t  i s  

suggested  chat i f  t h i s  d i s crep a n cy  i s  e l i m i n a t e d ,  the h igher  

c e m e n t i t i o u s  c o n t e n t s  for s o i l - c e m e n t ,  r e fe rred  to above,  w i l l  

prove l a r g e l y  u n n e cessa r y .

1 5 . 4  T R I A X I A L  C O M P R E S S I O N  T E S T S  ( C h a p t e r  1 1 )

S t a b i l i z e d  specim ens  f a i l e d  smoothly  i n  shear at  high c o n f i n i n g  

p ressures  with sudden b r i t t l e  f a i l u r e  at  low p ressures .  Specimens  

w ith  low cement c o n t e n t s  e x h i b i t e d  p l a s t i c  f a i l u r e  at  h igh  

p ressures .

Peak pore pressure  was found to  occur w e l l  before  f a i l u r e  for a l l  

s t a b i l i z e d  specim ens  and pore pressure at  f a i l u r e  was l e s s  than 3% 

of  maximum p r i n c i p a l  s t r e s s .  The use ot u n c o n s o l id a te d  undrained  

t e s t s  on unsaturated  specim ens  i s  th e r e fo r e  recommended for  

r o u t in e  t e s t i n g  w ith  a l i m i t e d  number of  c o n s o l id a t e d  undrained  

t e s t s  w ith  pore pressure  measurement on sa turated  specim ens  b e in g  

conducted to con f irm  t h i s  r e l a t i o n s h i p  for d i f f e r e n t  s o i l  ty p e s



L i n e a r  r e g r e s s i o n s  on P-Q d a t a  were found  to  g i v e  a c c e p t a b l e  

r e s u l t s  f o r  the  c o n f i n i n g  p r e s s u r e s  used i n  t h i s  r e s e a r c h  a l t h o ug h  

s l i g h t  c u r v a t u r e  of  the  e n v e l o p e  was o bs e r v e d .

The a n g l e  of i n t e r n a l  f r i c t i o n  was found to i n c r e a s e  from 27° to 

37° w i t h  the a d d i t i o n  of  5% cement  to  the  s o i l .  T h e r e a f t e r ,  a n g l e  

of f r i c t i o n  was found to  be i n d e p e n d e n t  of  cement  c o n t e n t  and 

c u r i n g  and  compac t i on  c o n d i t i o n s .

Cohes i on  was found to i n c r e a s e  w i t h  cement  c o n t e n t  and age and a 

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

c o h es io n  was c o n f i r m e d .  The c o n s t a n t  i n  the t h e o r e t i c a l  r e l a ­

t i o n s h i p  be t ween  c o h e s i o n  and u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  

d e r i v e d  i n  c h a p t e '  3 i s  amended from 0.5 to 0.445 and i t  i s

sug g e s t e d  t h a t  f u r t h e r  i n v e s t i g a t i o n  of  t h i s  r e l a t i o n s h i p  i s  

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

r e a s o n a b l e  b a s i s  to j u s t i f y  the  use  of the  u n c o n f i n e d  c o m p r e s s i v e  

s t r e n g t h  as t he  r o u t i n e  p a r am e t e r  f o r  i n v e s t i g a t i o n s  i n t o  the  

e f f e c t s  of  d i f f e r e n t  c u r i n g  c o n d i t i o n s ,  e t c  on the  s h e a r  s t r e n g t h  

of  s o i l - c e n e n t  once  t he  a n g l e  o f  i n t e r n a l  f r i c t i o n  has  been

d e t e r m i n e d .

An i n c r e m e n t a l  modulus f o r  c o m p a r a t i v e  purposes ,  the Q-modulus ,  

was d e f i n e d  and found t o  he of  s i m i l a r  m a gn i t u d e  t o  t he  I n i t i a l  

t a n g e n t  modulus and  fhe s e c a n t  modulus to f a i l u r e .  No p a r t i c u l a r  

r e l a t i o n s h i p  be t wee n  t h i s  modulus  and c o n f i n i n g  p r e s s u r e  was 

o b s e r ve d .  The r e l a t i o n s h i p  be t ween  l o g a r i t h m  of  Q-modulus  and 

l o g a r i t h m  of u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  was found  t o  be 

l i n e a r  and  the same r e l a t i o n s h i p  was o b s e r ve d  f o r  bo th  s o i l - c e m e n t  

and m i c r o c o n c r e t e  s p e c i m e n s .

C a l c u l a t i o n  of  the  I n c r e m e n t a l  s l o p e  of  d a t a  d u r i n g  d a t a  p r o c e s ­

s i n g  i s  recommended as  a u s e f u l  t e c h n i q u e  f o r  c o r r e c t i n g  ze ro

e r r o r  a n d  v a l i d a t i n g  d a t a .
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1 5 . 5  DIRECT SHEAR TESTS ( C h a p t e r  12)

I t  i s  proposed t h a t  d e s i g n  f o r  s l i d i n g  s t a b i l i t y  of  s o i l - c e m e n t  

shou ld  be based on the  r e s i d u a l  ( f r i c t i o n a l )  s t r e n g t h  of  t h e  

m a t e r i a l  w i t h  a f a c t o r  of  s a f e t y  of  1 . 2  t o  a c c o u n t  f o r  m a t e r i a l  

v a r i a b i l i t y . An a n g l e  of i n t e r n a l  f r i c t i o n  of  40° i s  i n d i c a t e d .  

I n  a d d i t i o n ,  a minimum f a c t o r  of  s a f e t y  of 2 on u l t i m a t e  s t r e n g t h  

and  a minimum c e men t  c o n t e n t  of 3.2% of  whole s o i l  i s  p r oposed .  

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

F u r t h e r  t e s t s  a r e  r e q u i r e d  to  d e t e r m i n e  methods of  m o b i l i s i n g  t h e  

f u l l  s hea r  s t r e n g t h  of  the  m a t e r i a l  on c o n s t r u c t i o n  j o i n t s ,  

m o d i f i c a t i o n s  t o  t he  t e s t  p rocedure  used a r e  recommended.  The

dosage  r a t e  f o r  c e men t  t r e a t m e n t  of  c o n s t r u c t i o n  j o i n t s  shou l d  be
3

a t  l e a s t  0.4 kg/m i n  o r d e r  to a c h i e v e  r e a s o n a b l y  u n i f o r m  

d i s t r i b u t i o n  and  a p p l i c a t i o n  i n  p a s t e  or  s l u r r y  form i s  r ecommen­

ded .  An i n v e s t i g a t i o n  i n t o  the  e f f e c t  of  v a r i a t i o n  i n  c o n s t r u c ­

t i o n  d e l a y  be t ween  l a y e r s  i s  r e q u i r e d .  The use  of  I n  s i t u  t e s t i n g  

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

I n c l u s i o n  of  t he  s o i l  f r a c t i o n  r e t a i n e d  on the  4.75 mm s i e v e  l e a d s  

t o  an i n c r e a s e  i n  c o h e s i o n  and a n g l e  of  i n t e r n a l  f r i c t i o n  and i n  

i s  s ug g e s t e d  t h a t  t he  s h e a r  s t r e n g t h  of  s o i l - c e m e n t  cou l d  be 

improved  by che use of h i gh  s t r e n g t h  a g g r e g a t e  e i t h e r  t o  s u p p l e ­

ment  or  r e p l a c e  a p o r t i o n  of  the g r a v e l  f r a c t i o n  i n  t he  s o i l .

Where t e s t s  a r e  cond u c t ed  on s p e c i me n s  p r ep a r ed  u s i n g  the  s o i l  

f r a c t i o n  p a s s i n g  t he  4.75 mm s i e v e ,  d e s i g n  ceme n t  c o n t e n t s  f o r  t he  

s o i l  c o n t a i n i n g  the  c o a r s e  f r a c t i o n  should  be c a l c u l a t e d  as  t he  

same p e r c e n t a g e  of  the compl e t e  s o i l  and not  of  the minus  4.75 mm 

f r a c t i o n .  T h u s , where the u n c o n f i n e d  c o mp r e s s i o n  t e s t s  on s p e c i ­

mens c o n t a i n i n g  o n l y  the f i n e  f r a c t i o n  i n d i c a t e  a cement  c o n t e n t  

of  5%, a ceme n t  c o n t e n t  of  5% of  t he  s o i l  I n c l u d i n g  c o a r s e  

f r a c t i o n  should be used in d e s i g n .  Further i n v e s t i g a t i o n  of  t h i s  

r e l a t i o n s h i p  i s  required.
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1 5 . 6  O E D O M E T E R  T E S T S  ( C h a p t e r  1 3 )

The t e s t  a p p a r a t u s  used was no t  s u f f i c i e n t l y  s e n s i t i v e  f o r  

d e t a i l e d  measu r e men t  of  l o n g - t e r m  c r ee p  b e h a v i o u r ,  l a r g e r  s p e c i ­

mens and  more r ob u s t  equ i pment  a r e  r e q u i r e d  to  i n v e s t i g a t e  t h e s e  

a s p e c t s .  These  t e s t s  however  p r o v i d e  a good i n d i c a t i o n  of  max­

imum l i k e l y  s e t t l e m e n t .

The s t a n c a r d  t e s t  u s e d  u n c o n f i n e d  s pe c i m e n s  71.4 mm i n  d i a m e t e r  

and 20 mm t h i c k  loaded  o v e r  t h e i r  f u l l  a r e a .  Maximum s t r e s s  was 

d e t e r m i n e d  as one t h i r d  of  the s oaked  28 day u n c o n f i n e d  c ompre s ­

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

was used.  The t h o r t - t e r m  t e s t  of  two weeks  d u r a t i o n  on 56 day o ld  

s pe c i m e n s  was found t o  g i v e  a r e a s o n a b l e  e s t i m a t e  of  l o n g - t e r m  

Behavi our .

S e t t l e m e n t  u n d a r  load i nc reme s was found to be l a r g e l y  i n s t a n ­

t a n e o us  and no s i g n i f i c a n t  s e t t l e m e n t  i s  e x p e c t e d  beyond  end of  

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

t i o n  i s  n o t  c o n s i d e r e d  to  be s i g n i f i c a n t .

F l o o d i n g  of  t he  c e l l ,  s a t u r a t i n g  the  spec i men  p r i o r  t o  t e s t i n g ,  

v a r i a t i o n  of  s pec i men  r e s t r a i n t  and  l o a d i n g  c o n d i t i o n s  d i d  n o t  

cause  any  s i g n i f i c a n t  change i n  s e t t l e m e n t  c h a r a c t e r i s t i c s .

Maximum s e t t l e m e n t  was found t o  be r e a s o n a b l y  c o n s t a n t  f o r  a l l  

c e men t  c o n t e n t s  and  i s  r e l a t e d  to  t he  a p p r o x i m a t e l y  c o n s t a n t  

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

was a p p l i e d .  Maximum c o n s o l i d a t i o n  was 2.4% and was g e n e r a l ! ,  

c o n s i d e r a b l y  l e s s .  As cement  c o n t e n t  w i l l  g e n e r a l l y  be d e t e r ­

mined by f a c t o r s  o t h e r  t han  s e t t l e m e n t  r e q u i r e m e n t s ,  s t r e s s  l e v e l s  

w i l l  g e n e r a l l y  be l e s s  t han  used i n  t h i s  t e s t  p rogram.  C o n s e ­

q u e n t l y ,  i t  i s  a n t i c i p a t e d  t h a t  s e t t l e m e n t  1" n l i k e l y  t o  exceed  

1% i n  any  p a r t  of  a s o l 1 - c e m e n t  embankmeu

Three  modul i ,  t he  c o n s t r u c t  and f i l l ,  f i r s t  i x n g  and r e s e r v o i r  

o p e r a t i o n  modul i  a r e  d e f i n e d  f o r  d e s i g n  purposes  and  a good
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c o r r e l a t i o n  be t ween  l o g a r i t h m  of modulus  and l o g a r i t h m  of u n c o n ­

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

a r e  summar i sad  on graph  13.15.  The modulus v a l u e s  f rom t h i s  

program a r e  found  to  be comparab le  t o  t hos e  e s t a b l i s h e d  i n  the  

t r i a x i a l  t e s t .

1 5 . 7  HEAT OF HYDRATION ( C h a p t e r  14)

The t e m p e r a t u r e  i n c r e a s e  c h a r a c t e r i s t i c s  of  s o i l - c e m e n t  a r e  f ound 

to  ag r ee  wi t h  t h o s e  of  cement  w i t h  the  peaks  d e l a y e d  and

a t t e n u a t e d  by the h e a t  c a p a c i t y  of  t he  s o i l .

Heat  d i s s i p a t i o n  d u r i n g  m i x i n g  and  h a n d l i n g  was found t o  be 

c o n s i d e r a b l e  and i t  i s  c o n s i d e r e d  t h a t  no r e s i d u a l  h e a t  g a i n  i n  t he  

embankment  from the  i n i t i a l  h y d r a t i o n  peak i s  to be e x p e c t e d .  

I n s o l a t i o n  i s  c o n s i d e r e d  t o  r e p r e s e n t  a g r e a t e r  problem w i t h  

r e ga r d  t o  i n i t i a l  h ea t  g a i n  but  i t  i s  c o n s i d e r e d  t h a t  no r ma l

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

e v a p o r a t i v e  c o o l i n g .

C o e f f i c i e n t  of t h e r m a l  c o n d u c t i v i t y  of  t he  s o i l - c e m e n t  . a s  found 

to  be of  t he  o r de r  of  0.54 W/o/°C.  The de p t h  of  I n s u l a t i o n  used  i n  

t h i s  t e s t  was t nus  a p p r o x i m a t e l y  e q u i v a l e n t  to 3.3 m of  s o i l -  

cement  a p p l i e d  one hour  a f t e r  m i x i n g .

Seconda r y  t e m p e r a t u r e  ga i n  peaked a t  be t ween  24 and 27 hours  and 

was found to l i e  i n  the  r ange  0.26 t o  0.33 °C/X cemen t  c o n t e n t  f o r

t he  spec imen  s i z e  and  degree  of  i n s u l a t i o n  used .  In  v iew o f  the

l i m i t e d  c o v e r  t h a t  might  be a p p l i e d  i n  no rmal  c o n s t r u c t i o n  and the  

l i k e l y  e f f e c t  of  e v a p o r a t i o n ,  i t  i s  c o n c l u d e d  t h a t  no s i g n i f i c a n t  

r e s i d u a l  t e m p e r a t u r e  i n c r e a s e  can be e x p e c t e d .

No t e m p e r a t u r e  g a i n  was o b s e r v e d  when p e r c o l a t i n g  w a t e r  was 

a p p l i e d  to  the spe c i me ns  a f t e r  c u r i n g  fo r  t h r e e  months  and i t  i s  

co n c l u d e d  t h a t  no he a t  g a i n s  due to s e c o n d a r y  h y d r a t i o n  or  

p o z z o l a n i c  r e a c t i o n  w i l l  occu r .



I t  i s  c o n s i d e r e d  cha t  t h e r e  i s  no b a s i s  t o  a n t i c i p a t e  t h e r m a l  

problems  i n  a s o t l - c e m e r . t  embankmen t .  I f  f u r t h e r  i n v e s t i g a t i o n  

i s  r e q u i r e d ,  i t  shou l d  be conduc t ed  by means >f a t r i a l  embankment  

bu t  c o n s t r u c t i o n  of  a t r i a l  embankment  s i m p l y  fo r  t he  purpose  of  

m o n i t o r i n g  t h e r m a l  b e ha v i ou r  i s  n o t  c o n s i d e r e d  w a r r a n t e d .
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CHAPTER l b  

DESI GN OF THE S OI L- CEMENT DAM

Thi s  c h a p t e r  s umma r i s e s  p r op o s a l  j f o r  the d e s i g n  of t he  s o i l -  

c ement  dam, r e v i e w s  r e c e n t  d e v e l o p m e n t s  ir, dam c o n s t r u c t i o n  and 

e x a m i n e s  the  d e s i g n  and  c o s t i n g  of a s o i l - c e r a e n t  dam.

b.  MATERI AL PROPERTI ES  FOR DESI GN

The r e s u l t s  of  the  l a b o r a t o r y  program w i t h  r e g a r d  to s p e c i f i c  

v a l u e s  fo t  use  i n  t h e  d e s i g n  of a n  a l t e r n a t i v e  s o i l - c e o e n t  

embankment  dam f o r  t he  Rondebosch,  Mi dde l bu r g ,  s i t e  a r e  summa­

r i s e d  below.  I t  shou ld  be n o t e d  t h a t  a number of  p r o p o s a l s  have  

been made f o r  f u r t h e r  r e s e a r c h  i n t o  c e r t a i n  of  t h e se  p r o p e r t i e s .  

These r ec o m me n d a t i o n s  a r e  summar i sed  i n  c h a p t e r  17.

I b . i . l  S o i l  C l a s s i f i c a t i o n

The s o i l  I s  c l a s s i f i e d  as  A - 2 - 4  a c c o r d i n g  to the ASTM s y s t e m  (SC-  

SM a c c o r d i n g  to  AASHOy. The s o i l  g r a d i n g  i s  r e p r e s e n t e d  by t h e  

dashed l i n e  on graph 6.1 ( s o i l  2).  A t t e r b e r g  l i m i t s  a r e  l i q u i d

l i m i t  24% and  p l a s t i c l t v  i n d e x  5.5%. L i n e a r  s h r i n k a g e  i s  3.7%

tnd s p e c i f i c  g r a v i t y  2.7.

r o r  t he  whole s o i l  c o n t a i n i n g  c o a r s e  f r a c t i o n ,  a p p r o x i m a t e l y  23% 

passes t he  2CO mesh s i e v e  (0.074 mm) and  87% pa s s e s  the  9.5 mm
- i e v c .
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1 6 . 1 . 7 .  C o m p a c t i o n  C h a r a c t e r i s t i c s  o f  S o l  1 - C e m e n t

Maximum d r y  d e n s i t y  of  s o l l - c e o e n t  produced w i t h  s o i l  p a s s i n g  *.he 

4.75 mm s i e v e  i s  l'->05 k g / n  a t  opt imum m o i s t u r e  c o n t e n t  of  13.7 5%. 

For  the whole s o i l ,  maximum d r "  d e n s i t y  i s  1985 kg/m"* a t  opt imum 

m o i s t u r e  c o n t e n t  of  12.6% g i v i n g  an a s - c o m p a c t e d  d e n s i t y  of  223c' 

kg/m3.

I f  a g a i n  i n  mass due to h y d r a t i o n  of  12.52 of  cemen t  c o n t e n t ,  as

i n d i c a t e d  by t he  r e s u l t s  of  the  w e t t i n g  and d r y i n g  and  l e a c h i n g

t e s t s ,  i s  a p p l i e d ,  t he n  d r y  masses  f o r  d e t e r m i n a t i o n  of  ove~
3

t u r n i n g  s t a b i l i t y  r ange  from 1993 kg/m a t  3.22 ro 2026 kg/m .c
3

202 c e men t .  A v a l u e  of  2000 kg/m i s  c o n s i d e r e d  r e a s o n a b l e  f o r  

d e s i g n .  Note t h a t  because  of the low p e r m e a b i l i t y  of  t he  m a t e r i a l ,  

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

a f t e r  p l a c i n g  w i l l  occur  p r ov i d e d  r e g u l a r  s p r a y i n g  of  l i f t  

s u r f a c e s  i s  a p p l i e d .

1 6 . 1 . 3  D u r a b i l i t y  o f  S l o p e  P r o t e c t i o n

I n  t e rms  of the  PCA (1976c) r ec o m me n d a t i o n s ,  a cement  c o n t e n t  o f  

42 i s  r e q u i r e d  f o r  s lope  p r o t e c t i o n  o v e r  t he  e x p e c t e d  r a nge  of  

r e s e r v o i r  l e v e l s  w i t h  a cement  c o n t e n t  of  22 o e i n g  s u f f i c i e n t  i n  

t he  a r e a s  n o t  s u b j e c t  to wave a c t i o n .  In t e rm s  of t h e  r e q u i r e ­

ment s  f o r  u n i f o r m  m i x i n g ,  a minimum cemen t  c o n t e n t  of  3% c e men t  

must  however  be a p p l i e d  t h roughou t  the  embankmen t .

I t  should a l s o  be no t e d  t h a t  the c r i t i c a l  d u r a b i l i t y  t e s t  i n  t h e  

U n i t e d  S t a t e s  i s  g e n e r a l l y  the  f r e e z e - t h a w  t e s t  which was n o t  

c o n s i d e r e d  a p p r o p r i a t e  fo r  South A f r i c a n  cond t i o n s .  The use  o f  

t h i s  t e s t  would p robab l y  i n d i c a t e  h i g h e r  c e men t  c o n t e n t s  than  

t hos e  I n d i c a t e d  by the  w e t - d r y  t e s t  and t h i s  shou ld  be c o n s i d e r e d  

i n  d e s i g n i n g  s lope  p r o t e c t i o n .



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

cement  c o n t e n t  f o r  use In s l ope  p r o t e c t i o n .  Cement  c o n t e n t s  of  

6% and 15%, r e l a t e d  t o  the l e v e x  of  r e d u c i n g  l o s s  and  no l o s s  i n  

the  double  w e t t i n g  and  d r y i n g  t e s t  a r e  sugges t ed  i n  v i ew of  the  

s t e e p  s l o p e s  p roposed .  F u r t h e r  i n v e s t i g a t i o n ,  p r e f e r a b l y  by way 

of  a t r i a l  embankment  i s  r e q u i r e d .  These a l l o w a n c e s  mi gh t  be 

reduced by 1% i n  each case  to a l l o w  f o r  the p r e s en c e  of  the c o a r s e  

f r a c t i o n .

The w e t - d r y  t e s t  r e s u l t s  I n d i c a t e  t h a t  t he  r e s i s t a n c e  to e r o s i o n  

i .  I n c r e a s e d  by the  I n c l u s i o n  of  t he  c o a r s e  f r a c t i o n  of  t he  s o i l  

an d  Nussbaum and C o l l e y  (1971) i n d i c a t e  t h a t  the  r e s i s t a n c e  to 

e r o s i o n  i n  the f i e l d  i s  s i m i l a r l y  improved  by the  a d d i t i o n  of  

c o a r s e  m a t e r i a l .  They c o n s i d e r  g r a v e l  a d d i t i o n s  such t h a t  up to  

30% of the r e s u l t i n g  s o i l  i s  r e t a i n e d  on the  b.35 mm (1/4 i n c h )

s i e v e .  The s o i l  used i n  t h i s  r e s e a r c h  c o n t a i n s  a g r a v e l  component

of  t h i s  magni tude,  and  c o n s e q u e n t l y  should  no t  r e q u i r e  b e n e f i c i a -

t i o n .  However ,  in  t he  l i g h t  of  t he  f i n d i n g s  of t he  d i r e c t  s hea r  

t e s t s ,  i t  i s  p o s s i b l e  t h a t  r e p l a c e m e n t  of  a p o r t i o n  of  t he  g r a v e l  

f r a c t i o n  w i t h  a h igh s t r e n g t h  a g g r e g a t e  might  be b e n e f i c i a l  on the  

s p i l l w a y  f a c i n g .

1 6 . 1 . 4  S t r e n g t h  o f  S o i l - C e m e n t

For d es i g n  p u r po s e s ,  graph 10.9 s hou l d  be used to  d e t e r m i n e  t h e  

cemen t  c o n t e n t  r e q u i r e d  to  p r o v i d e  a p a r t i c u l a r  u n c o n f i n e d  

c o m p r e s s i v e  s t r e n g t h  a t  a g i v e n  ag e .  Note t h a t  t h r s e  r e s u l t s  a r e  

f o r  t e s t s  on the  minus  4. /  * mm f r a c t i o n  and t h a t  the d i r e c t  s hea r  

t e s t  r e s u l t s  i n d i c a t e  a proba.  e i n c r e a s e  i n  s t r e n g t h  fo r  m a t e r i a l  

c o n t a i n i n g  the  c o a r s e  f r a c t i o i . . De s i gn  w i t h  the v a l u e s  i n  graph 

10.9 should  t h e r e f o r e  be c o n s e r v a t i v e .

Whi le d e s i g n  fo r  t e n s i l e  s t r e n g t h  o f  s o i l - c e m e n t  i s  t o  be a v o i d e d ,  

the t e n s i l e  s t r e n g t h  of s o i l - c e m e n t  can  be e s t i m a t e d  as  10.8% of  

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

m a t e r i a l  d e t e r m i n e d  i n  the t r i a x i a l  t e s t  i s  27° i n c r e a s i n g  to  37° 

a t  a cemen t  c o n t e n t  of  5%. T h e r e a f t e r  i t  i s  e f f e c t i v e l y  c o n s t a n t  

f o r  change s  i n  cemen t  c o n t e n t ,  age ,  c u r i n g  and  c o m p a c t i o n  

c o n d i t i o n s .  These  v a l u e s  were d e t e r m i n e d  f o r  the  s o i l  f r a c t i o n  

p a s s i n g  the 4.75 mm s i e v e .

The e f f e c t i v e  c o h e s i o n  i n  t he  t r i a x i a l  t e s t  i s  22% of the  

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

t e s t e d  i n  t h i s  program and the g e n e r a l  r e l a t i o n s h i p  i s  s i m i l a r  to 

t h a t  proposed i n  c h a p t e r  3, e q u a t i o n  1, w i t h  the c o n s t a n t  amended 

f rom 0.5 to  0 .445.

A l i n e a r  r e l a t i o n s h i p  e x i s t s  be t wee n  l o g a r i t h m  of  Q - c o d u l u s  and 

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

graph  11.10.  Th i s  modulus a p p l i e s  o n l y  i n  the  ca s e  of  r a p i d l y  

a p p l i e d  l oa d s .

Des ign  f o r  s l i d i n g  f a i l u r e  shou ld  use  an  a n g l e  o f  i n t e r n a l  

f r i c t i o n  of  40° where s o i l  i n c l u d i n g  the  c o a r s e  f r a c t i o n  i s  u s ed .  

Des ign  should  be based on the  r e s i d u a l  ( f r i c t i o n a l )  s t r e n g t h  of  the  

m a t e r i a l  w i t h  a f a c t o r  of s a f e t y  of  1.2 a p p l i e d  f o r  m a t e r i a l  

v a r i a b i l i t y .  A minimum cemen t  c o n t e n t  of  3.2% of  whole s o i l  

shou ld  be used and  a minimum f a c t o r  of  s a f e t y  of  2 on u l t i m a t e  

s t r e n g t h  should  be a p p l i e d .  The c e m e n t  c o n t e n t  t o  g i v e  t he  

r e q u i r e d  c o h e s i o n  can  be e s t i m a t e d  from graph 12.8 f rom which t h e  

f o l l o w i n g  r e l a t i o n s h i p  was d e r i v e d : -

Cohes ion  (MPa) ■ 0.364 + 0,116 x Cement  C o n t e n t  (%)

I t  shou ld  be no t e d  t h a t  t h i s  r e l a t i o n s h i p  was e s t a b l i s h e d  i n  t he  

r ange  of  cement  c o n t e n t s  from 3.2 t o  12.8% and t h a t  e x t r a p o l a t i o n  

below 3.2% i s  n o t  a d v i s a b l e .

I f  i t  i s  found t h a t  the  u l t i m a t e  s h e a r  s t r e n g t h  of  the  m a t e r i a l  

c a n n o t  be m o b i l i s e d  on c o n s t r u c t l ' ' -  j o i n  s ,  j o i n t  s u r f a c e s  shou l d  

be d e s i g ne d  w i t h  a c r o s s f a i l  s l o p i n g  up towards  t he  downs t r eam
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f ac e  of  t he  dam.  J o i n t  t r e a t m e n t  of  b rooming as  n o r m a l l y
3

s p e c i f i e d  f o r  s l o p e  p r o t e c t i o n  and  a p p l i c a t i o n  of  0.4 kg/m of 

cemen t  s l u r r y  shou l d  be s p e c i f i e d  f o r  c o l d  j o i n t s .  The a c c e p t a b l e  

d e l a y  be t wee n  p l a c i n g  l a y e r s  should  be d e t e r m i n e d  i n  the f i e l d .

1 6 . 1 . 5  L o n g - T e r m  S e t t l e m e n t

Graph 13.15 p r e s e n t s  v a l u e s  o f  t h r e e  modul i  r e l a t e d  to u n c o n f I n e d  

c o m p r e s s i v e  s t r e n g t h  f o r  use i n  e s t i m a t i n g  s e t t l e m e n t  i n  any  p a r t  

of  t he  embankment  a t  any  s t a g e  d u r i n g  the  l i f e  of  t he  dam. I t  i s  

c o n s i d e r e d  t h a t  maximum s e t t l e m e n t  i s  u n l i k e l y  to exce ed  1% where 

a p p l i e d  s t r e s s  does  n o t  exceed  one t h i r d  of  28 day u n c o n f i n e d  

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

The " c o n s t r u c t  and  f i l l "  modulus can  be used t o  e s t i m a t e  

s e t t l e m e n t  up t o  the end of  f i r s t  f i l l i n g .  The " f i r s t  f i l l i n g "  

modulus can  be used to e s t i m a t e  s e t t l e m e n t  a t  a n y  s t a g e  d u r i n g  

f i r s t  f i l l i n g  r e l a t i v e  to  the  s e t t l e m e n t  c a l c u l a t e d  f o r  the  end  of  

f i r s t  f i l l i n g .  The " r e s e r v o i r  o p e r a t i o n "  modulus p r o v i d e s  an 

e s t i m a t e  of  movement  d u r i n g  r e s e r v o i r  f i l l i n g  and  d r a i n i n g .  A 

r e d u c t i o n  i n  e s t i m a t e d  s e t t l e m e n t  can  be e x p e c t e d  where a p p l i e d  

s t r e s s e s  a r e  c o n s i d e r a b l y  l e s s  t h a n  one  t h i r d  of  t he  28 day 

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

1 6 . 1 . 6  T h e r m a l  B e h a v i o u r

The c o e f f i c i e n t  of  t h e r ma l  c o n d u c t i v i t y  of  the  s o l l - c e m e n t  i s  of  

t he  o r d e r  of  0.54 W/m/°C.

Tempe r a t u r e  g a i n  f o r  the spec imen s i z e  and  degree  of  i n s u l a t i o n  

used i n  t he  t e s t  program was of t he  o r d e r  of  0.33 °C/X c e m e n t  

c o n t e n t .

I n i t i a l  and secondary heat ga i n  due to cement  h y d r a t i o n  a r e  no t  

e xpected  to be s i g n i f i c a n t  and i n s o l a t i o n  i s  e x p e c t e d  to be more



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

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

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

g a i n s  i n  the  body of  the  embankment .

1 6 . 2  REVIEW OF RECENT DEVELOPMENTS

Owing to  a v a r i e t y  o f  f a c t o r s ,  t h e r e  was a c o n s i d e r a b l e  d e l a y  

be t ween  the  c o m p l e t i o n  of the l a b o r a t o r y  program and  the  p r o c e s ­

s ing  of  the r e s u l t s .  Dur ing  t h i s  p e r i o d ,  the paper  by Schrader  

(1982) r e f e r r e d  to i n  s e c t i o n  3.2 was o b t a i n e d  and d a t a  f rom t h i s  

s o u r ce  i f  r e f e r r e d  to i n  s e v e r a l  of  t he  p r e c e d i n g  c h a p t e r s .  Copies  

of  the  CiRIA r e p o r t s  on the  work u n d e r t a k e n  by Du n s t an  were a l s o  

o b t a i n e d  d u r i n g  t h i s  pe r i od  ( Du ns t a n  1981a,  b and c) .

In o r d e r  t o  e n s u r e  t h a t  the c o n c l u s i o n s  of t h i s  r e s e a r c h  were  

r e l e v a n t  and  t ook  a c c o u n t  of t he  most  r e c e n t  d e v e l o p me n t s  i n  t he  

f i e l d ,  l e t t e r s  were d i r e c t e d  to a number  of  the c o r r e s p o n d e n t s  who 

had been p a r t i c u l a r l y  h e l p f u l  i n  the  e a r l i e r  s t a g e s  of  t h i s  

r e s e a r c h .  I n f o r m a t i o n  was o b t a i n e d  from Mof fa t  (1984) ,  t he  Cement  

and C o n c r e t e  A s s o c i a t i o n  (1984),  Hansen  (1984a) and  the  USBR 

^Pedde 1984).  A r e v i e w  of  l i t e r a t u r e  i n  the  PCI l i b r a r y  was a l s o  

u n d e r t a k e n .  A number  of paper s  p u b l i s h e d  wh i l e  t he  l a b o r a t o r y  

program was unde r way  were a l s o  o b t a i n e d .

S i g n i f i c a n t  d e v e l o p m e n t s  i n  t h i s  p e r i o d  I n c l u d e  the  CIRIA " I n t e r ­

n a t i o n a l  C o n f e r e n c e  on Rol l ed  C o n c r e t e  f o r  Dams" he l d  i n  J u n e  

1981 as a r e s u l t  of Duns t an  s r e s e a r c h  and the work u n d e r t a k e n  by 

numerous o r g a n i s a t i o n s  i n  the U n i t e d  S t a t e s ,  p a r t i c u l a r l y  u n d e r  

t he  a u s p i c e s  of  AC I c o mmi t t e e  207 which i s s u e d  a number  of  r e p o r t s  

on r o l l e r  compacted c o n c r e t e  (RCC or  r o l l c r e t e ) .  The c u l m i n a t i o n  

of  t h i s  work was the d e s ig n  of Wi l low Creek Dam which has been 

r e f e r r e d  to p r e v i o u s l y .  A number of  f u r t h e r  d e v e l o p m e n t s  i n  t h e  

use  of r o l l c r e t e  have been r e p o r t e d .
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A number of  r e p o r t s  which a r e  f e l t  t o  be of  p a r t i c u l a r  r e l e v a n c e  t o  

t h i s  r e s e a r c h  a r e  r e v i e w e d  below and  d i s c u s s e d  i n  t e rms  of  the  

r e s u l t s  of t h i s  r e s e a r c h .  Thi s  I s  by no means a c o m p r e h e n s i v e  

r e v i e w  of  r e c e n t  d e v e l o p me n t s  and  many o f  the document s  r e f e r r e d  

to  he r e  p r o v i d e  a d d i t i o n a l  r e f e r e n c e s .  I t  i s  however  f e l t  t h a t  

t h e se  paper s  a r e  r e a s o n a b l y  r e p r e s e n t a t i v e  of  the scope of  major  

r e c e n t  d e v e l o p m e n t s .

1 6 . 2 . 1  D e v e l o p m e n t s  R e p o r t e d  P r i o r  t c  1981

Johnson  and Chao (1979) r ev i e w  t he  use of r o l l c r e t e  a t  T a r b e l a  and  

r e p o r t  t h a t  no c r a c k i n g  was o b s e r v e d  I n  t u n n e l s  e x c a v a t e d  a f t e r  

one y e a r .

A Cl  c o m mi t t e e  207 r e v i e w e d  the s t a t e - o f - t h e - a r t  of r o l l c r e t e  and 

s ugges t ed  g u i d e - l i n e s  f o r  d e s i g n  and  c o n s t r u c t i o n  (ACI i 960) .  

They c o nc l ud e d  t h a t  t he  f r i c t i o n a l  s t r e n g t h  of  t he  m a t e r i a l  was 

s u f f i c i e n t  t o  r e s  i s :  s l i d i n g .  T h i s  s u p p o r t s  the  d e s i g n  p h i l o s o p h y  

proposed i n  s e c t i o n  12.4.5.

1 6 . 2 . 2  The C I R I A  C o n f e r e n c e  on R o l l e d  C o n c r e t e

A copy of t he  d i s c u s s i o n  and summing up of  the  CIRIA c o n f e r e n c e  

r e f e r r e d  t o  above (CIRIA 1981) was o b t a i n e d  from Mof fa t  (1984) ,  

In  the  d i s c u s s i o n ,  Mof f a t  no t e s  t h a t  a 25 r e d u c t i o n  i n  c o n s t r u c ­

t i o n  t i me  can  r e s u l t  i n  a 10% r e d u c t i o n  i n  c o s t  and  t h a t  computed 

va l u e s  of p r i m a r y  s t r e s s  a r e  of t he  o r d e r  of  2 to 3 MPa f o r  g r a v i t y  

s e c t i o n s  up t o  100 m. He q u e r i e s  the  need for  t he  h igh  s t r e n g t h s  

proposed by Du n s t an  and  o t h e r s .  T h i s  i s  i n  a g r e e m e n t  w i t h  the  

o b s e r v a t i o n s  i n  s e c t i o n  10.4.14.  Mof fa t  a l s o  s u g g e s t s  t h a t  the 

most  a p p r o p r i a t e  method of d e s i g n  I s  t o  i n c l u d e  an  u ps t r e a m  

impermeable  f a c i n g .
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In t he  same d i s c u s s i o n , J .  Lowe q u e r i e s  t he  need f o r  bond and  

t e n s i l e  s t r e n g t h  a t  L i f t  j o i n t s  s i n c e  t h e s e  r e q u i r e m e n t s  a r e  n o t  

r e q u i r e d  a t  f o u n d a t i o n  l e v e l .  I n  t he  f i n a l  summing up of  the  

c o n f e r e n c e ,  J .  D. L l e w e l l i n  r e f e r s  to  the p o i n t s  r a i s e d  by M o f fa t ,  

Lowe and  Schrader  wi t h  p a r t i c u l a r  r e f e r e n c e  t o  the  doub t s  as to the 

n e c e s s i t y  of bond on c o n s t r u c t i o n  J o i n t s  and the  i m p o r t a n c e  o f  

mi no r  d i s c o n t i n u o u s  i m p e r f e c t i o n s .  L l e w e l l i n  a l s o  r e f e r s  to  tne  

a e s t h e t i c s  of t he  " rough and r a v e l l y " s l o p e s  of  Wi l low Creek Dam 

and  o b s e r v e s  t h a t  such s t r u c t u r e s  may w e l l  b l e n d  w i t h  t he  

s u r r o u n d i n g s  i n  a manner  which i s  n o t  p o s s i b l e  w i t h  c o n v e n t i o n a l  

c o n c r e t e  s t r u c t u r e s .  He s u g ge s t s  t h a t  "a new method of  c o n s t r u c ­

t i o n  mus t  d e v e l o p  i t s  own a e s t h e t i c  c o n c e p t s  and  n o t  t r y  t o  

i m i t a t e  p r e v i o u s  o ne s " .  I t  should  be n o t e d  t h a t  a n y  a d v a n t a g e  

which can  be c l a i m e d  fo r  the r o l l c r e t e  dam i n  t h i s  r eg a r d  i s  e v e n  

more r e l e v a n t  to  t he  s o l l - c e n e n t  dam which c an  be e x p e c t e d  to have  

a more n a t u r a l  c o l o u r .

L l e w e l l i n  a l s o  p r e s e n t s  a t a b l e  c o m p a r i n g  the  v a r i o u s  mi xes  

discus* ed a t  the c o n f e r e n c e  on the  b a s i s  of  p a s t e  volume and w a t e r  

/  cemei t i t i o u s  r a t i o .  P a s t e  volume r an g e s  from 125 t o  207 1/m 

a na  v/c  r a t i o  f rom 0.88 t o  4.3,  f l y a s h  c o n t e n t  of  t h e se  m i x e s  

r anged  f rom 0 t o  85% of t o t a l  c e m e n t l t i o u s  c o n t e n t .  For  the  s o i l
3

used i n  t h i s  r e s e a r c h ,  p a s t e  volume r a n g e s  from 270 to  355 1/m f o r  

cement  c o n t e n t s  from 3.2 to  20% and  c o r r e s p o n d i n g  w/c r a t i o s  r a n ge  

from 4.03 to 0 . 76 .  I t  i s  a p p a r e n t  t h a t  w h i l e  w/c . a t l o s  a r e  

comparab le  to t h o s e  d i s c u s s e d  a t  t he  c o n f e r e n c e ,  p a s t e  volumes  a r e  

c o n s i d e r a b l y  h i g h e r .  Th i s  r e f l e c t -  the  h i g h e r  m o i s t u r e  c o n t e n t  

r e q u i t e d  f o r  comp a c t i on  of  the s o i l - c e m ^ n t  and t h i s  i n  t u r n  

r e f l e c t s  the r e l a t i v e l y  h igh  f i n e s  c o n t e n t ,  23% p a s s i n g  the  200 

mesh s i e v e .  I t  shou ld  however  be no t e d  t h a t  t h i s  m o i s t u r e  c o n t e n t  

i s  v i r t u a l l y  I n d e p e n d e n t  of  cemen t  c o n t e n t  and t h a t  the compac­

t i o n  c h a r a c t e r i s t i c s  of  the s o i i - c e m e n t  a re  more d e p e n d e n t  on the  

s o i l  t h a n  on the p a s t e .  I t  should  a l s o  be no t e d  t h a t  some r e a c t i o n  

be tween t h e  s o i l  and c e men t  appea r s  t o  occur  as  i n d i c a t e d  by the 

a b s o r p t i o n  of magnesium by s o l l - c e r a e n t  r e p o r t e d  i n  s e c t i o n  

9 . 4 . 5 . f .
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1 6 . 2 . 3  D e v e l o p m e n t s  R e p o r t e d  D u r i n »  1 9 8 2  a n d  1 9 8 3

Di uchak  and  Hansen ( ' 982)  p r o v i d e  a u s e f u l  summary of  d e v e l o p ­

me n t s  i n  t he  f i e l d  of  r o l l c r e t e  and recommend the  use of  a r i c h e r ,  

w e t t e r  bedd i ng  mix wi t h  s m a l l e r  maximum p a r t i c l e  s i z e  where t h e  

c o n s t r u c t i o n  d e l a y  exceeds  8 to 24 h o u r s .  They s u g g e s t  t h a t  t h e  

uncompac ted  s u r f a c e  of  the  d owns t r eam face  can  be r ega r ded  as  

s a c r i f i c i a l  f o r  c u r i n g  p u rp o s e s .  C e m e n t i t i o u g  c o n t e n t s  of r o l l -
3

c r e t e  r e p o r t e d  r a n g e  from 60 t o  300 kg/m which compares  f a v o u r ­

a b l y  w i t h  the  95 t o  331 kg/m I n v e s t i g a t e d  i n  t h i s  r e s e a r c h .

Mass (1983) r e p o r t s  on the  use  of r o l l c r e t e  a t  the Gur i  Hydr o ­

e l e c t r i c  P r o j e c t  i n  Venezue l a  to c o n s t r u c t  a c o f f e r da m .  He

r e p o r t s  t h a t  " i n s p e c t i o n  of t he  c o f f e r d a m a f t e r  e xp o s ur e  to f l o w s
3

of 12 000 o / s  showed no e r o s i o n  damage of  t he  unformed  f a c e .  

Al so ,  no v i s i b l e  c r a c k s  have  been o b s e r v e d  o v e r  the  e n t i r e  l e n g t h  

of  the s t r u c t u r e " .  Maximum a g g r e g a t e  s i z e  was 76 mm and c e m e n t  

c o n t e n t  100 kg/m .

1 6 . 2 . 4  W i l l o w  C r e e k  Dam

The Wi l low Creek Dam, r e f e r r e d  to  p r e v i o u s l y ,  was c o n s t r u c t e d  
d u r i n g  1982/83.  Schrade r  and  McKinnon (1984) r e p o r t  t h a t  t h e  

r o l l c r e t e  used a t  Wi l low Cr ee k  d id  n o t  agree  wi t h  t he  n o r ma l  

r e l a t i o n s h i p  be t ween  wa t e r  /  cement  r a t i o  and s t r e n g t h ,  t hey  n o t e  

t h a t  " I n c r e a s i n g  t h e  wa t e r  t o  ge t  b e t t e r  c o m p a c t a b l l t y  a c t u a l l y  

can  cause h i g he r  s t r e n g t h  w i t h  h i g h e r  w a t e r  /  cement  r a t i o s " .  I t  

i s  t h e r e f o r e  c o n s i d e r e d  t h a t  t he  f i g u r e s  o f f e r e d  by L l e w e l l i n  do 

n o t  n e c e s s a r i l y  p r o v i d e  the  i d e a l  method f o r  c ompar i ng  d i f f e r e n t  

m i xe s .  In v iew of  t he  h igh  w a t e r  demand )f  the s o i l  i t s e l f ,  i t  i s  

t h e r e f o r e  s ug g e s t e d  t h a t  a l l o c a t i o n  of  the  e n t i r e  m o i s t u r e  c o n t e n t  

of  the s o i l  t o  p a s t e  volume i s  m e a n i n g l e s s  i n  the c o n t e x t  of  s o l l -  

ceraent  and r o l l c r e t e  c o n t a i n i n g  f i n e  m a t e r i a l .  E q u a l l y ,  i n  c a s e s  

where a r e a c t  . ,u occu r s  be t ween  the c e m e n t  and f i n e  f r a c t i o n ,  some 

a t t e m p t  shou l d  be made t o  e v a l u a t e  the  c o n t r i b u t i o n  of t h i s  

r e a c t i o n  to  s t r e n g t h  d e v e l op me n t  and to make a l l o w a n c e  fo r  t h i s
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f a c t o r  i n  d e t e r m i n i n g  e q u i v a l e n t  p a s t e  volume and w a t e r  /  

c e m e n t i t i o u a  r a t i o .

I t  i s  c o n s i d e r e d  t h a t  the c o n s t r u c t i o n  o f  Wi l low Creek  Dam, as  

r e p o r t e d  i n  t he  pape r  by S c h r r i e r  and McKinnon r e f e r r e d  t o  above ,  

c o n s t i t u t e s  an i m p o r t a n t  l a n d ma r k  i n  the d e v e l o p m e n t  of  new 

t e c h n i q u e s  f o r  the c o n s t r u c t i o n  of  dams.  The d e s i g n  and e x e c u t i o n  

of  t he  p r o j e c t  made maximum use of  t he  a d v a n t a g e s  i n h e r e n t  i n  the 

m a t e r i a l  as  p ropos ed  by Raphael  and o t h e r s  and  summar i sed  i n  

c h a p t e r  2 and  a l l  a s p e c t s  of d e s i g n  and c o n s t r u c t i o n  were r e v i e w e d  

f rom f i r s t  p r i n c i p l e s .  The e n v i s i o n e d  s a v i n g s  i n  t i me  and  money 

were r e a l i s e d .  The s t r u c t u r e  was " f u n c t i o n a l l y  comple e one yea r  

a f t e r  the work was a d v e r t i s e d  f o r  b i d d i n g "  as compared w i t h  t he  

e s t i m a t e d  t h r e e  y e a r s  f o r  a r o c k f i l l  dam and the b i d  p r i c e  of  US$14 

m i l l i o n  r e p r e s e n t e d  a $13 m i l l i o n  s a v i n g .  " I f  c o n v e n t i o n a l  

c o n c r e t e  had been used f o r  the a l t e r n a t e  d e s i g n ,  t he  s a v i n g s  would 

have  been c o n s i d e r a b l y  more",  a v e r a g e  c o s t  f o r  r o l l c r e t e  was about  

$2 9/m i n c l u d i n g  t h e  f a c i n g  as  opposed t o  an e s t i m a t e d  $85/m^ f o r  

c o n v e n t i o n a l  c o n c r e t e .  C e r t a i n  p o i n t s  from t h i s  paper  which  a r e  

f e l t  to be r e l e v a n t  to  t h i s  r e s e a r c h  a r e  d i s c u s s e d  be low.

Schrader  and McKinnon  no te  t h a t  " a t t e n t i o n  to d e t a i l  d u r i n g  t he  

d e s i g n  ( i n c l u d i n g  c o n s t r u c t i o n ,  d e s i g n ,  and s c h e d u l i n g  d e t a i l s )  

and  e f f e c t i v e  r e s p o n s i b l e  management  d u r i n g  c o n s t r u c t i o n  were  

e s s e n t i a l  t o  t he  p r o j e c t " .  I t  i s  c o n s i d e r e d  t h a t  t h i s  o b s e r v a t i o n  

i s  of  major  s i g n i f i c a n c e  i n  o b t a i n i n g  the  maximum b e n e f i t s  from 

the  new t e c h n i q u e .  I n  a d d i t i o n ,  s p e c i f i c a t i o n s  were r e l a x e d  t o  

p e r m i t  more f l e x i b l e  c o n s t r u c t i o n  c o n t r o l .  In c o n d u c t i n g  t h i s  

r e v i e w ,  i t  was d i s t u r b i n g  <.o n o t e  t h a t  c e r t a i n  d e s i g n e r s  a r e  

a l r e a d y  movi ng  t o w a r d s  l e s s  f l e x i b l e  s p e c i f i c a t i o n s  and  more 

e l e g a n t  s o l u t i o n s  which can o n l y  r educe  the b e n e f i t s  of  t h i s  

t e c h n i q u e .  I t  i s  f e l t  t h a t  t h i s  t e n d e n c y  should be a v o i d e d  a t  a l l  

c o s t s .

The aggregate  at  Wil low Creek was s t o c k p i l e d  during w i n t e r  t o  

mi ni mi se  temperature g a in s ,  t h i s  sugges t s  t ha t ,  in the South 

African c o n t e x t ,  e f f o r t s  should be made to c o n s t ru c t  embankment s
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d u r i n g  the  w i n t e r  as  f a r  as p o s s i b l e ,  p o s s i b l y  w i t h  r e s t r i c t i o n s  

on p l a c i n g  d u r i n g  the  he a t  of the day i f  i n s o l a t i o n  i s  l i k e l y  

p r e s e n t  a problem d u r i n g  summer.

Up to 25% of t he  s i l t y ,  s andy ,  g r a v e l  overburden was i n c l u d e d  i n  

the  q u a r r i e d  a g g r e g a t e  a t  Wil low Creek, and i t  was no t  n e c e s s a r y  to 

w as t e  m a t e r i a l  f rom the q u a r r y .  The f i n a l  produc t  was a l l owed  to 

c o n t a i n  up to  10% of n o n - p l a s t i c  m a t e r i a l  p a s s i n g  the  200 mesh 

s i e v e .  Th i s  compares  w i t h  the 23% p r e s e n t  i n  the  s o i l  used i n  

t h i s  r e s e a r c h  which e x h i b i t e d  a l i m i t e d  degree  of p l a s t i c i t y .  I t  

shou ld  be no t e d  t h a t  t h i s  s o i l  waa o b t a i n e d  hy hand e x c a v a t i o n  and  

t h a t  t he  t r i a l  h o l e s  f o r  Lund ' s  d e s i g n  (Lund 1974) were e x c a v a t e d  

u s i n g  a r e l a t i v e l y  s m a l l  machine .  E x a m i n a t i o n  of a number of  

e r o s i o n  g u l l i e s  i n  the  proposed bor row a r e a  i n d i c a t e d  t h a t  t he  

upper  s t r a t a  of  the  u n d e r l y i n g  p a r t i a l l y  wea t he red  r oc k  was h i g h l y  

f r a c t u r e d  and i t  i s  c o n s i d e r e d  t h a t  t he  c o a r s e  a g g r e g a t e  c o n t e n t  of  

t he  s o i l  cou l d  be s u b s t a n t i a l l y  i mpr ove d  by r i p p i n g  t h i s  m a t e r i a l  

w i t h  a l a r g e  c r a w l e r  t r a c t o r .

Th i s  t e c h n i q u e  would p r oba b l y  p roduce  an a g g r e g a t e  w i t h  a 

c o n s i d e r a b l y  r educed f i n e s  c o n t e n t  a n d  i n c r e a s e d  maximum p a r t i c l e  

s i z e .  C r us h i n g  t o  l i m i t  p a r t i c l e  s i z e  would however  be r e q u i r e d .  

I t  i s  l i k e l y  t h a t  the  i n c r e a s e  i n  c o a r s e  a g g r e g a t e  would s i g n i f i ­

c a n t l y  i n c r e a s e  s t r e n g t h  f o r  a g i v e n  cemen t  c o n t e n t  and t h a t  the  

r e s u l t i n g  e o i l - c e m e n t  would d i f f e r  l i t t l e  i n  p r o p e r t i e s  f rom 

r o l l c r e t e  produced wi t h  e i t h e r  q u a r r i e d  or  n a t u r a l  a g g r e g a t e .  At 

t h i s  l e v e l  the  d i s t i n c t i o n  be t wee n  t he  two m a t e r i a l s  becomes 

b l u r r e d  and i t  i s  p o s s i b l e  t h a t  t he  p roposed  dam mi ght  be b e t t e r  

d e s c r i b e d  as a r o l l c r e t e  r a t h e r  t h a n  a s o i l - c e r a e n t  dam.

In r e v i e w i n g  the a v a i l a b l e  l i t e r a t u r e  i t  was a p p a r e n t  t h a t  what  

was r e f e r r e d  to as r o l l c r e t e  i n  c e r t a i n  c a s e s  might  have  been 

c l a s s i f i e d  as  s o l l - c e m e n t  u n de r  d i f f e r e n t  c i r c u m s t a n c e s .  I t  

appea r s  t h a t  the r e s i s t a n c e  of e n g i n e e r s  to a c c e p t i n g  the  idea of  

" s o i l "  i n  the i r  "concrete" i s  such t hat  a s t a g e  may soon be reached
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where the  t e rm " r o l l c r e t e "  w i l l  encompass  tha  b e t t e r  q u a l i t y  s o i l -  

cement  mi xe s  produced wi t h  low p l a s t i c i t y  s o i l s  c o n t a i n i n g  a 

r e l a r  l y  l a r g e  p r o p o r t i o n  of  c o a r s e  a g g r e g a t e .

P l a c i n g  s p e c i f i c a t i o n s  a t  Wil low Creek, r e q u i r e d  t h a t  a minimum of 

one l i f t  shou l d  be p l a c e d  i n  t h r e e  s h i f t s  i n  o r d e r  to m i n i m i s e  c o l d  

j o i n t s  w i t h  a maximum of  t h r e e  l i f t s  i n  two s h i f t s  i n  o r d e r  to  

l i m . t  p roblems  r e l a t e d  to h e a t  g e n e r a t i o n .  Two e i g h t  hour  s h i f t s  

were worked s i x  d a y s  a week i n  o r d e r  t o  m i n i m i z e  co l d  j o i n t s  w i t h  

a l i m i t  of  ex p o s u r e  of  871 c e n t i g r a d e  degree  hour s  b e f o r e  s u r f a c e  

p r e p a r a t i o n  and the  a p p l i c a t i o n  of  a bedd i ng  mix was r e q u i r e d .  

Problems were  however  e x p e r i e n c e d  w i t h  m a i n t a i n i n g  j o i n t  c l e a n ­

l i n e s s  t o  t he  e x t e u 1- t h a t  wh i l e  bond was n o t  r e q u i r e d  f o r  s l i d i n g  

r e s i s t a n c e ,  a l i m i t e d  amount  of s eepage  was o b s e r v e d  on the  

downs t r eam f ace .  I t  i s  s ugges t ed  t h a t  a c o n v e y o r  b e l t  s y s t e m 

might  be used to t r a n s f e r  m a t e r i a l  to the  top of  the  embankment  i n  

o r d e r  t o  e l i m i n a t e  t h e  t r a c k i n g  of  d i r t  by c o n s t r u c t i o n  v e h i c l e s .  

Shear  t e s t s  on I rvge  b l o c k s  c o n f i r m e d  t h a t  bond was n o t  r e q u i r e d  

to  d e v e l o p  adequa te  s l i d i n g  r e s i s t a n c e .

I t  was o bs e r v e d  t h a t  " t h e  p r e s e n c e  of  the  g a l l e r y  n ea r  t he  u p s t r e a m  

face  c r e a t e d  a s h o r t  f low pa t h  which a l l o we d  more seepage  t ha n  

d e s i r e d " .  However ,  t he  r a t e  of  seepage  reduced w i t h  t i me  c o n f i r m ­

i n g  the o b s e r v a t i o n s  of  De Groot  (197 la)  r e f e r r e d  to i n  c h a p t e r  1 

and the r e s u l t s  of  t he  l e a c h i n g  t e s t s  r e p o r t e d  i n  s e c t i o n  9 . 4 . 7 . k .

A program of  d r i l l i n g  was u n d e r t a k e n  t o  e x a m i n e  c o r e s  and  l i m i t e d  

g r o u t i n g  of  the f o u n d a t i o n  was found  to  be n e c e s s a r y .  I n  

c o n j u n c t i o n  wi t h  t h i s ,  g r o u t i n g  of  t he  j o i n t s  nea r  t he  u p s t r e a m  

face  was u n d e r t a k e n  to  reduce  s ee p a g e .  P r e s s u r e  t e s t s  i n  the  

b o r en o l e s  i n d i c a t e d  t he  i n  s i t u  p e r m e a b i l i t y  to be l e s s  t h a n  
e x p e c t e d .

In  the  l i g h t  of  e x a m i n a t i o n  of  t he  c o r e s  r e f e r r e d  t o  above ,  

Schrader  and M c U n n o n  (1984.  s ugges t  t h a t  the s and  f r a c t i o n  of  t he  

mix (pas l i n g  the 9 5 mm s i e v e )  should be f u r t h e r  i n c r e a s e d  above



the 15 co 40% used f o r  the 76 ram maximum a g g r e g a t e  s i z e  mix and  50 

to 55% used f o r  the  3ti mm mix.  The c o r r e s p o n d i n g  p e r c e n t a g e  f o r  

cne s o i l  used i n  t h i s  r e s e a r c h  i s  87% f o r  what  i s  e s s e n t i a l l y  a 

mi nus  38 mm g r a d i n g ,  the r i p p i n g  orogram sugges t ed  above f o r  the  

Rondebosch s i t e  would have the  e f f e c t  of  r e d u c i n g  t h i s  p e r c e n t a g e  

and  would p r ob a b l y  b r i n g  i t  i n t o  l i n e  wicn  the l e v e l s  s u g g e s t e d  by 

Sch r ade r  and McKinnon .  I t  i s  a l s o  r e p o r t e d  t h a t  " t e s t s  made by 

a l l o w i n g  the n a t u r a l  s i l t  c o n t e n t  t o  i n c r e a s e  showed t h i c  t o  

f u r t h e r  i n c r e a s e  the  RCC s t r e n g t h 1' .

The downs t r eam s lope  was c o n s t r u c t e d  at  0.8 to 1 as  t he  l i m i t  a t  

which c o n t r o l  c cu l d  be r a i n t a i n e d  w i t h o u t  s p e c i a l  e q u i p me n t .  The 

s l i g h t  o v e r b u i l d  p r o v i d e d  " a d d i t i o n a l  s t a b i l i t y  and e l i m i n a t e d  the  

i n c o n v e n i e n c e ,  c o m p l i c a t i o n , and c o s t  of  f o r mi ng  a s t e e p e r  s l o p e  

which s t r u c t u r a l  a n a l y s i s  would have  a l l o w e d " .  The r t i n f o r c e d  

e a r t h  t e c h n i q u e  of s u p p o r t i n g  the  v e r t i c a l  up s t r ea m f a r e  was 

m o d i f i e d  to  use  l a r g e r  p a n e l s  (1.2 by 4.9 m) and a r educed number of 

vnchor  ba r s  w i t h  a r e s u l t i n g  a d d i t i o n a l  s a v i n g  of  $600 000.

An i n t e g r a l  s p i l l w a y  was used.  T h i s  was c o n s t r u c t e d  w i t h  a 

c o n v e n t i o n a l  mass c o n c r e t e  cap but  the  f a c i n g  had the same s u r f a c e  

i s  used f o r  t he  r e s t  of  the downs t r eam f a c e .

1 6 . 2 . 5  A f t e r  W i l l o w  C r e e k

v i I v e r s o n  and  R i c h a r ds o n  (1984) r e p o r t  on the d e s i g n  of  t he  Upper 

S t i l l w a t e r  Dam where t he y  found the r o l l c r e t e  g r a v i t y  dam t o  be 

the l o w e s t  c o s t  s o l u t i o n  a f t e r  c o n s i d e r i n g  e a r t h  e mb a n k me n t s ,  

o n c r e t e  f aced  r o c k f i l l ,  c o n v e n t i o n a l  c o n c r e t e  g r a v i t y  and mas- 

t?ive head b u t t r e s s  a l t e r n a t i v e s .  They r e p o r t  t h a t  i n t e r n a l l y  

v i b r a t e d  c o n c r e t e  w i l l  be used t o r  f o u n d a t i o n  l e v e l l i n g  up to  4.6 

m t h i c k  i n  o rde  to  p r ov i d e  a 30 m p l a t f o r m  f o r  I n i t i a l  p l a c e m e n t  

i f  r o l l c r e t e .  The l e v e l l i n g  c o n c r e t e  w i l l  a l s o  be used t o  

n i t i a t e  the c r o s s f a l l  fo r  khe r o l l c r e t e  l a y e r s ,  t y p i c a l l y  0 . 02:1 .  

Convent i onal  c o n c r e t e  s l lpforraed f a c i n g s ,  as proposed by D u n s t a n ,  

i f ' '  t bo used on both f ace s .
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I t  was no t e d  t h a t  a c r o s s t a i l  was used i n  a number of  c a s e s  i n  

o r d e r  t o  i n c r e a s e  s l i d i n g  r e s i s t ' n e e  and to  p r ov i o ?  d r a i n a g e  or 

the c o n s t r u c t i o n  s u r f a c e .

I n t e r n a t i o n a l  E n g i n e e r i n g  Company (1984) i n  a l e a f l e t  on the  

d e s i g n  of  the  Middle  Fork  Dam I n d i c a t e  a c r o s s f a l l  of 0 . 05 : 1 .  

They r e p o r t  t h a t  " t h e  computer  a n a l y s i s ,  which u t i l i z e d  t h e r m a l  

c h a r a c t e r i s t i c s  d e t e r m i n e !  from l a b o r a t o r y  t e s t i n g ,  i n d i c a t e  t h a t  

no s p e c i a l  measure s  a r e  needed to  p r e v e n t  c r a c k i n g  of  the RCC". 

Thermocouples  w i l l  be i n s t a l l e d  t o  m o n i t o r  t h e r m a l  b e h a v i o u r .  

The f a c i n g  c o n c r e t e ,  which i s  p l aced  b eh i nd  t e mp o r a r y  forms 

imr i i a t e l y  b e f o r e  p l a c i n g  of the  r o l l c r e t e  i s  a c o n v e n t i o n a l  mix  

d e s i g n e d  f o r  f r e e z e - t h a w  r e s i s t a n c e .

PCA i n f o r m a t i o n  she t s  s u p p l i e d  by Hansen (1984b) i n d i c a t 3 f i v e  

r o l l c r e t e  dams c u r r e n t l y  unde r  c o n s t r u c t i o n ,  i n c l u d i n g  t i e  two 

m e n t i o n e d  above ,  and a f u r t h e r  fou r  p l a n n e d  f o r  b i d d i n g  i n  . 985 .

Ca s i a s  and  Howard (1984) have  r ev i e w e d  the  t w e n t y  y ea r  p e r f o r ­

mance of  s o l l - c e m e n t  f a c i n g s  on a number  of  USBR dams and r e p o r t  

t h a t  the f a c i n g s  have  g e n e t a l l y  pe r fo rmed  s a t i s f a c t o r i l y .  P ro b ­

lems t h a t  have  been e x p e r i e n c e d  ' ave  l a r g e l y  r e s u l t e d  f rom poor  

i n t e r l a y e r  bond which has  p e r m i t t e d  s e p a r a t i o n  and  b r e a k o u t  of  

s l a b s  of  s o l )  - c e m e n t .  I t  shou ld  be n o t e d  t h a t  w i t h  t he  s t e e p  

s l o pe s  proposed  f o r  the  s o l l - c e m e r *  dam, t he  expos ed  l a y e r  edge 

w i l l  be c o n s i d e r a b l y  reduced and a deg r ee  of c om p r e s s io n  on t he  

ups t r eam f a c i n g  w i l l  be p r e s e n t  a t  a l l  t i me s  t hus  r e s i s t i n g  a n y  

t e n d e n c y  f o r  o p e n i n g  of c o n s t r u c t i o n  j o i n t s .  C a s i a s  and Howard 

r e p o r t  t h a t  t he  USBR i s  c u r r e n t l y  i n v e s t i g a t i n g  means of  i m p r o ­

v i n g  i n t e r l a y e r  bond by r e d u c i n g  c o n s t r u c t i o n  d e l a y s ,  b roomi ng  

j o i n t  s u r f a c e s  and  t r e a t i n g  the s u r f a c e  w i t h  a n e a t  cemen t  s l u r r y  

I mm e d i a t e l y  p r i o r  to  p l a c i n g  the  n e x t  l a y e r .  So f a r ,  the r e s u l t s  

of  the I n v e s t i g a t i o n  appear  t o  be g i v i n g  p r o m i s i n g  r e s u l t s .

A c o n f e r e n c e  on " M a t e r i a l s  f o r  Daus 84" i s  to be he l d  i n  Monte 

Ca r l o  i n  December and the May 1985 ASCE S pr in g  C o n v e n t i o n  i n



Denver  w i l l  I n c l u d e  two sympos i a  on " R o l l e r  Compacted C o n c r e t e  -  

-  A - S t a t e - o f - t h e - A r t "  I t  I s  t h e r e f o r e  a p p a r e n t  t h a t  the use of  

r o l l c r e t e  I s  r a p i d l y  becoming e s t a b l i s h e d .  A c c o r d i n g l y ,  i t  i s  

s u g g e s t e d  t h a t ,  i n  v iew of the s h a l l o w ,  s a n d y  r e s i d u a l  s o i l s  

p r e s e n t  on many dam s i t e s  i n  South A f r i c a  and the c u r r e n t  d r ough t  

and  s h o r t a g e  of  f un d s ,  the use of  t he  s o i l - c e m e n t  /  r o l l c r e t e  dam 

u s i n g  m a t e r i a l s  produced by r i p p i n g  shou ld  be i n v e s t i g a t e d  as  a 

m a t t e r  of  u r g e n c y .

1 6 . 3  P R O P O S A L S  FOR THE RONDE BOSCH S O I L - C E M E N T  DAM

A b r i e f  a n a l y s i s  of  the r e q u i r e d  s e c t i o n  f o r  the  Rondebosch Dan 

s i t e  was u n d e r t a k e n  t o  e n ab l e  the g e n e r a l  form of a p o s s i b l e  s o i l -  

c eme n t  s o l u t i o n  t o  be e x a m i n ed .  The a n a l y s i s  was u n d e r t a k e n  

u s i n g  the  g r a v i t y  a n a l y s i s  program and  t e c h n i q u e s  used t o  g e n e r a t e  

the  d a t a  p r e s e n t e d  i n  c h a p t e r  3.

1 6 . 3 . 1  S e l e c t i o n  o f  S e c t i o n

The s e c t i o n  d i m e n s i o n s  a r e  based on t hos e  proposed by Lund (1974) 

and a l l o w  f o r  i n c r e a s e d  f r e e b o a r d  so t h a t  an  un g a t ed  s p i l l w a y  ca~ 

be used.  I t  was c o n s i d e r e d  t h a t  the use  of an u n g a t e d  s p i l l w a y  was 

c o n s i s t e n t  w i t h  t he  o b j e c t i v e  of s i m p l i c i t y  i n  the  s o i l - c e m e n t  

dam. However ,  shou ld  the  c o s t  of a c q u i r i n g  a d d i t i o n a l  l a n d  t o  

accommodate the h i g h e r  f l ood  l i n e s  w a r r a n t  i t ,  a ga t ed  s p i l l w a y  

cou l d  n do u b t e d l y  be i n c o r p o r a t e d .  In  t h i s  c a s e ,  a r e d u c t i o n  i n  

s e c t i o n  would r e a u l t  i n  reduced c o s t  f o r  the s o i l - c e m e n t  s o l u t i o n .  

Volumes a r e  based  on those  fo r  the e a r t h f i l l  embankment  proposed 

by Lund which was s i t e d  a t  an a n g l e  t o  t he  the  b u t t r e s s  dam 

a c t u a l l y  c o n s t r u c t e d .  The s o i l - c e m e n t  dam cou l d  p r ob ab l y  be 

l o c a t e d  on the  same a x i s  used fo r  the c o n c r e t e  dam and a r e d u c t i o n  

i n  volume c ou l d  t h e r e f o r e  be a c h i e v e d .  I t  shou ld  a l s o  be no t e d  

t h a t  o v e r t o p p i n g  of . he s o i l - c e m e n t  dam can be t o l e r a t e d  under  t he  

e x t r e m e  f l ood  so t h a t  a s m a l l e r  f r e e b o a r d  a l l o w a n c e  coul d  be 

a c c e p t e d .  I t  i s  t h e r e f o r e  c o n s i d e r e d  t h a t  the e s t i m a t e  of  e m b a n k ­



ment  volume used he r e  i s  c o n s e r v a t i v e .

Di m e n s i o n s  of  the e a r t h f i l l  embankment  were:

Cres t  w i d t h  ..............................................................

Height  o f  s p i l l w a y  c r e s t  ...............................

Maximum r e s e r v o i r  dept h  a t  d e s i g n  f l ood  

Maximum h e i g h t  .......................................................

6 . 0  m

3 5 . 4  m

39.4 m 

40 . 9  m
3

Volume of  the proposed e a r t h f i l l  embankment . . . .  690 000 m

I t  was no t e d  i n  s e c t i o n  3 . 2 . C  t h a t  f u r t h e r  c o n s i d e r a t i o n  should  be 

g i v e n  to  t he  use of  a v e r t i c a l  u p s t r e a m  f a c e  i n  v iew of  t he  

l i m i t i n g  s l o p e  of  0.8:1 e s t a b l i s h e d  a t  Wi l low Creek  fo r  p l a c i n g  

w i t h o u t  s u p p o r t .  Dinchak  and  Hansen  (1982) a l s o  r e p o r t  t h a t  t he  

use  of  a v e r t i c a l  ups t r eam f ace  was n e c e s s a r y  b e f o r e  r o l l e r  

compacted c o n c r e t e  was found to  p r o v i d e  a c o m p e t i t i v e  s o l u t i o n  f o r  

t h e  Z i n t e l  Canyon Dam. A c c o r d i n g l y ,  opt imum s e c t i o n s  f o r  both  

t he  s t a n d a r d  g r a v i t y  and e q u a l  s l o pe  s e c t i o n s  were d e t e r m i n e d .  

For  the  s o i l - c e m e n t  used i n  t h i s  r e s e a r c h  w i t h  a n a l y s i s  f o r  

o v e r t u r n i n g  s t a b i l i t y  unde r  the  maximum d e s i g n  f l o o d  w i t h  f u l l  

u p l i f t  and d r y  d e n s i t y ,  a l i m i t i n g  downs t r eam s lo p e  of  0.66:1 was 

d e t e r m i n e d  f o r  the dam w i t h  v e r t i c a l  f ace  whereas  f o r  t he  case  of  

e q u a l  u p s t r e a m and downs t r eam s l o p e s ,  a v a l u e  of  0.43 a p p l i e d .  The 

volume of t he  equal  s lope  o p t i o n  i s  t hu s  22% g r e a t e r  t h a n  t h a t  w i t h  

v e r t i c a l  u ps t r eam f a c e .  Maximum s t r e s s  a t  the  toe  i s  a l s o  

m f i n a l l y  I n c r e a s e d .  I t  was t h e r e f o r e  conc l ud e d  t h a t  t he  use of  

a v e r t i c a l  up s t r ea m face  was to  be p r e f e r r e d  and f u r t h e r  a n a l y s i s  

i s  of  t h i s  s e c t i o n .

A n a l y s i s  of  t h i s  s e c t i o n  i n d i c a t e d  t h a t  w i t h  ze r o  u p l i f t ,  an

i n c r e a s e  i n  t h e o r e t i c a l  downs t r eam s lo p e  to  0.47:1 was p o s s i b l e .
3 3I n c r e a s i n g  the  u n i t  weight  f rom 20 kN/m to  22 kN/m i n d i c a t e d  an 

i n c r e a s e  i n  s looe  to  0.6:1 and the two f a c t o r s  combined p e r m i t  an 

I n c r e a s e  to  0 . 44:1 .  S ince  I t  i s  c o n s i d e r e d  u n l i k e l y  t h a t  s i g n i f i ­

c a n t  d r y i n g  of the mat er i a l  t o  any dep t h  i n  the embankment  w i l l  

oc c u r ,  t h i s  i n d i c a t e s  an i n c r e a s e  i n  s a f e t y  f a c t o r .  In a d d i t i o n ,  

p r o v i d e d  the  f o u n d a t i o n  i s  a d e q u a t e l y  g r o u t e d  and no t e n s i o n



oc c u r s  on the  u p s t r e a m  f ace ,  I t  i s  c o n s i d e r e d  u n l i k e l y  t h a t  

a n y t h i n g  a p p r o a c h i n g  f u l l  u p l i f t  w i l l  occur  under  t he  e n t i r e  

s t r u c t u r e .  The t r u e  s t a b l e  s e c t i o n  would thus  l i e  i n  t h e  r an g e  

0.6b t o  0 . 44:1 .  However  d e s i g n  to n s l o p e  s t e e p e r  t h a n  0.66 i s  no t  

c o n s i d e r e d  p r u d e n t .

In  s e l e c t i n g  a d owns t r eam s lope ,  I t  was no t e d  t h a t  the  Wi l low

Creek  Dam was consr . ru  t ed  w i t h  a s l o p e  of  0 . 8 : 1 f o r  e a s e  o f

c o n s t r u c t i o n  w i t h o u t  t as.  The Upper S t i l l w a t e r  Dam i s  b e i ng

c o n s t r u c t e d  w i t h  a s t ep:  s e c t i o - , t he  lower  p o r t i o n  of  which has

a s l ope  of  0.6:1 a n d  i s  t a in . -d  U n g  s l i p f o r m e d  cu rbs  c* proposed

by D uns t an  ( O l i v e r s o n  and Ri hards on  1984).  In the p r e s e n t  c a s e ,

a r e d u c t i o n  i n  volume of  26 000 mj r e s u l t s  from t he  use  of  the

s t e e p e r  0.66:1 s l o p e .  From the a v a i l a b l e  d a t a  f o r  t he  Upper
3

S t i l l w a t e r  Dam, i t  was e s t i m a t e d  t h a t  a volume of 13 900 m of  h igh

grade c o n v e n t i o n a l  c o n c r e t e  would be r e q u i r e d  f o r  s l i p f o r m i n g  of
3

both  f a c e s ,  a t o t a l  s a v i n g  f 59 900 m of  s o i l - c e m e n t .  For  t h i s  

ca s e ,  t he  r a t i o  of volume of  s o i l - c e m e n t  s aved  to  volume of  h i gh  

grade c o n c r e t e  u s ed  was 1.77,  For  the mixes  used a t  - ppe r 

S t i l l w a t e r ,  t he  r a t i o  of c o s t  of  t he  h igh  grade c o n v e n t i o n a l  

c o n c r e t e  f a c i n g  mi x  to t h a t  of  the b e s t  q u a l i t y  r o l l c r e t e  mix used 

on the  p r o j e c t  was 2.03,  f o r  t tu h e a r t i n g  r o l l c r e t e  t h i s  i n c r e a s e d  

t o  2.52 (PCA 1984),  i t  w ts t h e r e f o r e  c o n c l ud e d  t h a t  the  0.8:1 s lope  

was more economi c  to  c o n s t r u c t  as  w e l l  as  h i v i n g  t h e  added 

a d v a n t a g e  of  e a s e  of  c o n s t r u c t i o n  and  i n c r e a s e d  r e s i s t a n c e  to  

o v e r t u r n i n g .

The a b s o l u t e  w o r s t  case  f o r  o v e r t u r n i n g  s t a b i l i t y  would i n v o l v e  a 

ma s s i v e  l e n s  of  w a t e r  u nd e r  the  s t r u c t u r e  d e v e l o p i n g  t h e  f u l l  

r e s e r v o i r  head o v e r  i t s  e n t i r e  a r e a .  Th i s  would r e s u l t  i n  a 

r e c t a n g u l a r  p r e s s u r e  d i s t r l b v u i o n  u n d e r  the  s t r u c t u r e  so t h a t  o n l y  

t he  submerged u n i t  weight  was e f f e c t i v e .  For  the maximum f lood  

wi t h  downs t r eam s l o p e  of 0.8:1 and u n i t  we igh t  of 12 kN/m3, t he  

l i n e  of  a c t i o n  of  t he  r e s u l t a n t  i s  0.224 m o u t s i d e  t he  t h i r d  p o i n t  

and a  t e n s i l e  s t r e s s  of 15 kPa i s  t n n i c a t e d  a t  the h e e l .  S i nce  

some degree  of compos i t e  a c t i o n  w i t h i n  the s t r u c t u r e  can  r e a s o n ­

a b l y  be e x p e c t e d  and s i n c e  no s i t u a t i o n  i n  which the  e n t i r e
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s t r u c t u r e  w i l l  be " f l o a t i n g "  can  be c o n c e i v e d ,  i t  i s  c o n s i d e r e d  

t h a t  t h e r e  i s  no need f o r  a complex s y s t e m  of  r e l i e f  w e l l s  and 

d r a i n s  t hus  f u r t h e r  r ed uc i n g  the  c o m p l e x i t y  of the  s t r u c t u r e .  I t  

i s  c o n s i d e r e d  t h a t  a ba s i c  program of  f o u n d a t i o n  m o n i t o r i n g  i n  

c o n j u n c t i o n  w i t h  a l i m i t e d  g r ou t  program w i l l  be e n t i r e l y  

s u f f i c i e n t .

1 6 . 3 . 2  S e e p a g e

The problem of seepage on c o n s t r u c t i o n  p l a n e s  a t  Wi l low Creek  was 

r e f e r r e d  to  i n  t he  p r e v i o u s  s e c t i o n .  I t  I s  c o n s i d e r e d  t h a t  i f  

s u i t a b l e  p r e c a u t i o n s  a r e  t a k e n  to a v o i d  t r a c k i n g  of  d i r t  o n t o  the  

c o n s t r u c t i o n  s u r f a c e , t h i s  problem can  be l a r g e l y  overcome a t  

s ou r ce .  The u p s t r ea m f a c i n g  s y s t e m  used a t  Wi l low Cr eek  i s  f e l t  

to  be a p p r o p r i a t e  t o  the  s o i l - c e m e n t  s t r u c t u r e  p roposed  h e r e .  I f  

t he  m a t e r i a l  a d j a c e n t  to t h i s  f a c i n g  i s  no t  s u b j e c t  t o  t r a f f i c  by 

c o n s t r u c t i o n  p l a n t ,  t he  j o i n t  s u r f a c e s  a r e  brushed and  s l u s h e d  as  

n e c e s s a r y  and  a r e a s o n a b l e  q u a l i t y  s o i l - c e m e n t  mix i s  used,  an  

u p s t r ea m f a c i n g  which i s  e f f e c t i v e l y  Impermeable  can  be o b t a i n e d  

a t  low c o s t .

I n  a n y  e v e n t ,  t he  degree  of  seepage  r e p o r t e d  by Schrader  and 

McKinnon i s  such t h a t  i t  i s  u n l i k e l y  to  l ead  t o  a l a r m and  

c e r t a i n l y  w i l l  n o t  l ead  t o  s i g n i f i c a n t  d e t e r i o r a t i o n  of  t he  

s t r u c t u r e . Flow down the uncompacted downs t r eam f ace  l s  u n l i k e l y  

to be p a r t i c u l a r l y  n o t i c e a b l e  and cou l d  a s s i s t  the e s t a b l i s h m e n t  

o '  t he  n a t u r a l  p l a n t  c o v e r  sug g e s t e d  by L l e w e l l i n  (CIRIA 1981).  

A l t e r n a t i v e l y ,  the use of a n o - f i n e s  mix a t  the downs t r eam f ac e ,  

coul d  p r o v i d e  the n e c e s s a r y  d r a i n a g e  w i t h  no o v e r b u i l d  s i n c e  t he  

f u l l  s e c t i o n  i s  no t  r e q u i r e d  by s t r u c t u r a l  c o n s i d e r a t i o n s .

1 6 . 3 . 3  S p i l l w a y

The s t r u c t u r e s  r e f e r r e d  to i n  t he  p r e v i o u s  s e c t i o n  a l l  make u s e  of 

c o n v e n t i o n a l  o v e r f l o w  s p i l l w a y s  i n c o r p o r a t e d  in  the  embankmen t .
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The s p i l l w a y  a t  Wi l low Creek  uses  c o n v e n t i o n a l  mass c o n c r e t e  

cap bu t  t he  downs t r eam face  o f  t he  s p i l l w a y  i s  t he  same 

uncompacted m a t e r i a l  used fo r  the r e s t  of the  downs t r eam t a c e .  

The e r o s i o n  r e s i s t a n c e  of  the c o f f e r  dam a t  Gur t ,  r e f e r r e d  to i n  

the  p r e v i o u s  s e c t i  n (Mass 1983),  s u p p o r t s  t h i s  d e s i g n  s o l u t i o n .  

I t  i s  proposed tl a t  t h i s  t e c h n i q u e  shou ld  be c o n s i d e r e d  f o r  the 

s o i l - c e m e n t  dam. F u r t h e r  r e s e a r c h  i s  however,  r e q u i r e d  t o  d e t e r ­

mine  i t s  s u i t a b i l i t y .  Aspec t s  r e q u i r i n g  I n v e s t i g a t i o n  a r e  the  

e f f e c t  of  maximum a g g r eg a t e  s i z e ,  g r a d i n g  and  a g g r e g a t e  c h a r a c ­

t e r i s t i c s  and  t he  e f f e c t  of  cement  c o n t e n t .

Murray and S c h u l t h e i s  (1977) r e p o r t  on the  use of  f i b r e  r e i n f o r c e d  

c o n c r e t e  and p o l y m e r i s a t i o n  of  c o n c r e t e  to i n c r e a s e  the r e s i s t a n c e  

to c a v i t a t i o n  of  the  s p i l l w a y  a t  Dworshak Dam. I t  i s  p o s s i b l e  

t h a t  f i b r e  r e i n f o r c e m e n t  of s o i l - c e m e n t  coul d  be of  b e n e f i t  and 

t h a t  a s u i t a b l e  po l ymer  coul d  be i n t r o d u c e d  i n t o  the  s o i l - c e m e n t  

d u r i n g  m i x i n g  w i t h  p o l y m e r i s a t i o n  of  the f a c i n g  soon a f t e r  

c o mp ac t i on .

A l t e r n a t i v e  methods  of  s p i l l w a y  s u r f a c i n g  might  i n c l u d e  the  use  of  

a h o r i z o n t a l l y  s l i p f o r m e d  i n t e r l o c k i n g  f a c i n g  of  h i gh  s t r e n g t h  

c o n c r e t e ,  as  r e f e r r e d  to p r e v i o u s l y .  T h i s  might  be t i e d  i n t o  the  

embankment  u s i n g  r e i n f o r c e d  e a r t h  t e c h n i q u e s  i f  n e c e s s a r y .  F u r ­

t h e r  a l t e r n a t i v e s  might  be p r e c a s t  u n i t s  o r  c a s t  i n  s i t u  mass 

c o n c r e t e ,  bo th  t i e d  i n t - '  t he  embankment  i f  r e q u i r e d .

These a l t e r n a t i v e s  cou l d  a l l  be i n v e s t i g a t e d  by means of  a t r i a l  

embankment  and  i t  i s  c o n s i d e r e d  t h a t  t h i s  r e p r e s e n t s  the o n l y  

r e a l i s t i c  method of  i n v e s t i g a t i o n .  The i d e a l  s o l u t i o n  would 

i n v o l v e  the  c o n s t r u c t i o n  of a w e i r  downs t r eam of  the  s p i l l w a y  of  

an  e x i s t i n g  dam l o c a t e d  so t; la t  maximum f low v e l o c i t y  wa< 

e x p e r i e n c e d .

I t  shou ld  be no t e d  t h a t  c a v i t a t i o n  i s  g e n e r a l l y  no t  a problem f o r  

v e l o c i t i e s  of l e s s  t ha n  12 m/s or  f a l l s  of Less t h a n  30 m (Mur ray  

and S c h u l t h e i s  1977).  Th i s  s u g g e s t s  t h a t  the pr ’m cou l d  be 

reduced by l o c a t i n g  the s p i l l w a y  towards  t he  ends  of  t he



embankment  r a t h e r  t h a n  a t  i t s  c e n t e r  and u s i n g  s o i l - c e m e n t  l i n e d  

c h a n n e l s  t o  t r a i n  t he  wate r  i n t o  the  r i v e r  bed.  Th i s  cou l d  be 

i mp l emen t ed  as  a form of s i d e  c h a n n e l  s p i l l w a y  d e s i g n e d  so t h a t  

t he  l e n g t h  of  t he  embankment  was n o t  i n c r e a s e d .

I t  should a l s o  be n o t e d  t h a t  the r e l a t i v e l y  f l a t  0.8:1 d owns t r eam 

s l o p e  i s  l i k e l y  t o  l e a d  to a s p i l l w a y  c r e s t  t h a t  i s  b r oade r  than  

the  nappe p r o f i l e  t hus  r e s u l t i n g  i n  p o s i t i v e  h y d r o s t a t i c  p r e s s u r e  

a l o n g  t he c o n t a c t  s u r f a c e  (USBR 197ba).  Under  t h e s e  c o n d i t i o n s  

u p l i f t  f o r c e s  on the  c r e s t  or  s p i l l w a y  l i n i n g  a r e  u n l i k e l y  t o  

occur  and  s p e c i a l  p r e c a u t i o n s  to t i e  the  s p i l l w a y  l i n i n g  t o  the 

embankment  shou ld  n o t  be n e c e s s a r y . Whi le t h i s  s p i l l w a y  d e s i g n  

i s  no t  the  most  e f f i c i e n t ,  i t  w i l l  be s i m o l e r  to  c o n s t r u c t  i n  s o i l -  

cemen t  and  the r e q u i r e d  c a p a c i t y  should  be a v a i l a b l e  f rom an  

i n c r e a s e  i n  s p i l l w a y  l e n g t h  or  r e s e r v o i r  dep t h .

1 6 . 4  DESIGN OF THE RON D E BOSCH S O I L- CE ME N T  DAM

1 6 . 4 . 1  V a l u e s  f o r  D e s i g n

Values  f o r  d e s i g n  o b t a i n e d  roo  the ibov a n a l y s i s  a r e  as 

f o l l o w s -. -

Re s e r vo l r  Empty

Maximum s t r e s s  a t  h e e l  .................

Maximum p r i n c i p a l  s t r e s s  a t  toe

Normal Operat ion,  Reservoir  Ful l

Maximum e f f e c t i v e  p r i n c i p a l  s t r e s s  a t  t oe  . . . . .  0.511 MPa

Maximum e f f e c t i v e  s t r e s s  a t  h e a l  (no up l  f t )  . .  0.727 MPa

H o r i z o n t a l  f o r ce    6 .147 MN/m

V e r t i c a l  f o r c e  ( f u l l  u p l i f t ,  d ry  u n i t  we i g h t )  11.567 MN/m

1.018 MPa 

0 . 035 MPa
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embankment  r a t h e r  t h a n  a t  i t s  c e n t e r  and u s i n g  s o i l - c e r a e n t  l i n e d  

c h a n n e l s  t o  t r a i n  t he  wa t e r  i n t o  t he  r i v e r  bed.  Th i s  cou l d  be 

imp l e me n t e d  as  a form of s i d e  c h a n n e l  s p i l l w a y  d e s i g n e d  so t h a t  

t he  l e n g t h  of  the  embankment  was n o t  i n c r e a s e d .

I t  should  a l s o  be n o t e d  t h a t  the r e l a t i v e l y  f l a t  0.8:1 d owns t r eam 

s lope  i s  l i k e l y  t o  l e ad  to  a s p i l l w a y  c r e s t  t h a t  i s  b r o a d e r  t h a n  

the  nappe p r o f i l e  t hus  r e s u l t i n g  i n  p o s i t i v e  h y d r o s t a t i c  p r e s s u r e  

a l o n g  t he  c o n t a c t  s u r f a c e  (USER 1976a).  Under  t h e s e  c o n d i t i o n s  

u p l i f t  f o r c e s  on the  c r e s t  or  s p i l l w a y  l i n i n g  a r e  u n l i k e l y  t o  

occur  and  s p e c i a l  p r e c a u t i o n s  to t i e  t he  s p i l l w a y  l i n i n g  t o  the  

embankment  should  n o t  be n e c e s s a r y .  Whi le t h i s  s p i l l w a y  d e s i g n  

i s  no t  t he  most  e f f i c i e n t ,  i t  w i l l  be s i m p l e r  to  c o n s t r u c t  i n  s o i l -  

cement  a n d  the  r e q u i r e d  c a p a c i t y  shou l d  be a v a i l a b l e  f rom an  

i n c r e a s e  i n  s p i l l w a y  l e n g t h  or  r e s e r v o i r  dep t h .

1 6 . 4  DESI GN OF THE RON DE BOSCH S O I L- CE ME N T  DAM

1 6 . 4 . 1  V a l u e s  f o r  D e s i g n

Values  f o r  d e s i g n  o b t a i n e d  from the  above  a n a l y s i s  a r e  as  

f o i l o w s : -

R e s e r v o l r  Emoty

Maximum s t r e s s  a t  hee l  .................

Maximum p r i n c i p a l  s u r e s s  a t  toe

Normal Operat ion,  Reservoir  Ful l

Maximum e f f e c t i v e  p r i n c i p a l  s t r e s s  a t  t oe  ............  0.511 MPa

Maximum e f f e c t i v e  s t r e s s  a t  h e a l  (no u p l i f t )  . .  0.727 MPa

H o r i z o n t a l  f o r c e  ..................................................................... 6 .147 MN/ra

V e r t i c a l  force  ( f u l l  u p l i f t ,  dry uni t  weight.) 1 1 .567 MN/m

1.018 MPa 

0 . 035  MPa



Maximum Design Flood

Maximum e f f e c t i v e  p r i n c i p a l  s t r e s s  a t  toe  .......... 0 .692 MPa

Maximum e f f e c t i v e  s t r e s s  a t  h e e l  (no u p l i f t )  . .  0.617 MPa

H o r i z o n t a l  f o r c e 7 .614 MN/m

V e r t i c a l  f o r c e  ( f u l l  u p l i f t ,  dry u n i t  we i gh t )  10.807 MN/m

1 6 . 4 . 2  S t r e n g t h  R e q u i r e d  f o r  G r a v i t y  S t a b i l i t y

In t e rms  of  the  USSR r e c omme nda t i ons  f o r  " De s i gn  of  G r a v i t y  

Dams" r e f e r r e d  to i n  s e c t i o n  3.2.d (USBR 1976a),  t he  f a c t o r  of  

s a f e t y  f o r  c o m p r e s s i v e  loads  i s  3 u n d e r  u s ua l  and  2 u n d e r  u n u s u a l  

c o n d i t i o n s : -

For  maximum s t r e s s  a t  the t o e : -

Usual  l o a d i n g  ■ 0.511 x 3 ■ .53 MPa

Unusual  l o a d i n g  ■ 0.692 x ■ 1.38 MPa

Requi red toe  s t r e n g t h  * 1.5. '  MPa

Requi red cement  c o n t e n t  from graph  1 0 . 9 : -

At 28 days 

90 days

-  2.5%

-  1.7%

For maximum s t r e s s  a t  „he h e e l : -

Usual  l o a d i ng -  1.018 x 3 -  3 .06 MPa

No unus ua l  l o a d i n g  c o n d i t i o n

Requi red cement  c o n t e n t  from graph 1 0 . 9 : -  

At 28 days  •  5.0%

90 days * 3.6%



I f . 4 . 3  S t r e n g t h  R e q u i r e d  t o  R e s i s t  S l i d i n g

The USBR (1976a) requires  a fac t or  of  s a f e t y  of 3 for usual  l o a d i n g

and 2 for unusual  l o a d i ng  wi th a value  of r * 1 i n  equat i on  3, i n

c h a p t e r  3 ( s e c t i o n  4 . 3 .2  of Robe r t son  and  Bl i gh t  1978).

For u s u a l  l o a d i n g : -

3 -  (11 .567  tan 40 + 1 x 38.72 C ) /  6.147

-  1.58 + 6.14 O'

C'» 0 . 23  MPa

For unusua l  l o a d i n g : -

2 -  (10 .807  tan 40 + 1 x 38.72 C' ) /  7.614

* 1.19 + 5.09 C  

C ' “ 0 .16 MPa

Requi red  C' m 0.22 MPa

Graph 12.8 i n d i c a t e s  t h a t  t h i s  c o h e s i o n  i s  o b t a i n a b l e  f rom the 

u n s t a b i l i z e d  a o l i  i n c l u d i n g  c o a r s e  f r a c t i o n  but  t h i s  i s  

d e t e r m i n e d  by e x t r a p o l a t i o n .

S e c t i o n  16.1.4 p r o p o s e s : -

Fac t o r  of  s a f e r /  on r e s i d u a l  ( f r i c t i o n a l )  s t r e n g t h  . . .  1.2

F ac t o r  of  s a f e t y  on u l t i m a t e  s t r e n g t h  .................................... 2 . 0

Minimum cement c o n t e n t  .......................................................................  3.2%

R e s i d u a l  s f e n g t h : -

The v a l u e s  of  1.58 and 1.19 above r e p r e s e n t  the  f r i c t i o n a l  

s t r e n g th  component of s a f e t y  f a c t o r  under u s u a l  and u n u s u a l  

c o n d i t i o : s ,  ' e s t d u a l  s t r e n g t h  i s  t h e r e f o r e  a d e q u a t e  ( > -  1 . 2 ).  

Note t h a t  va l ues  are determined w i t h  d ry  u n i t  we i gh t  of  s o l l -  

cement  and f u l l  u p l i f t .

U l t i m a t e  s t r e n g t h : -

Froru t i e  p r e v i o u s  c a l c u l a t i o n s  w i t h  Q*2, t he  r e q u i r e d  c o h e s i o n  

i s  U.U68 MPa ((2 -  l . 58) /6 . 14)  u n de r  u s ua l  and  0.16 MPa u n d e r
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u n u s u a l  c o n d i t i o n s .  A s  above ,  ze r o  cement  c o n t e n t  i s  i n d i ­

c a t e d .

T h e r e f o r e  minimum cement  c o n t e n t  of  3.2% a p p l i e s .

Nofe t h a t  the  d i s c u s s i o n  i n  s e c t i o n  4.3.2 r e p o r t e d  a v a l u e  of  

s l i d i n g  s a f e t y  f a c t o r  of  5 wi th  v a l u e  of r - 0 , 5  as b e i ng  c u s t o ma ­

r i l y  a p p l i e d .  A p p l y i n g  t h e se  v a l u e s  i n d i c a t e s  a r e q u i r e d  c e m e n t  

c o n t e n t  of  6.5% f o r  d e s i g n  on the 28 day s t r e n g t h .

1 6 . 4 . 4  D u r a b i l i t y  R e q u i r e m e n t s

S e c t i o n  16.1.3 i n d i c a t e s  a recommended cemen t  c o n t e n t  f o r  f a c i n g  

l a y e r s  of  be t ween 6 and 15% and s u g g e s t s  t h a t  t h i s  can be reduced  

by 1% f o r  s o i l  c o n t a i n i n g  the c o a r s e  f r a c t i o n .  With a v i ew t o  

s e l e c t i n g  a cemei t  c o n t e n t  f o r  d e s i g n ,  the d i s c u s s i o n  p r e s e n t e d  i n  

s e c t i o n  7.1 was r e v i e w e d .  I t  was c o nc l ud e d  t h a t  the  o b s e r v a t i o n s  

made i n  t h a t  s e c t i o n  r ema i ned  v a l i d .  In a d d i t i o n ,  no t e s t s  on 

s pec i mens  c o n t a i n i n g  10% cement  I n d i c a t e d  a n y  b a s i s  to  sur  e s t  

t h a t  the m a t e r i a l  was i n  a n y  way i n a d e q u a t e .  The l e a c h i n g  t e s t s  

i n d i c a t e  t h a t  10% cement  p r o v i d e s  the  opt imum t r e a t m e n t  l e v e l .  

A c c o r d i n g l y ,  i t  i s  proposed t h a t  a cemen t  c o n t e n t  of 10% s hou l d  be 

used f o r  the  s o i l - c e m e n r .  beh i nd  t he  u p s t r ea m f a c i n g  u n i t s  a n d  on 

the  downs t r eam f a c e .  A cement  c o n t e n t  of 15% should  p o s s i b l y  be 

c o n s i d e r e d  f o r  t he  s p i l l w a y  f a c i n g  but  f u r t h e r  I n v e s t i g a t i o n  of  

t h i s  a s p e c t  i s  r e q u i r e d .

A cemen t  c o n t e n t  of  10% i s  t h e r e f o r e  s p e c i f i e d  f o r  the  f a c i n g  

m a t e r i a l .  A 3 m h o r i z o n t a l  f a c i n g  wi d t h  Is c o n s i d e r e d  a d e q u a t e  

s i n c e  no s i g n i f i c a n t  d c t e r l c r a t i o r  of  the f a c i n g  Is  e x p e c t e d .  

Th i s  w i d t h  should  be s u f f i c i e n t  t o  a l l o w  p l a c i n g  w i t h o u t  s p e c i a l  

e qu i pme n t .



l b . 4 . 5  T h e r m a l  C o n s i d e r a t i o n s

As p r e v i o u s l y  no ted ,  no problems a r e  e x p e c t e d  f rom be a t  g a i n  due 

to hydra  i on  of c e m e n t .  A s u i t a b l e  c o n s t r u c t i o n  s c h e d u l e , such as  

t h a t  used a t  Wi l low Creek Dam, should  be f o l l owe d  and s t e p s  t a k e n  

to l i m i t  h i n  of  a g g r eg a t e  and compacted l a y e r s  by i n s o l a ­

t i o n .  A l i m i t e d  program of  t h e r m a l  m o n i t o r i n g  should  be u n d e r ­

t a k e n .  C o n s t r u c t i o n  d u r i n g  w i n t e r  may be s p e c i f i e d  u n de r  South 

A f r l c a r  c o n d i t i o n s  i f  t h e r e  i s  c o n c e r n  w i t h  r e g a r d  <v, i n s o l a t i o n  

■tains.  Overhead i r r i g a t i o n  of  s t o c k p i l e s  to r a i s e  m o i s t u r e  c o n ­

t e n t  to the  r e q u i r e d  l e v e l  and  encour a ge  e v a p o r a t i v e  c o o l i n g  may 

a l s o  be employed .  B l i g h t  (1962) p r o v i d e s  i n f o r m a t i o n  on t he  

c o n t r o l  of  m o i s t u r e  c o n t e n t  u nde r  a r i d  c o n d i t i o n s .

l b . 4 . 6  S p e c i f i c a t i o n  o f  C e m e n t  C o n t e n t s

The r e q u i r e u  minimum cement  c o n t e n t s  i n d i c a t e d  i n  the  p r e v i o u s  

s e c t i o n s  a r e : -

>r impress ive  s t r e n g t h  of  toe ......................................................  3VC%

h e e l  .............................................. 5.0%

r o r  s l i d i n g  r e s i s t a n c e  .............      3.2%

■'or d u r a b i l i t y  of  f a c i ng s  ..................................    10.0%

, ement  c o n t e n t s  f o r  s t r u c t u r a l  c o n s i d e r a t i o n s  have  been  d e t e r ­

mined i n  t e rms  of  t he  28 day s t r e n g t h  of  the m a t e r i a l  and  c an

t h e r e f o r e  be c o n s i d e r e d  t i  be c o n s e r v a t i v e .

\ , :he use  >f s o i 1 - c e m e n t  i n  t h i s  a p p l i c a t i o n  i s  u n t r i e d  and a

iegr  .e of  r e s i s t a n c e  t o  i t s  use i s  a n t i c i p a t e * , ,  i t  i s  s u g ge s t e d  t h a t

i minimum cement  c o n t e n t  of  5% should  be s p e c i f i e d  a t  t h i s  s t a g e .  

: h i s  w i l l  p r ov i d e  f a  t o r s  of  s a f e t y  a g a i n s t  s ’ U i n g  and compre s -  

, ion of  s i m i l a r  ma g n i t ude  to t hose  f o r m e r l y  a p p l i e d  to c o n c r e t e  as  

.ummari sed In c h a p t e r  3 ( s e c t i o n  4 .3) .  Thi s  a l s o  a v o i d s  t he  need 

nor a g r a d a t i o n  of cement  t o n t e n t  to a v o i d  o v e r s t r e s s i n g  a t  t he  

her  i n s i d e  "he f a c i n g  m a t e r i a l .
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The c e m e n t  c o n t e n t  s p e c i f i c a t i o n  »f the s . ; i  j - c e m e n '  iata 

t h e r e f o r e : -

H e a r t i n g  m i x t u r e  .................................................... .............................................

U p s t r e a m  a n d  d o w n s t r e a m  f a c i n g  t o  a width of 3 m . . . .  10.0. 

S p i l l w a y  f a r i n g  t o  a w i d t h  o f  3 m .................................................  15.0 ,

A f e w  l a y e r s  of 10% c e m e n t  c o n t e n t  m a ter ia l  may be c o n s id e r e d  

d e s i r a b l e  o v e r  t h e  f o u n d a t i o n s  to a s s i s t  in  d i s t r i b u t i o n  o f  

s t r e s s e s  a n d  i n c r e a s e  r e s i s t a n c e  t o  s e e p a g e .  C o n v e n t i o n a l  m a s ^  

c o n c r e t e  may  be  r e q u i t e d  for f o u n d a t i o n  l e v e l l i n g .

A c o n v e n t i o n a l  c o n c r e t e  c a p  i s  p r o p o s e d  f o r  t h e  s p i l l w a y  in  o r d e r  

t o  o b t a i n  t h e  c o r r e c t  p r o f i l e  a n d  p r e v e n t  e x f o l i a t i o n  o f  s o i l -  

c e m e n t  l a y e r s  i f  p o o r  b o n d  occurs o n  c o n s t r u c t i o n  j o i n t s .

1 6 . 4 . 7  S e t t l e m e n t

F o r  t h e  c e m e n t  c o n t e n t s  p r o p o s e d ,  u n c o n f i n e d  c o m p r e s s i v e  s t r e n g t h  

a t  v a r i o u s  a g e *  c a n  be  e s t i m a t e d  f r o m  g r a p h  1 0 . 9  a n d  t h e  v a r i o u s  

m o d u l i  c a n  m e n  b e  e s t i m a t e d  f r o m  g r a p h  1 3 . 1 5 .  To  o b t a i n  a  

r e a s o n a b l e  e s t i m a t e  o f  s e t t l e m e n t ,  i t  w o u l d  b e  n e c e s s a r y  t o  

d e t e r m i n e  s e t t l e m e n t s  f o r  i n c r e m e n t s  o f  h e i g h t  b a s e d  o n  a  p r o p o s e d  

r a t e  o f  c o n s t r u c t i o n  a s  t h e  m o d u l i  i n c r e a s e  w i t h  c o m p r e s s i v e  

s t r e n g t h  a n d  h e n c e  a g e .  Th e  p r e s s u r e  d i s t r i b u t i o n  a t  t h e  b a s e  o f  

t h e  e m b a n k m e n t  a l s o  c h a n g e s  c o n s i d e r a b l y  d u r i n g  r e s e r v o i r  f i l l i n g  

a n d  t h i s  w o u l d  a l s o  - e q u i r o  a n  i n c r e m e n t a l  a n a l y s i s  t o  e s t i m a t e  

t o t a l  s e t t l e m e n t .

As a n  i n d i c a t i o n ,  the co n s tr u c t  a n d  f i l l  m o d u l u s  f o r  t h e  m a t e r i a l  

with  5% cemen* i n c r e a s e s  from 0.04 G P a  a t  28 d a y s  to 0 . 0 6  G P a  at  

2 0 0  d ays ,  for the m ater ia l  w ith  1 0 % cement the range i s  0.08 to

0.12 GPa. For the r e s e r v o i r  o p era t io n  modulus, the c o r r e s p o n d i n g  

v a lu e s  are 0.95 t o  1.15 and 1.25 to 1.4 GPa for 5 and 10% 

r e s p e c t i v e l y .  Increm enta l  s e t t l e m e n t  f o r  Loading t o  end o f



c o n s t r u c t i o n  h e e l  s t r e s s  o f  1 . 02  MPa  r a n g e s  f r o m  2.0  t o  1.7% a t  28  

a n d  2UU d a y s  f o r  m a t e r i a l  w i t h  5% c e m e n t  t o  1.4% t o  0 . 8% f o r  

m a t e r i a l  w i t h  10% c e m e n t .

T h e s e  f i g u r e s  s u g g e s t  t h a t  a  p r o b l e m  may  a r i s e  d u e  r. o d i f f e r e n t i a l  

s e t t l e m e n t  b e t w e e n  t h e  10% f a c i n g  m a t e r i a l  a n d  5% h e a r t i n g  

m a t e r i a l  w h i c h  c o u l d  l e a d  t o  a d d i t i o n a l  s t r e s s e s  b e i n g  t r a n s f e r r e d  

t o  t h e  f a c i n g .  T h i s  c o u l d  n e c e s s i t a t e  a  m o r e  g r a d u a l  c h a n g e  i n  

c e m e n t  c o n t e n t  b e t w e e n  f a c i n g  a n d  h e a r t i n g  b u t  i t  i s  c o n s i d e r e d  

c h a t  t h e  s t r e n g t h  o f  t h e  m a t e r i a l  i s  s u f f i c i e n t  t o  a c c o m m o d a t e  t h i s  

a n d  t h a t  n o  p a r t i c u l a r  p r o b l e m s  w i l l  r e s u l t .  T h e  h i g h e r  s t r e s s  

l e v e l  i n  t h e  f a c i n g  ma y  a s s i s t  i n  r e d u c i n g  p e r m e a b i l i t y .

I t  i s  c o n s i d e r e d  u n l i k e l y  t h a t  c o m p r e s s i o n  of a n y  l a y e r  i n  t h e  dam 

w i l l  e x c e e d  1% a n d  t h a t  t h i s  i s  u n l i k e l y  t o  c a u s e  a n y  s i g n i f i c a n t  

d i s t r e s s  t o  t h e  s t r u c t u r e .  I t  s h o u l d  h« n o t e d  t h a t  i f  t h e  p r o p o s a l  

t o  i n c r e a s e  the.  c o a r s e  a g g r e g a t e  c o n t e n t  o f  t h e  s o i l  i s  adopted,  

t h e  c o m p r e s s i b i l i t y  o f  Che s o i l - c e m e n t  i s  l i k e l y  t o  be  s i g n i f i ­

c a n t l y  r e d u c e d .  I t  s h o u l d  a l s o  be  n o t e d  c h a t  t h e  m a x i m u m  s t r e s s e s  

c a l c u l a t e d  h e r e  w i l l  a p p l y  o v e r  a  l i m i t e d  l e n g t h  o f  t h e  e m b a n k m e n t  

a n d  t h a t  s o me  d e g r e e  o f  r e d i s t r i b u t i o n  o f  s t r e s s e s  a c r o s s  t h e  

v a l l e y  c a n  be e x p e c t e d .

1 6 . 5  COST COMPARISON FOR R0NDEB0SCH DAM

A r e a l i s t i c  c o s t  c o m p a r i s o n  i s  n o t  p o s s i b l e  without  d e t a i l e d  

d e s i g n s  a n d  e s t i m a t e s  f o r  e a c h  s o l u t i o n ,  h o w e v e r  a n  attem pt  i s  

made  h e r e  t o  e v a l u a t e  r e l a t i v e  c o s t s  i n  a  v a r i e t y  o f  w a y s  i n  order  

t o  o b t a i n  s o m e  i n d i c a t i o n  o f  t h e  v i a b i l i t y  o f  Che s tr u c tu r e  

p r o p o s e d  i n  t h e  p r e v i o u s  s e c t i o n .  C o s t s  q u o t e d  i n  t h e  f o l l o w i n g  

d i s c u s s i o n  h a v e  b e e n  a d j u s t e d  t o  t h e  t h i r d  q u a r t e r  o f  1984 as far  

a s  p o s s i b l e .

I n  o r d e r  t o  a s s e s s  t h e  ' p p r o x i m a t e  c o s t  o f  t h e  F t r u c t u r e  p r o p o s e d  

a b o v e ,  a n  e s t i m a t e  o f  t h e  a v e r a g e  c e m e n t  c o n t e n t  w a s  r e q u i r e d .  

S i n c e  t h e  average v a l l e y  t e n d s  t o  b e  m o r e  p a r a b o l i c  t h a n
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t r i a n g u l a r  i n  p r o f i l e ,  i t  i s  c o n s i d e r e d  t h a t  t h e  a v e r a g e  c e m e n t

c o n t e n t  a t  a  s e c t i o n  c o r r e s p o n d i n g  t o  t w o  t h i r d s  o f  t h e  m a x i m u m

e m b a n k m e n t  h e i g h t  w i l l  be  r e a s o n a b l y  r e p r e s e n t a t i v e .  On t h i s
3

b a s i s ,  t h e  v o l u m e  o f  5% h e a r t i n g  m i x  i s  e s t i m a t e d  a t  131 0 0 0  o  a n d
3

t h a t  o f  t h e  10% f a c i n g  m i x  a t  12 0 0 0  m . A v e r a g e  c e m e n t  c o n t e n t  

i s  t h e r e f o r e  b . 8 % o r  12b k g / m ^  ( 2 1 3  l b / y d ■*).

l b . 5 . 1  C o m p a r i s o n  I n Te r ms  o f  U n i t e d  S t a t e s  Da t a

T h e  PCA " G u i d e  f o r  E s t i m a t i n g  C o s t  o f  S o i l - C e m e n t  S l o p e  P r o t e c ­

t i o n  ( f o r  C o n s t r u c t i o n  i n  1 9 8 2 ) "  ( P C A  1 982)  I n d i c a t e s  a  c o s t  o f

p r o c e s s i n g  s o i l  c e m e n t  i n  e x c e s s  o f  100 000  c u b i c  y a r d s  o f
3 3

J S $ 8 . 2 ‘: / y d  . T h i s  t r a n s l a t e s  t o  $ 1 0 . 7 1/m . T h e  USBR " C o n s t r u c ­

t i o n  C o s t  T r e n d s "  i n d e x  s h o w s  n o  c h a n g e  o v e r  t h e  p e r i o d  1982 t o  

J u l y  1984 (USBR 1 9 8 4 ) ,  a c c o r d i n g l y  t h e  a b o v e  f i g u r e  i s  c o n s i d e r e d  a 

r e a s o n a b l e  e s t i m .  ce  o f  c u r r e n t  US p r i c e s .  T h e  J u n e  1984  r e p o r t  on  

" M a t e r i a l s  p r i c e s "  i n  E n g i n e e r i n g  News  R e c o r d  i n d i c a t e s  b u l k  

c e m e n t  c o s t s  I n  t h e  r a n g e  52 t o  73 U S $ / t o n .  A d o p t i n g  a  p r i c e  o f  

$ 7 0 / t o n  a n d  a s s u m i n g  a s h o r t  t o n  ( 2 0 0 0  p o u n d s )  t r a n s l a t e s  t o  $ 7 7 / t  

^ m e t r i c  t o n n e  * 10 0 0  k g ) .

F o r  t h e  c e m e n t  c o n t e n t  o f  12b k g / m j  t h e  c o s t  o f  c e m e n t  i s  $ 9 . 7 1 / u ^  

g i v i n g  a  t o t a l  c o s t  o f  $ 2 0 . 4 2 / m ! . T h e  c o s t  o f  c e m e n t  a t  t h e  W i l l o w  

C r e e k  Dam s i c e  wa s  $ 1 17 / 1 ( M O b . 2 0 / t o n )  i n d i c a t i n g  a c e m e n t  c o s t  o f
3 3

$ 1 4 . 79/m a n d  t o t a l  c o s t  $ 2 5 . 50 / m . T h i s  p r i c e  r a n g e  c o m p a r e s  

f a v o u r a b l y  w i t h  t h e  a v e r a g e  $ 2 4 . b 8 / u  1 ( $ 1 9 . 0 0 / y d  *) o f  W i l l o w  C r e e k  

Dam ( H a n s e n  1 9 8 4 b ) .

V o l u m e  o f  c o n c r e t e  a c t u a l l y  u s e d  i n  t h e  R o n d e b o s c h  Dam w a s  100 0 0 0  

m j ( H a n s o n  1 9 8 4 ) .  H a n s e n  ( 1 9 7 9 b )  p r o v i d e s  a  g r a p h  f o r  e s t i m a t i n g  

t h e  " C o s t  o f  M a s s  C o n c r e t e  1 n D a m s "  w h i c h  t a k e s  a c c o u n t  o f  

b u t t r e s s ,  a r c h  a n d  g r a v i t y  d a m s ,  f r o m  t h i s  t h e  1979 c o s t  o f  m a s s  

c o n c r e t e  i s  e s t i m a t e d  a s  $ 5 5 / y d \  T h e  USBR c o s t  i n d e x  i n c r e a s e s

f r o m  112 t o  155 o v e r  t h i s  p e r i o d  <USBR 1 984)  t o  g i v e  a  c o s t  o f
3 3

$ 9 9 / m ( $ 7 6 / y d  ) w h i c h  t r a n s l a t e s  t o  a t o t a l  c o s t  o f  c o n c r e t e  o f
3

$ 9 . 9  m i l l i o n .  T h e  203 000 m e s t i m a t e d  f o r  t h e  s o i l - c e m e n t  dam a t  
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R o n d e b o s c h  g i v e s  a n  e m b a n k m e n t  c o s t  i n  t e r m s  o f  t h e  f i g u r e s  i n  

t h e  p r e v i o u s  p a r a g r a p h  o f  b e t w e e n  $ 4 . 1 4  a n d  $ 5 . 1 8  m i l l i o n  a  s a v i n g  

i n  e x c e s s  o f  50% o n  t h e  b a s i c  s t r u c t u r e .

A s s u m i n g  t h a t  t h e  p l a c i n g  c o s t  o f  e a r t h f i l l  i s  n a i f  t h e  p r o c e s s i n g  

c o s t  o f  s o l l - c e m e n t  i n d i c a t e s  a  c o s t  f o r  t h e  e a r t h f  i l l  e m b a n k m e n t  

d e s i g n  o f  $ 4 . 7 7  m i l l i o n .  T h i s  i s  c o m p a r a b l e  t o  Che f i g u r e s  f o r  t h e  

s o i l - c e m e n t  a l t e r n a t i v e  b u t  d o e s  n o t  r a k e  a c c o u n t  o f  t h e  c o s t  o f  

t h e  s l o p e  p r o t e c t i o n ,  s p i l l w a y ,  c o f f e r d a m s  a n d  o u t l e t  w o r k s  m o s t  

o f  w h i c h  c a n  b e  e x p e c t e d  t o  b e  m o r e  c o s t l y  t h a n  t h e i r  e q u i v a l e n t s  

o n  t h e  s o l l - c e m e n t  d a m.  Th e  u s e  o f  h a l f  t h e  s o i l - c e m e n t  p r o c e s ­

s i n g  c o s t  i s  a r b i t r a r y  a n d  p . o b a b l y  u n d e r e s t i m a t e s  t h e  c o s t  o f  

e a r t h f i l l  p a r t i c u l a r l y  w h e n  t h e  mu c h  l o n g e r  h a u l  d i s t a n c e s  f o r  

e a r t h f i l l ,  r e f e r r e d  t o  i n  s e c t i o n  5 . 1 ,  a r e  t a k e n  i n t o  a c c o u n t .  I t  

i s  t h e r e f o r e  c o n s i d e r e d  t h a t  t h e  s o i l - c e m e n t  o p t i o n  w o u l d  p r o b a b l y  

be  s i g n i f i c a n t l y  m o i e  e c o n o m i c  t h a n  t h e  e a r t h f i l l  a l t e r n a t i v e  o n  

t h i s  s i t e .  I t  s h o u l d  be n o t e d  t h a t  t h e  M e r r i t t  Dam < o s t  c o m p a r i ­

s o n  i n  c h a p t e r  3 ( s e c t i o n  5 . 2  o f  p a p e r )  s h o w s  a  m a j o r  c o s t  

a d v a n t a g e  f o r  s o i l - c e m e n t  o v e r  t h e  e a r t h f  i l l  e m b a n k m e n t  e r e c t e d  

o n  t h a t  p a r t i c u l a r  s i t e .

The a b o v e  c o m p a r i s o n s  i n d i c a t e  t h a t ,  i n  t e r m s  o f  c u r r e n t  US c o s t s ,  

s o i l - c e m e n t  i s  p r o b a b l y  c o m p e t i t i v e  w i t h  r o l l e r  c o m p a c t e d  c o n ­

c r e t e  a n d  s i g n i f i c a n t l y  l e s s  c o s t l y  t h a n  t h e  c o n c r e t e  b u t t r e s s  a n d  

e a r t h f i l l  a l t e r n a t i v e s .

1 6 . 5 . 2  C o m p a r i s o n  i n  Te r ms  o f  S o u t h  A f r i c a n  Da t a

A s u m m a r y  o f  t h e  c o s t s  f o r  t h e  R o n d e b o s c h  Dam w e r e  o b t a i n e d  f r o m  

Mr  E.  M a n s o n  o f  S t e w a r t ,  S v i r i d o v  a n d  O l i v e r ,  c o n s u l t i n g  e n g i ­

n e e r s  ( M a n s o n  1 9 8 4 ) .  T h e  dam w a s  c o n s t r u c t e d  i n  t h e  p e r i o d  

S e p t e m b e r  1974  t o  A u g u s t  197 7 a n d  m e d i a n  d a t e  f o r  c o s t i n g  p u r p o s e s  

w a s  t a k e n  a s  F e b r u a r y  1 9 7 b .  C o n s t r u c t i o n  i n d e x e s  f o r  t h i s  t y p e  

o f  c o n s t r u c t i o n  o b t a i n e d  f r o m  C e n t r a l  S t a t i s t i c a l  S e r v i c e s  i n  

P r e t o r i a  a v e r a g e  l l b . b  i n  F e b r u a r y  197b  a n d  3 7 3 . 3  i n  J u l y  1 9 8 4 ,  a 

c o m p o u n d  r a t e  o f  i n f l a t i o n  o f  c l o s e  t o  15% p e r  a n n u m .  T h e
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a d j u s t e d  c o s t s  f o r  t h e  R o n d e b o s c h  c o n c r e t e  b u t t r e s s  dam w i t h  P a r d  

G,  e s c a l a t i o n  a n d  c o n t i n g e n c i e s  a l l o c a t e d  a p o r o p r i a t e l y , i n  

m i l l i o n s  o f  S o u t h  A f r i c a n  R a n d s ,  w e r e : -

E x c a v a t j o n  ........................................................................................

C o n c r e t e ,  s h u t t e r i n g ,  r e i n f o r c i n g  a n d  j o i n t s

P i p e w o r k  ................................. ..........................................................

R a d i a l  G a t e s  ..................................................................................

2 . 5

11.0

1 . 4

  2 . 6

TOTAL 17.5

As a  f i r s t  a p p r o x i m a t i o n ,  i t  i s  c o n s i d e r e d  t h a t  t h e  c o s t  o f  

e x c a v a t i o n  w i l l  be c o m p a r a b l e  f o r  t h e  s o i l - c e m e n t  d a m - -  t h e  a r e a  

r e q u i r i n g  p r e p a r a t i o n  w i l l  he  g r e a t e r  b u t  t h e  d e g r e e  o f  p r e p a r a t i o n  

w i l l  p r o b a b l y  b e  l e s s .  I t  i s  a l s o  a n t i c i p a t e d  t h a t  t h e  c o s t  o f  

p i p e w o r k  w i l l  be o f  s i m i l a r  m a g n i t u d e  a l t h o u g h  a n  i n c r e a s a  f o r  t h e  

s o l l - c e o e n t  da m i s  p o s s i b l e .  As d i s c u s s e d  i n  s e c t i o n  1 6 . 3 ,  t h e  

a n a l y s i s  o f  t h e  s o l l - c e m e r t  a l t e r n a t i v e  i s  b a s e d  o n  a  s t r u c t u r e  

w i t h  u n g a t e d  s p i l l w a y .  T h e  R 2 . 6  m i l l i o n  i t e m  f o r  r a d i a l  g a t e s  

t h e r e f o r e  d o e s  n o t  a p p l y .  I t  s h o u l d  b e  n o t e d  t h a t  t h i s  s a v i n g  m a y  

b e  o f f s e t  b y  a n  i n c r e a s e  i n  c o s t  cf e x p r o p r i a t i o n  t o  a c c o m m o d a t e  

h i g h e r  f l o o d  l i n e s  b u t  t h a : .  i n c l u s i o n  o f  r a d i a l  g a t e s  w o u l d  l e a d  t o  

a  r e d u c t i o n  i n  t h e  h e i g h t  o f  t h e  s t r u c t u r e  a n d  h e n c e  a  r e d u c t i o n  i n  

c o s t .

E s c a l a t i o n  o v e r  t h e  c o u r s e  o f  t h e  c o n t r a c t  c o n t r i b u t e d  R3 . 6  

m i l l i o n  t o  t h e  a b o v e  f i g u r e  o f  R I 7 . 5  m i l l i o n ,  21% o f  t h e  t o t a l  c o s t  

o f  t h e  s t r u c t u r e ,  t h e  r e d u c t i o n  i n  c o n s t r u c t i o n  p e r i o d  o f  t h e  s o i l -  

c e m e n t  dam thu$.  r e p r e s e n t s  a p o t e n t i a l  s a v i n g  o f  s e v e r a l  m i l l i o n  

r a n d .

An  e s t i m a t e  f o r  s o l l - c e m c n t  p r o c e s s i n g  ( b o r r o w ,  s t o c k p i l e ,  h a u l ,
3

m i x  a n d  c o m p a c t )  o f  R 4 . 6 0 / m  w a s  o b t a i n e d  f r o m  a  m a j o r  c i v i l  

e n g i n e e r i n g  c o n s t r u c t i o n  c o m p a n y  ( M a c d o n o l o  1 9 8 4 ) .  As  t h e y  h a d  

n o  e x p e r i e n c e  w i t h  c e n t r a l  p l a n t  m i x i n g  o f  s o i l - c e m e n t ,  a n d  d i d  

n o t  h a v e  t h e  e q u i p m e n t  o n  w h i c h  t o  b a s e  s u c h  c o s t s ,  t h e  e s t i m a t e  i s  

b a s e d  o n  r o a d s  e x p e r i e n c e  u u i n g  a  s p r e a d e r  b o x  a n d  p l o u g h  f o r  

m i x i n g .  D e l i v e r e d  c o s t  of c e m e n t  on s i t e  wa s  e s t i m a t e d  a t  R 1 2 5 / t
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3
g i v i n g  a t o t a l  s o l  1- c e m e n t  c o s t  o f  % 2 0 . 4 0 / m  a n d  t o t a l  e m b a n k m e n t  

c o s t  o f  R 4 . 1 4  m i l l i o n  w h i c h  i s  a p p r o x i m a t e l y  37% o f  t h e  c o n c r e t e  

c o s t  o f  t h e  dam a s  b u i l t .

I t  i s  c o n s i d e r e d  t h a t  t h e  p r o c e s s i n g  c o s t  ma y  be  s o m e t h i n g  o f  a n  

u n d e r e s t i m a t e  a s  t h e  s o i l - c e m e n t  dam r e q u i r e s  a t i g h t e r  s p e c i f i c a ­

t i o n  a n d  m o r e  s o p h i s t i c a t e d  p r o c e s s i n g  t h a n  g e n e r a l l y  u s e d  o n
3

r o a d s  i n  S o u t h  A f r i c a .  D o u b l i n g  t h e  a b o v e  f i g u r e  t o  R9 . Q2/ m 

g i v e s  a  t o t a l  s o i l - c e m e n t  c o s t  o f  R 5 . 0 8  m i l l i o n ,  46% o f  t h e  

c o n c r e t e  c c  t ,  s t i l l  a  c o n s i d e r a b l e  s a v i n g .

M a r a i s  ( .1984)  r e p o r t s  c o s t s  f o r  c e m e n t  s t a b i l i z e d  g r a v e l  s u b - b a s e  

r a n g i n g  f r o m  R 4 . 5 6  t o  R 9 . 9 9 / m ) a n d  c e m e n t  c o s t s  o f  R90 t o  R l l l / t  

d e p e n d i n g  o n  a r e a  a n d  n a t u r e  o f  m a t e r i a l .  T h e s e  v a l u e s  c o m p a r e  

f a v o u r a b l y  w i t h  t h e  r a n g e  c o n s i d e r e d  a b o v e .

F o r  t h e  e a r t h f i l l  a l t e r n a t i v e ,  a v e r a g e  h a u l  d i s t a n c e s  a r e  m o r e  

t h a n  d o u b l e  a n d  i t  i s  c o n s i d e r e d  t h a t  t h i s  w o u l d  m o r e  t h a n  o f f s e t  

t h e  c o s t  o f  p l o u g h  m i x i n g  o f  s t a b i l i z e r .  C o s t  o f  t h e  o r d e r  o f  R4 . 1  

m i l l i o n  f o r  t h e  e a r t h f i l l  a l t e r n a t i v e  i s  t h e r e f o r e  i n d i c a t e d  a t  

R 4 . 6 0 / m 3 .

W h i l e  t h e s e  e s t i m a t e s  do  n o t  t a k e  a c c o u n t  o f  t h e  c o s t  o f  t h e  f a c i n g  

e l e m e n t s  f o r  t h e  s o i l - c e m e n t  dam a n d  o t h e r  s e c o n d a r y  c o s t s ,  i t  i s  

a p p a r e n t  t h a t  a l a r g e  s a v i n g  c a n  b e  a c h i e v e d .  The  a b s e n c e  o f  

r a d i a l  g a t e s  a n d  r e d u c t i o n  i n  c o n s t r u c t i o n  p e r i o d  s h o u l d  a l s o  l e a d  

t o  r e d u c e d  c o n s t r u c t i o n  c o s t s .

1 6 . 3 . 3  C o s t  C o m p a r i s o n  - -  C o n c l u s i o n

As p r e v i o u s l y  n o t e d ,  n o  c o s t  c o m p a r i s o n  c a n  be  r e l i a b l e  u n l e s s  i t  

i s  b a s e d  o n  d e t a i l e d  d e s i g n s  p r e p a r e d  b y  t h e  c a m e  d e s i g n  t e a m  

t h o r o u g h l y  f a m i l i a r  w i t h  t h e  c h a r a c t e r i s t i c s  o f  t h e  s i t e .  I f  t h e s e  

d e s i g n s  a r e  s u b m i t t e d  t o  o p e n  t e n d e r ,  a s  a t  W i l l o w  C r e e k  Dam,  t h e n  

a  t r u e  i n d i c a t i o n  o f  t h e  r e l a t i v e  m e r i t s  o f  t h e  v a r i o u s  s o l u t i o n s  

w i l l  be o b t a i n e d .
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I t  i s  h o w e v e v  c o n s i d e r e d  t h a t  t h e  g e n e r a l  f i n a n c i a l  v i a b i l i t y  o f  

t h e  s o i l - c e m e n t  dam h a s  s u f f i c i e n t  t h e o r e t i c a l  v a l i d i t y  t o  j u s t i f y  

i t s  c o n s i d e r a t i o n  o n  s u i t a b l e  s i t e s .  Th e  a b o v e  c o s t  c o m p a r i s o n s  

s e r v e  t o  i l l u s t r a t e  t h a t  s o i l - c e m e n t  i s  a l m o s t  c e r t a i n l y  c o n s i ­

d e r a b l y  l e s s  c o s t l y  t h a n  c o n v e n t i o n a l  c o n c r e t e  o n  a  l a r g e  v a r i e t y  

o f  s i t e s  a n d  c a n  a l s o  be e x p e c t e d  t o  be  l e s s  c o s t l y  t h a n  e a r t h f i l l  

i n  m o s t  c a s e s  w h e r e  f o u n d a t i o n  c o n d i t i o n s  a r e  a d e q u a t e .  I n  

p a r t i c u l a r ,  a  c o n s i d e r a b l e  c o s t  s a v i n g  w o u l d  a l m o s t  c e r t a i n l y  h a v e  

b e e n  e f f e c t e d  o n  t h e  R o n d e b o s c h  Dam s i t e  i f  s o i l - c e m e n t  h a d  b e e n  

s p e c i f i e d .

1 6 . 6  CONCLUSION

T h e  a b o v e  c o m p a r i s o n  I n d i c a t e s  t h a t  t h e  s o i l - c e m e n t  u s e d  i n  t h i s  

p r o g r a m  i s  l i k e l y  t o  p r o d u c e  a  s t r u c t u r e  o f  s i m i l a r  c o s t  t o  a  

r o l l c r e t e  d a m .  The  r e l a t i v e  m e r i t s  o f  t h e  t w o  s o l u t i o n s  i s  l i k e l y  

t o  be  v e r y  mu c h  a  f u n c t i o n  o f  a p a r t i c u l a r  s 4 t e  a n d ,  a s  n o t e d  i n  

s e c t i o n  1 6 . 2 . 4 ,  t h e  d i s t i n c t i o n  b e t w e e n  r h e  t w o  m a t e r i a l s  i , 

b e c o m i n g  i n c i  e a s l n g l y  b l u r r e d .  W h e t h e r  s o i l - c e m e n t  p r o d u ^ d  o n  

t h e  R o n d e b o s c h  D a n  s i t e  u s i n g  m a t e r i a l  i n c l u d i n g  a  s i g n i f i c a n t l y  

i n c r e a s e d  c o a r s e  a g g r e g a t e  f r a c t i o n  p r o d u c e d  b y  r i p p i n g  i s  t r u l y  

s o i l - c e m e n t  o r  s h o u l d  be  r e g a r d e d  a s  r o l l e r  c o m p a c t e d  c o n c r e . e  i s  a  

m a t t e r  f o r  d e b a t e .  I f  s o i l  i s  d e f i n e d  a s  " n a t u r a l l y  o c c u r r i n g  

w e a t h e r e d  r o c k  m a t e r i a l  t h a t  c a n  be  e x c a v a t e d  u s i n g  e a r t h m o v i n g  

m a c h i n e r y " ,  t h e n  t h e  m a t e r i a l  u n d e r  d i s c u s s i o n  i s  s u r e l v  s o i l -  

c e m e n t .  H o w e v e r ,  i f  " r o l l e r  c o m p a c t e d  c o n c r e t e  p r o d u c e d  u s i n g  

l o c a l l y  a v a i l a b l e  a g g r e g a t e  w i t h  r e l a x e d  s p e c i f i c a t i o n s  a n d  

w i t h o u t  b l a s t i n g "  i s  a  mor e  a c c e p t a b l e  t e r m  t o  t h e  g e n e r a l  p u b l i c ,  

a n d  m a n y  e n g i n e e r s ,  t h e n  t h a t  i s  a p e r f e c t l y  a c c e p t a b l e  d e f i n i t i o n  

o f  t h e  m a t e r i a l  p r o p o s e d  h e r e .

W h a t e v e r  t h e  t e r m s  u s e d  t o  d e s c r i b e  t h e  m a t e r i a l ,  t h e  s o i l - c e m e n t  

i n v e s t i g a t e d  i n  t h i s  r e s e a r c h  h a s  b e e n  s h o w n  t o  be  s u i t a b l e  f o r  t h e  

c o n s t r u c t i o n  o f  l a r g e  d a ms  d e s i g n e d  o n  g r a v i t y  p r i n c i p l e s  a n d  t h e  

s u i t a b i l i t y  o f  t h e  m a t e r i a l  w i t h  i n c r e a s e d  c o a r s e  f r a c t i o n  c a n  

o n l y  be  i m p r o v e d .
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T h r o u g h o u t  t h e  d i s c u s s i o n  o f  t h e  r e s u l t s  o f  t h i s  t e s t  p r o g r a m ,  

a s p e c t s  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n  h a v e  b e e r  n o t e d .  M a n y  o f  

t h e s e  i n v e s t i g a t i o n s  w o u l d  be  r e l a t i v e l y  m i n o r  a n d  w o u l d  s e r v e  t o  

e n h a n c e  t h e  r e s u l t s  o f  t h i s  r e s e a r c h  o r  c o n f i r m  a s s u m p t i o n s  b e t  

a r e  u n l i k e l y  t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  k n o w l e d g e  i n  t h i s  

f i e l d .  H o w e v e r ,  i t  i s  c o n s i d e r e d  t h a t  a d d i t i o n a l  i n v e s t i g a t i o n  i n  

c e r t a i n  a r e a s  w o u l d  be  v a l u a b l e  a n d  t h e s e  p r o p o s a l s  a r e  s u m m a r i s e d  

i n  t h i s  c h a p t e r .

17 . 1  CONSTRUCTION OF TRI AL EMBANKMENT

I n  c o n s i d e r i n g  t h e s e  p r o p o s a l s ,  i t  s h o u l d  b e  n o t e d  t h a t  i t  i s  t h e  

a u t h o r ' s  o p i n i o n  t h a t  t h e  r e s u l t s  o f  t h i s  r e s e a r c h ,  t o g e t h e r  w i t h  

t h e  e x i s t i n g  b o d y  o f  k n o w l e d g e  p r e s e n t e d  i n  t h e  l i s t  o f  r e f e r e n c e s  

a n d  b i b l i o g r a p h y ,  p r o v i d e  s u f f i c i e n t  g r o u n d s  t o  j u s t i f y  t h e  

c o n s t r u c t i o n  o f  a  t r i a l  e m b a n k m e n t .  T h i s  e m b a n k m e n t  m i g h t  t a k e  

t h e  f o r m  o f  a  s t r u c t u r e  r e c t e d  w i t h i n  t h e  r e s e r v o i r  o f  a  dam now 

u n d e r  c o n s t r u c t i o n  o r  o f  a  w e i r  d o w n s t r e a m  o f  a n  e x i s t i n g  d a m ,  b u t  

i t  i s  c o n s i d e r e d  t h a t  t h e r e  i s  s u f f i c i e r  t  i n f o r m a t i o n  t o  J u s t i f y  

t h e  c o n s t r u c t i o n  o f  a t r i a l  e m b a n k m e n t  a s  a  b a s i s  f o r  t e n d e r s  f o r  

t h e  c o n s t r u c t i o n  o f  a s o i l - c e m e n t  i ' m  a s  a n  a l t e r n a t i v e  s o l u t i o n  

f o r  a p r o p o s e d  s t r u c t u r e .  I t  i s  f e l t  t h a t  t h i s  w o r l d  be  p a r t i c u ­

l a r l y  a p p r o p r i a t e  i n  t h e  p r e s e n t  S o u t h  A f r i c a n  c o n t e x t  o f  d r o u g h t  

a n d  a  d e p r e s s e d  e c o n o m y .
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The c o n s t r u c t i o n  of  a t r i a l  embankment i s  cons id ered  to be the  

most v a lu ab le  form of further  research  that could be condu<ted.  

While the r e l a t i v e l y  high cos t  of  such a t r i a l  i s  a ccepted ,  the  

o b s e r v a t io n  of  Hol tz and Hansen (197b) with  regard to the Bonny 

R eservo ir  Test  S e c t io n  i s  appropriate ;  " i t  i s  p e r t i n e n t  to note  

here that  t h i s  expen d iture"  (US$tiO 000 in 1953) "has been repaid  

many t im e s ,  as i s  so o f t e n  true of sound research ve n tu r e s " .

1 7 . 2  ALTERNATI VE WETTING AND DRYING TEST

An a l t e r n a t i v e  w e t t i n g  and d r y in g  t e s t  procedure making use o f  

the standard 37.5 mm diameter  by 75 mm lo n g  t e s t  spec imens used in  

t h i s  research i s  proposed.  The reduced s i z e  of  the specim ens  

a c c e l e r a t e s  the mass gain  during repeated w e t t i n g  and d r y in g  

c y c l e s  fo i  spec imens with 10% cem ent .  It  i s  p o s tu la te d  that  at  

lower  cement c o n t e n t s ,  the lo s s  of m a te r ia l  w i l l  be s i m i l a r l y  

a c c e le r a te d  as the r e s u l t s  of the l e a c h in g  t e s t  program i n d i c a t e  

that  d e t e r i o r a t i o n  in  the w e t t i n g  and d r y in g  t e s t  i s  p r im a r i ly  due 

to surface  l e a c h in g .

An a l t e r n a t i v e  t e s t  technique might i n v o l v e  the use of  these  

spec imens with  a f i v e  hour s o a k in g  period and tw e n ty  four hour 

c y c l e  period without  abras ion .  Abrasion t e s t i n g  of the specim ens  

would o n l y  occur at the end of t w e l v e  c y c l t s  and would be 

conducted u s in g  the v i b r a t i n g  tumbler descr ibed  in appendix B.

A technique based on these  proposals  w i l l  require c o n s i d e r a b l y  

l e s s  t ime to conduct and permit more specim ens  to be tes.. td at the 

same t im e .  The procedure would a l s o  require c o n s id e r a b ly  l e s s  

t e c h n i c i a n  t ime and lend i t s e l f  to a s i g n i f i c a n t  degree of  

au tom at ion .

Th'j: r e s u l t s  of  the le a c h in g  t e s t s  su ggest  that the t e s t  could  be 

made more s e v e r e , or a c c e l e r a t e d ,  by reducing  the temperature  

during the d r y in g  phase or d i s p e n s i n g  with  the d r y in g  phase 

a l t o g e t h e r .  It  i s p o s s ib l e  that comparable r e s u l t s  could be
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obta ined  u s in g  a l e a c h in g  bach s i m i l a r  to that  used in t h i s  

research and l e a c h in g  the specimens for  a period which might be as 

short as two to three d ays .  Losses might be determined s im p ly  in  

terms of change in  oven  dry mass r e l a t i v e  to c o n t r o l  spec imens or 

by abras ion  in  the tumbler referred  to above.  Unconfined com­

p r e s s iv e  s t r e n g t h  might provide an a l t e r n a t i v e  b a s i s  for com­

p a r i s o n .

The depth of  d e t e r i o r a t i o n ,  as d e f i n e d  in s e c t i o n  9 .4 .12 ,  i s  

suggested as a means of comparing l o s s e s  for t e s t s  u s in g  d i f f e r e n t  

specim ens  and t e a t  procedures.

C ons iderab le  research i s  required to  e x te n d  the r e s u l t s  of  t h i s  

program in  order to e s t a b l i s h  whether the observed s c a l e  e f f e c t s  

are c o n s i s t e n t  and to e s t a b l i s h  a t e s t  procedure Chat p rov id es  a 

r e l i a b l e  c o r r e l a t i o n  with  the s tandard t e s t .  This i n v e s t i g a t i o n  

should a l s o  examine the p o s s i b i l i t y  of  d e v e l o p i n g  a t e s t  of  equal  

s e v e r i t y  to the freeze-Chaw t e s t  but more appropriate to a p p l i c a ­

t i o n s  where f r e e z i n g  seldom occurs ,

.’ 7 . 3  ALTERNATI VE METHODS OF SEALI NG TEST S P ECI MENS

The method of s e a l i n g  t e s t  specimens used in t h i s  program i n v o l v e d  

wrapping tne specimen in  aluminium f o i l  and d ip p in g  i t  in  

p a r a f f in  wax to o b ta in  a complete s e a l .

React ions  between the f o i l  and cement occurred in  those specim ens  

w ith  high cement c o n t e n t s  and where the spec im ens  had been soaked  

prior  to s e a l i n g .  This r e a c t io n  occurs  when aluminium i s  exposed  

to  moisture In a h ig h ly  a l k a l i n e  e n v ir o n m e n t  as i s  p resen t  when 

cement h y d r a te s .  While there was no i n d i c a t i o n  that t h i s  r e a c t i o n  

was in  any way d e t r im e n t a l  to the t e s t  spec im ens ,  a l t e r n a t i v e  

methods of  s e a l i n g  the specimen without  a l l o w i n g  the wax i n t o  

d i r e c t  c o n ta c t  with  the s o l l - c e m e n t  should be i n v e s t i g a t e d .  This  

i s  cons id ered  d e s i r a b le  in a l l  cases  where s o a k in g  or s a t u r a t i n g



P o s s ib l e  a l t e r n a t i v e s  inc lude  the use of  s e l f  sea ling ,  p l a s t i c  

k i t c h e n  f i l m  or laboratory  f i l m ,  p o s s i b l y  fo l l o w e d  by d ipp ing  in  

wax and the use of c l o s e l y  f i t t i n g  p l a s t i c  bags with s e l f  s e a l i n g  

"zips" or s ea led  by heat welding or adhes ive  tape.

1 7 . 4  ALTERNATI VE LEACHI NG RnTE DETERMI NATI ON

The method of ca lc ium a n a l y s i s  used i n  the l e a c h in g  t e s t  program 

was c o s t l y  and o n l y  a l i m i t e d  number of le a ch a te  samples could be 

a n a ly s e d .

Evaporat ion  of  l e a c h a te  samples under c o n t r o l l e d  c o n d i t i o n s  could  

permit g r a v i m e t r i c  d e te r m in a t io n  of  the d i s s o l v e d  s o l i d s  c o n t e n t  

of the l e a c h a te .  This could be a s s o c ia t e d  with a l i m i t e d  program 

of d e t a i l e d  a n a l y s e s  to determine the com p os i t ion  of  the d i s s o l v e d  

s a l t s .

The le ach ate  samples from t h i s  t e s t  program are s t i l l  a v a i l a b l e  

and t e s t s  could be conducted u s in g  these  samples .

17 . 5  RELATI ONS HI P BETWEEN COHESION AND UCS

The r e s u l t s  of  the t r l a x i a l  t e s t  i n d i c a t e  a c o r r e c t i o n  of  the order  

of  11% to  the t h e o r e t i c a l  r e l a t i o n s h i p  between coh es ion  and 

u n con f in ed  com p ress ive  s t r e n g th  proposed in  equat ion  1 in  chapter  

3. While th s d i screp an cy  i s  probably w i t h in  the range of  

ex p e r im e n ta l  error ,  further  i n v e s t i g a t i o n  of t h i s  a s p sc t  might be 

f I n t e r e s t .

1 7 . 6  EROSION RESI STANCE

While the e r o s io n  r e s i s t a n c e  of  s o ’. l - c e m e n t  with regard to wave 

a c t io n  on s lope  p r o te c t io n  i s  w e l l  e s t a b l i s h e d ,  the proposal  to  

in c lud e  an o v e r f l o w  s p i l l w a y  as part of  the s o i l - c e m e r t  embank-
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•■.eat dan a. ad tea tvs  ttte uuea jt  m rth e r  i n v e s t i g a t i o n  oi. the 
e r o s io n  r e s t s  tancv  of - io i l - c e  mem whet- subjec t  to high f low  

v “ l o c i t i e s .

Lt  i s  n e c e s s a r y  to  i n v e s t i g a t e  m e a n s  of o b t a i n i n g  m a x i m u m  e r o s i o n  

r e s i s t a n c e  of s o i l - c e m e n t  a s  w e l l  a s  a l t e  t a t i v e  methods o  

s p i l l w a y  c o n s t r u c t i o n  t h a t  w o u l d  s t i l l  permit c o n s t r u c t i o n  o f  an

. ; r . e g r a l  s p ' l l w a v .

i o r d e r  t o  i n v e s t i g a t e  the e r o s i o n  r e s i s t a n c e  of s o i l - c e m e n t  

-ob jec t  t o  high f low v e l o c i t i e s ,  the c o n s t r u c t i o n  of  a t r i a l  

overf low weir downstream of  a major dam would prov ide  the most 

d e f i n i t i v e  s o l u t i o n .  With reasonable  c o n s t r u c t i o n  c o n t r o l  i t  

should oe p o s s ib l e  to co n s tr u c t  n embankment with each l e n g t h  c f ,  

say three  meters co n s tru cted  with  a d i f f e r e n t  s o i l - c e m e n t  i x ,  a l l  

placed c o n s e c u t i v e l y  and compacted s i m u l t a n e o u s l y .  V a r ia t io n s  to 

b e  i n v e s t i g a  ed might in c lu d e  d i f f e r e n t  cement c o n t e n t s  and 

gra v e l  f r a c t i o n s ,  f ibre  r e in fo r c e m e n t  and p o ly m e r i s a t i o n .  In 

a d d i t i o n ,  the e f f e c t  of a c c e l e r a t e d  c u r in g  u s in g  b lack  p l a s t i c  

s h e e t i n g  might a l s o  be i n v e s t i g a t e d .  The use of  s l ip form ed  and 

>ther f a c i n g  e l e m e n t s  and the p r o v i s io n  of  a s a c r i f i c i a l  l a y e r  

might a l s o  be i n v e  t ig a te d .

17. 7  BOND ON CONSTRUCTION JOI NTS

further  t e a t s  to  determine techniques  fo r  m o b i l i s i n g  the f u l l  

shear s t r e n g t h  of  the m a te r ia l  on c o n s t r u c t i o n  j o i n t s  are  

required.

L h e e e  t e s t s  could be  conducted u s in g  the apparatus used in  t h i s  

program with su i tab le  m o d i f i c a t i o n s  to the compaction procedure to 

insure adequate compaction on the c o n s t r u c t i o n  j o i n t .  A l t e r n a -  

i v e l y ,  t e  t s  could be conducted by p la c i n g  a number of l a y e r s  of  

n i l - ' e m e n t  u s i n g  t h e  equipment a n d  t ech n iq u es  norm al ly  used on 

lo .  Blocks of m a t e r i a l  a b o v e  t h e  c o n s t r u c t i o n  j o i n t  could then  

i s o l a t  md “ os ted i ' i t u  with a r a n g e  of v e r t i c a l  s t r e s s e s .



Tests  are a l s o  required to d e t e r m i n e  t h e  e f f e c t  or v a r i a t i o n s  ir. 

c o n s t r u c t i o n  d e l a y  between l a y e r s  a n d  t h e  m a x i m u m  p e r m i s s i b l e  

delay  without  j o i n t  trea tm en t .

1 7 . 8  EFF ECT O F  THE PRESENCE O F  C O A R S E  A G G R E G A T E

The r e s u l t s  of  the d i r e c t  shear t e s t a  i n d i c a t e  an improvement ir. 

the s t r e n g t h  of  s o l l - c e m e n t  c o n t a i n i n g  the g r a v e l  f r a c t i o n  

r e t a i n - d  on the 4.75 mm s i e v e  and s u g g e s t i o n s  are made for

r e l a t i n g  the r e s u l t s  of  t e s t s  or spec imens prepared u s in g  the 

f r a c t i o n  p a s s in g  the 4.75 mm s i e v e  to the m ater ia l  prepared u s in g  

the whole s o i l .

Further i n v e s t i g a t i o n  of  the e f f e c t  of the coarse f r a c t i o n  o n  C h e  

s t r e n g th  in  d i r e c t  shear and compress ion  i s  required .

B e n e f i c l a t i o n  of  the s o i l  with high s t r e n g t h  aggregate  used e i t h e r  

to rep lace  part of the g r a v e l  f r a c t i o n  or to supplement i t ,  should  

a l s o  be i n v e s t i g a t e d .  I n v e s t i g a t i o n  of  th i s  fa c to r  should be 

inc luded  in  any program of in  s i t u  shear t e s t s  such as those

proposed above.

1 7 . 9  USE OF OTHER S T AB I L I Z E RS

In v iew of the e x t e n t  of t h i s  laboratory  program, i t  was not

p o s s i b l e  to i n v e s t i g a t e  the use of other  s t a b i l i z e r s  and s o i l

t y p e s .

As p r e v i o u s l y  m ent ioned ,  i t  i s  c o n s lu  ;red that  the documents 

presented  in  the b ib l iography  provide a reasonable  b a s i s  for  

e x t e n d i n g  many of these  r e s u l t s  to other  s o i l s  and s t a b i l i z e r s .
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This research i s  c u r r e n t l y  being  extended  by G. M. B e n te l  in  the  

Department of  C i v i l  E n g in eer in g  at  tne U n i v e r s i t y  of  the 

U itw atersrand who i s  i n v e s t i g a t i n g  d i f f e r e n t  s o i l  and s t a b i l i z e r  

t y p e s .

Further i n v e s t i g a t i o n  i n t o  c e r t a i n  a s p e c t s  may w e l l  oe i n d ic a t e d  

by the r e s u l t s  of  B e n t e l ' s  research.
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The su i . ta h i . l i ty  of s o l  1-cement  for  use as a m a te r ia l  in  dam 

c o n s t r u c t i o n  has been conf irmed.  None of the m ater ia l  p ro p er t ie s  

i n v e s t i g a t e d  g i v e  any grounds to doubt i t s  s u i t a b i l i t y .

While fur ther  research i n t o  c e r t a i n  a s p ec t s  of the p r o p e r t ie s  of  

s o i l - c e m e n t  i s  s t i l l  required,  i t  i s  co n s id ered  that  these a s p e c t s  

would be b es t  I n v e s t i g a t e d  by means of a t r i a l  embankment  

co n s tr u c te d  on the s i t e  of  a proposed dam w ith  the s p e c i f i c  

o b j e c t i v e  of  p r o v id in g  the In form at ion  n ecessary  for the d es ig n  

and c o n s t r u c t i o n  of  a s o i l - c e m e n t  dam on that  s i t e .

I t  i s  suggested  that a higher coarse  aggregate  c o n t e n t  than 

c o n v e n t i o n a l l y  used w ith  s o i l - c e m e n t  w i l l  have a b e n e f i c i a l  

e f f e c t  on m a te r ia l  p ropert ie s  but i s  by no means e s s e n t i a l  to 

produce m a te r i a l  s u i t a b l e  for dam c o n s t r u c t i o n .  This m a te r i a l  

w i l l  d i f f e r  l i t t l e  in p rop ert ie s  from r o l l e r  compacted c o n c r e te  

and in the ex treme case can be regarded as such.  The r e l a t i v e  

m eri t s  of  r o l l e r  compacted co n c r e te  and s o i l - c e m e n t  w i l l  depend 

on I n d i v id u a l  s i t e s .

The d es ign  used for  Willow Creek Dam i s  co n s id ered  to be an 

e x c e l l e n t  example of  an en g in ee red  s tr u c tu r e  which i s  s im p ler  and 

cheaper to c o n s t r u c t  whi le  at  the sane  t ime being at l e a s t  as sa fe  

as c o n v e n t i o n a l  s o l u t i o n s  which require e la bo r a te  p reca u t io n s  to 

ensure t h e i r  lo n g - te r m  s t a b i l i t y .  I t  i s  con s id ered  that t h i s  type  

of des ign  i s  e q u a l ly  w e l l  su i ted  to the s o i l - c e m e n t  dam.



The s o i l  used in t h i s  research i s  i d e a l l y  s u i t e d  to s t a b i l i z a t i o n  

w ith  cement for use in  dam c o n s t r u c t i o n  and i s  c h a r a c t e r i s t i c  of  

the shallow r e s id u a l  s o i l s  a v a i l a o l e  on man, p o t e n t i a l  dan s i t e s  

in  Southern A fr ic a .  It  i s  e s t im a te d  that a s a v in g  in  e x c e s s  of  

f i f t y  percent  of  the c o s t  of the c o n c r e te  b u t tr e s s  dim erec ted  on 

the s i t e  i n v e s t i g a t e d  would have been e f f e c t e d  i f  the proposed 

s o i l - c e r a e n t  f l t e r n a t i v -  had been employed.  A c o n s id e r a b le  r e ­

duct ion  in  c o n s t r u c t i o n  t ime would a l s o  have been p o s s i b l e .

In v iew of the current  drought in  South A ir l e a  and the shortage  of  

funds for deve lopment ,  the use of s o i l - c e m e n t  should be i n v e s t i ­

gated with a vlew to immediate im p lem enta t ion  in  order to ob ta in  

maximum b e n e f i t  from the aval . ’ able  f i n a n c i a l  resources  together  

w ith  a rapid in c r e a s e  in  a v a i l a b l e  r e s e r v o i r  c a p a c i t y .
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A number  of computer  programs were w r i t t e n  by the  a u t h o r  

s p e c i f i c a l l y  f o r  t h i s  r e s e a r c h  and a number  of commerc i a l  s o f t w a r e  

pac k a g e s  were purchased  f o r  d a t a  p r o c e s s i n g  e t c .  These programs  

a r e  b r i e f l y  d i s c u s s e d  below.

The g r a v i t y  a n a l y s i s  d i s c u s s e d  i n  c h a p t e r  3 was per formed  u s i n g  % 

program r u n n i n g  on a Hewle t t  P a c k a r d  modal  97 programmable  

c a l c u l a t o r .  The program a c c ep t ed  i n p u t  of  the d e s i g n  p a r a m e t e r s  

d i s c u s s e d  i n  c h a p t e t  3 and ou t pu t  t he  s t r e s s e s ,  f a c t o r s  of  s a f e t y , 

e t c  d i s c u s s e d  i n  t h a t  c h ap t e r .

The s lope  s t a b i l i t y  a n a l y s i s  d i s c u s s e d  i n  c h a p t e r  3 was pe r f o r me d  

u s i n g  a program r u n n i n g  on a H e w l e t t  Packa r d  model  9830 d e s k t o p  

computer .  The program c a l c u l a t e d  the  f a c t o r  of  s a f e t y  f o r  s '  ope 

s t a b i l i t y  on a s l i p  c i r c l e  as d i s c u s s e d  i n  c h a p t e r  3. A manua l  

i t e r a t i v e  t e c h n i q u e  was used to  f i n d  the  c e n t e r  of  the c r i t i c a l  

c i r c l e .  An a l g o r i t h m  was de ve l oped  t o  a s s i s t  i n  t h i s  p r oc e d u r e  

bu t  was no t  implemented  i n  the program.

Al l  d a t a  p r o c e s s i n g  of  the r e s u l t s  of  t h i s  r e s e a r c h  t o g e t h e r  w i t h  

p l o t t i n g  of graphs  and word p r o c e s s i n g  of  the t h e s i s  was u n d e r ­

t a k e n  on an Ex i dy  S o r c e r e r  mi c rocomput e r  w i t h  5bk u s e r  memory a n d  

t w i n ,  s i n g l e  s i d e d ,  s o f t  s e c t o r e d ,  d i s k  d r i v e s  f o r m a t t e d  w i t h  77 

t r a c k s ,  16 s e c t o r s  ;o g i v e  a c a p a c i t y  of 296k per  d r i v e .

The p r o c e s s i n g  of  the  r e s u l t s  of  the r e s e a r c h  program was
2

u n d e r t a k e n  u s i n g  the computer  program Su p e r ca l c  (TM), produced 

by Sorcim C o r p o r a t i o n .  Data f i l e s  on d i s k  can  be s u p p l i e d  to



A number  of c o m j u t e r  programs were w r i t t e n  by the  a u t h o r  

s p e c i f i c a l l y  f o r  t h i s  r e s e a r c h  and  a number of  commer c i a l  s o f t w a r e  

p acka ges  were purchased  fo r  d a t a  p r o c e s s i n g  e t c .  These programs  

a r e  b r i e f l y  d i s c u s s e d  below.

The g r a v i t y  a n a l y s i s  d i s cu s s e d  i n  c h a p t e r  3 was per formed  u s i n g  a

program r u n n i n g  on a Hewl e t t  Packa r d  model  97 p rogrammable  

c a l c u l a t o r .  The program ac c e p t e d  i n p u t  of  the d e s i g n  p a r a m e t e r s  

d i s c u s s e d  i n  c h a p t e r  3 and o u t p u t  the s t r e s s e s ,  f a c t o r s  of  s a f e t y ,  

e t c  d i s c u s s e d  i n  t h a t  ch a p t e r .

The s l o p e  s t a b M i t y  a n a l y s i s  d i s c u s s e d  i n  c h a p t e r  3 was pe r f o r me d  

u s i n g  a program r u n n i n g  on a H e wl e t t  Packard  model  9830 d e s k t o p  

computer .  The program c a l c u l a t e d  the f a c t o r  of  s a f e t y  f o r  s l op e  

s t a b i l i t y  on a s l i p  c i r c l e  as d i s c u s s e d  1 n c h a p t e r  3. A manua l  

i t e r a t i v e  t e c h n i q u e  was used t o  f i n d  the  c e n t e r  of  t he  c r i t i c a l  

c i r c l e .  An a l g o r i t h m  was deve l oped  to  a s s i s t  i n  t h i s  p r o c e d u re  

but  was no t  Implemented  in the program.

Al l  d a t a  p r o c e s s i n g  of  the r e s u l t s  ot  t h i s  r e s e a r c h  t o g e t h e r  w i t h  

p l o t t i n g  of graphs and word p r o c e s s i n g  of  the t h e s i s  was u n d e r ­

t a k e n  on an Exidy Sorcerer mi crocomput e r  w i t h  56k u s e r  memory a n d  

t w i n ,  s i n g l e  s i d e d ,  s o f t  s e c t o r e d ,  d i s k  d r i v e s  f o r m a t t e d  w i t h  77

t r a c k s ,  16 s e c t o r s  to g i v e  a c a p a c i ty  of  296k per  d r i v e .

The p r o c e s s in g  of the r e s u l t s  of the research  program was 

undertaken u s in g  the computer program Supercalc .2 (TM),  produced  

by Sorclm Corporat ion.  Data f i l e s  on d i s k  can be s u p p l i e d  to



r e s e a r c h e r s  w i s h i n g  to f u r t h e r  a n a l y s e  the  r e s u l t s  p r e s e n t e d  

h e r e i n  s u b j e c t  to  t he  r e c e l n t  of  a s u i t a b l e  u n d e r t a k i n g  w i t h  r e g a r d  

to  a c k n owl e dgemen t  and payment  of  c o s t s .  The code i n  t he  bo t t om 

l e f t  hand c o r n e r  of  a l l  graphs  i d e n t i f i e s  the  d a t a  f i l e  used i n  

p l o t t i n g  the g r aph .  Thi s  i n  t u r n  p r o v i d e s  a r e f e r e n c e  to  t he  main  

d a t a  f i l e s .

A l l  graphs  were p l o t t e d  wi t h  a Watanabe WX 4671 X-Y P l o t t e r  u s i n g  

a program w r i t t e n  by the a u t h o r  u s i n g  the  M icrosof t  BASIC (TM) 

l a n g ua g e ,  r e v i s i o n  5.2.  The graph p a r a m e t e r s  and d a t a  f i l e s  can  be 

c o m p r e h e n s i v e l y  and  i n t e r a c t i v e l y  d e f i n e d  by the u s e r  and  t he  

program i s  l a r g e l y  s e l f  do c u me n t i n g .  Source code i s  c o m p r e h e n ­

s i v e l y  a n n o t a t e d  and  compr i ses  a t o t a l  of  a p p r o x i m a t e l y  120k 

b y t e s  of  code i n  f i f t e e n  o v e r l a y s .  Copies  of  source  cod® can  be 

s u p p l i e d  to  g e n u i n e  r e s e a r c h  o r g a n i s a t i o n s  f o r  t h e i r  own u s e ,  

s u b j e c t  t o  r e c e i p t  of  an u n d e r t a k i n g  w i t h  r e ga r d  t o  c o p y r i g h t  and  

paymen t  of  c o s t s .

T h i s  t h e s i s  w^s composed,  e d i t e d  and p r i n t e d  u s i n g  t he  S p e l l b i n d e r  

(TM) wcrd p r o c e s s i n g  program produced by L e x i s o f t  I n c o r p o r a t e d ,  

v e r s i o n  3.12.  Th i s  program was a l s o  used fo r  program e d i t i n g ,  f o r  

e d i t i n g  of t a b l e s  and fo r  e d i t i n g  of  S u pe r ca l c  d a t a  o u t p u t  t o  

produce the  d a t a  f i l e  f o rmat  r e q u i r e d  f o r  p l o t t i n g .  S p e l l c h e c k  

(1 M) by L e x i s o f t  was used f o r  c h e c k i n g  s p e l l i n g  i n  t he  t e x t  of t h e  

t h e s i s .
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A P P E N D I X  B 

V I B R A T I N G  TUMBLER FOR ABRASI ON T E S T I N G

I b r a c i n g  tumb l e r  used f o r  the  a b r a s i o n  t e s t i n g  of  s t a b i l i z e d  

r i q u e t t e s  of  coa* and ores  fo r  m e t a l l u r g i c a l  purposes  was r e f e r r e d  
t o  i n  s e c t i o n  8.4.4.

Th i s  t umbl e r  was deve l oped  by Prof G.E. B l i gh t  a t  the D e p a r t m e n t  

of C i v i l  E n g i n e e r i n g  a t  W i t w a t e r s r a n d  U n i v e r s i t y  i n  t he  m i d ­

s e v e n  t i e s  and  was used s u c c e s s f u l l y  f o r  t e s t s  f o r  s p e c i f i c  

a p p l i c a t i o n s  o v e r  a number of y e a r s .  No r e p o r t  on t h i s  r e s e a r c h  

has  been p ub l i sh e d  ( B l i g h t  1984) and,  a c c o r d i n g l y ,  b r i e f  d e t a i l s  

a r e  p r ov i de d  h e r e .  The a p p a r a t u s  was deve l oped  because  t he  

a c c e p t e d  a b r a s i o n  t e s t s ,  e . g .  the Los Ange les  a b r a s i o n  t e s t  (ASTM 

535) and  the ASTM t umbl e r  t e s t  f o r  coke  (D294) r e q u i r e d  e x c e s ­
s i v e l y  l a r g e  sampl es .

The a p p a r a t u s  c o n s i s t s  of  a c l o s e d  drum w i t h  an i n t e r n a l  d i a m e t e r  

of  150 mm and 150 mm l o n g .  A l o n g i t u d i n a l  s h e l f  p r o j e c t s  f rom thd 

i n s i d e  of the  drum which i s  suspended  by a number  of r a d i a l  

s p r i n g s  a t  i t s  base .  The drum s l o w l y  r o t a t e s  about  i t s  h o r i z o n t a l  

a x i s  w i t h  a f r e q u en cy  of  0.1 Hz and  s i m u l t a n e o u s l y  v i b r a t e s  

p e r p e n d i c u l a r  t o  t h i s  a x i s  w i t h  a f r e q u e n c y  of 30 Hz and a m p l i t u d e

of  2mm. A g e n e r a l  v i ew of the a p p a r a t u s ,  w i t h  the cover of  t he  
drum removed,  i s  p r e s e n t e d  i n  p l a t e  B. l .

P a ir s  of  br iq u e t te s  were t e s t e d  a f t e r  i n i t i a l  w e i g h i n g  by 

v i b r a t i n g  in  the drum for  i n t e r v a l s  of  f i v e  m i n u t e s .  The  

spec im ens  were then weighed,  the drum c lean ed  o u t ,  a n d  t h l  

spec im ens  su bjec t  to a further  period of  f i v e  minutes v i b r a t i o n !  

This  sequence was repeated a number of  t imes  i.0 o b t a i n  J 

t ime curve  for the m a te r ia l .
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In  p r op o s i n g  a p p a r a t u s  of t h i s  t y p e  f o r  a mo d i f i e d  w e t t i n g  

d r y i n g  t e s t  u s i n g  s m a l l e r  spec i mens ,  i t  i s  e n v i s a g e d  t h a t  i s g 

p e r io d  of  v i b r a t i o n ,  d e t e r mi n e d  to  produce r e s u l t ,  com,)ar 

t hos e  of the s t a n d a r d  t e s t ,  would be used.  Itl view 11 ®

s t r e n g t h  of s o i l - c e m e n t ,  i t  i s  p o s s i b l e  t h a t  a g r e a t e r  a m p l i t u  

f r e q u e n c y  of  v i b r a t i o n  might  be r e q u i r e d  t o  a c h i e v e  toe 

r e s u l t s  i n  an a c c e p t a b l e  t i m e .  A l a r g e r  drum d i a m e t e r  may 

r e q u i r e d  to  accommodate t he  37.5 mm d i a m e t e r  b> 7 5  mm 

used i n  t n i s  r e s e a r c h  and i t  might  be found con ven ie 

accommodate a s e t  of s i x  spec imens  i n  the  drum s i m u l t a n e o u s l y .  I t  

i s  however  f e l t  t h a t  the g e n e r a l  p r i n c i p l e  has  m e r i t  as a means of 

s i m p l i f y i n g  the  s t a n d a r d  w e t t i n g  and  d r y i n g  t e s t  p r oc e du r e .

PLATE B. l
VIBRATING TUMBLER FOR ABRASION TESTING



AP P ENDI X C

SUPPLEMENTARY INFORMATION ON APPARATUS

Thi s  a p p e n d i x  c o n t a i n s  a d d i t i o n a l  i n f o r m a t i o n  w i t h  r eg a r d  t o  the  

a p p a r a t u s  b u i l t  s p e c i f i c a l l y  f o r  t h i s  r e s e a r c h .  Much of  t he  

a p p a r a t u s  used i n  t h i s  t e s t  program was d e s i g n e d  and b u i l t  

s p e c i f i c a l l y  f o r  t h i s  p r o j e c t .  Other  i t ems  were s i g n i f i c a n t l y  

mo d i f i e d  and o t h e r s ,  whi l e  a l r e a d y  i n  e x i s t e n c e ,  were t h e m s e l v e s  

cus tom b u i l t  a t  some s t a g e .  As a r e s u l t  of  t he  e x t e n s i v e  scope of  

t h i s  i n v e s t i g a t i o n  and the  l a r g e  numbers  of  c e r t a i n  i t e m s  

r e q u i r e d ,  c o n s i d e r a o l e  d e s ig n  e f f o r t  was expended  i n  m i n i m i s i n g  

c o s t s  by the  u e of  a l t e r n a t i v e ,  low c o s t  m a t e r i a l s ,  s i m p l i f i c a ­

t i o n  of  d e s i g n ,  r e l a x a t i o n  of  m a c h i n i n g  t o l e t a n c e s ,  e t c .  E x i s ­

t i n g  a p p a r a t u s  and  component s  were a l s o  mod i f i ed  where p o s s i b l e .

The o b j e c t  of  t h i s  appe n d i x  i s  to p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  

on some of the  a p p a r a t u s  r e f e r r e d  to  i n  the body of  the t h e s i s  i n  

o r d^ r  t o  c l a r i f y  o p e r a t i n g  p r o c e d u r es  and p r o v i d e  a d d i t i o n a l  

i n f o r m a t i o n  to t hos e  who might  wish to b u i l d  s i m i l a r  a p p a r a t u s  f o r  

any  r e a s o n .  The a p p a r a t u s  i s  i l l u s t r a t e d  by way of  p l a t e s  a s  

d i m e n s i o n s  a r e  g e n e r a l l y  n o t  c r i t i c a l  and were f r e q u e n t l y  d e t e r ­

mined by e x i s t i n g  e q u i pme n t ,  space  and  a v a i l a b l e  m a t e r i a l s .  

Copies  of  the workshop s k e t c h e s  and d r a w i n g s  f o r  most  of  t h i s  

a p p a r a t u s ,  t o g e t h e r  w i t h  more d e t a i l e d  pho t ogr aphs ,  can  be s u p p l i e d  
to any  r e s e a r c h  i n s t i t u t i o n  i n t e r e s t e d .

In t in f o l l o w i n g  s e c t i o n s ,  o c c a s i o n a l  r e f e r e n c e s  w i l l  be found  t o  

s p e c i f i c  m a n u f a c t u r e r s ,  t he se  a r e  made where a p a r t i c u l a r  p r o d u c t  

has c e r t a i n  c h a r a c t e r i s t i c s  t h a t  s u i t  11 t o  the a p p l i c a t i o n  i n  

q u e s t i o n  or  i n  c a s e s  where c o n s i d e r a b l e  d i f f i c u l t y  was e x p e r i e n c e d  

f i n d i n g  a s u i t a b l e  p r o d u c t .  Re f e r e nc e  to  t h e s e  m a n u f a c t u r e r s  d o e s

A P P E N D I X  C - -  AP P ARATUS C. 1

1
■ F F t



not n e c e s s a r i l y  mean that they produce the o n l y  a c c e p t a b l e  

product,  there are almost c e r t a i n l y  others  producing e q u i v a l e n t  

a r t i c l e s .

The sequence adopted in  t h i s  chapter corresponds  to the sequence  

in  which the t e s t s  for which the apparatus wsvj used are d i s c u s s e d .  

Headings r e f l e c t  the s e c t i o n  to which the apparatus c o n c e r n e d  i s  

r e l a t e d .

C. l  Mercury D i s p l a c e me n t  C e l l  (6.3)

PLATE C . l

MERCURY DISPLACEMENT CELL AND SOIL DISKS

The mercury d isp lacem ent  c e l l  was used for measuring the volume of  

d i s k s  of compacted i o i l  produced to compare the e f f e c t s  of  

d i f f e r e n t  methods of  compaction.  The 75 mm long,  37.5 „,m standard  

c y l i n d r i c a l  specim ens  were d iv id ed  i n t o  s i x  equal p o r t io n s  by
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dllS Qt P° l y t h e n ® d l a k s  pla_ed as  che mould was f i l l e d .  A f t e r
the  a p p a r a t u s  was used t o  d e t e r m i n e  volume f o r

Ion of  d e n s i t y  to e x am i n e  the  v a r i a t i o n  w i t h i n  t he
spe c i me n .

1l u s t  r i t e s  the a p p a r a t u s ,  w i t h o u t  mercury t o g e t h e r  w i t h
number of  the s o i l  and p o l y t h e n e  d i s k s .  The c e i l  was produced

per spex  t u b i n g  wi t h  a t u r n e d  base cemented  to i t .  The cap

machined wi t h  an I n t e r n a l  cone  r i s i n g  towards  t he  c e n t e r  and

^ 1 a c r t i c a l  v e n t  t h rough which e x ce s s  mercury  d r a i n e d .
' o u r  r a d i a l  g r oo v e s  were machined In  t he  cone and  l e n g t h s  of

P pex rod wi t h  s p h e r i c a l  ends  were cemented  i n  them.  The

r e s u l t i n g  r i d g e s  p r ov i de d  s uppo r t  to  p r e v e n t  damage to  t he  s - ' i l

J i 3 k ,  wh i l e  a l l o w i n g  mercury to f l ow a r ound  i t .  The v e n t  o u t l e t

r rounded  b'  a c i r c u l a r ,  s ha r p  o v e r f l o w  we i r  f o r  the e x c e s s

m e r c u r / ,  which then  d r a i n e d  down a c h a n n e l  and t h rough  t h e  spout

on t he  s i d e  of  t he  cap .  The we i r  p r ov i d e d  i  p r e c i s e ,  r e p r o d u c i b l e  
l e v e l  f o r  the  mercury .

Mould f o r  S t a n da rd  C y l i n d e r s  (6.3 a r  9 . 3 . 1)

The mould l a i r l c a t e d  In  a c c o r da n c e  w i t h  IS  192* (1975) »IUch 

uaad f o r  c o mp a c t i ng  a l l  t h .  75 ,  37.5 mm s pec i mens  used I n  t h l i  

r e s e a r c h  1,  I l l u s t r a t e d  In  p l a t e  C. 2 .  The mould d i m e n s i o n s  war .  

r educed fo r  the spec i men  s i z e  used,  the B r i t i s h  S t a n d a r d  I s  f o r  IOC 

x 50 mm s p e c i m e n s .  Th i s  s i z e  . . .  d e t e r m i n e d  by t h e  a v a i l a b l e  

t r l a x l a l  a p p a r a t u s  and c a l l a b l e  head f o r  t h ,  l o ng  t e rm s e e p . ,  . 

t e s t s .  The mould f u r t h e r  mod i f i ed  by .  50T r e d u c t i o n  1„ t he  

h e i g h t  of  the s p a c i n g  c o l l a r  I n d i c a t e d  by the  s t a n d a r d .  Th i s  ■ 

found n e c e s s a r y  t o  a c h i e v e  equa l  p l ug  p r o j e c t i o n  p r i o r  t o  compac­

t i o n  which was l ound  to be d e s i r a b l e  t o  o b t a i n  t he  most  u n i f o r m  
d e n s i t y  d i s t r i b u t i o n  t r o u g h  the spe c i me n .

The f u n n e l  I l l u s t r a t e d  u s ,  not i n d i c a t e d  by the s t a n d a r d  but  was 

n ecessa ry  to p revent  p a r t i c l e ,  s t i c k i n g  to the upper bore of  

mould which i n t e r f e r e d  with  I n s e r t i o n  and -emoval of  the top °
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Jtmiil w<is tarmed from \ Length of s t e e l  t u b i n g ,  w i t h  the 01) 

i i ned t  p r o v i d e  a snug f i t  i n  the mould bore, s o l d e r e d  to a 

' u n n ' formed from g a l v a n i s e d  s t e e l  s h e e t .  The e x t r u s i o n  plug 

imping bar  a r e  a l s o  i l l u s t r a t e d .

PLATE C.2

CYLINDER MOULD AMD ACCESSORIES

F I*
S

C.3 Compact ion W o r k s t a t i o n  (9.3,1)

v C.3 i l l u s t r a t e s  the g e n e r a l  a r r a n g e m e n t  f o r  comp a c t i on  of  

d r i  a l  and d'.sk specimens .  The a p p a r a t u s  from l e f t  to

r i g h t

i .  - at i  food mi xer  wi th  s p e c i a l  m i x i n g  hook i l l u s t r a t e d
i i Late 6 . 1.

i mu l l  ind iccasaor laa  (p la t e  C.2).
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l a r g e  cunnv : -r . • • * ‘'"i
s o l l - c e o e n t  .•« • sr.*' nn"'' ' ,ri

m ix in g .

balance  (0.1 gj, bncchiu* > &

watch for  batch ing  f.no m ix ing  :on r 

moisture  c o n t e n t  sample t i n e ,  f e l t  

of spec imens and balance for ve Lg 

moisture  c o n t e n t  specimens t ig-

humidor; t i n  with c lo se  f i t t i n g  d, - 

g r id ,  in  which specimens were placed 

the humid chamber for i n i t i a l

i LATE C.3 

COMPACTION WORK-



C.4 S e a l i n g  of  Specimens (9 .3 .1)

P l a t e  C.4 i l l u s t r a t e s  a p a r t i a l l y  s e a l e d  c y l i n d e r  j p e c l n e i .  

c i r c u m f e r e n t i a l  f o i l  has been wrapped a round the spec imen 

l e n g t h  of  p l a s t i c  co v e r ed  wi re  ( t w i s t - t i e )  b e n e a t h  and 

p l a ce  w i t h  a s e l f  a d h e s i v e  l a b e l  w i t h  t he  spec imen code on i t .  

e n d  of  t he  wi r e  p r o j e c t s  below the l a b e l  t o r  use i n  t e a r i n g  

f o i l  and  wax on s t r i p p i n g .  The d i s k s  of a l umi n . um f o i l  (he 

k i t c h e n  f o i l )  a r e  to the r i g h t  in  the  p i c t u r e .  Che d i s k s  v.-er  ̂

p l a ced  on the  ends  of  the spec imens  and the c i r c u m t e r e n - i a l  

f o l de d  o v e r .  The spec imen and f o i l  was t h e n  dipped i n  wdX 

p r ov i d e  the  m o i s t u r e  s e a l .  The f o i l  p r e v e n t e d  the wax from coming 

i n t o  c o n t a c t  w i t h  the spec imen and p o s s i b l y  a f f e c t i n g  i t *  

p e r m e a b i l i t y .

PLATE C.4 

SEALING OF SPECIMENS FOR CURING
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C.5 Compressed Air  Punping V e s se l  for  D i s t i l l e d  Water

D i s t i l l e d  w a t e r  was o b t a i n e d  from the  Depar tment  of  Chen i s  y 

where i t  was t apped  d i r e c t l y  from bulk, s t o r a g e  t a n k s  i n t o  

c a r r i e d  i n  a D e p a r t m e n t a l  v e h i c l e .  Prom t he se  drums,  the wa 

was g r a v i t y  fed to  the pumping v e s s e l  shown i n  p l a t e  C.5 t h rough  

t he  c l e a r  oipe  a t  bot tom l e f t .  The v e s s e l  was f a b r i c a t e d  from 

mm n o m i n a l  OD h igh  d e n s i t y  p o l y e t h y l e n e  (HOPE) p i p i n g  r a t e d  a t  

1 2 0 0  kPa w i t h  2 5  mm s t e e l  end p l a t e s  f aced  w i t h  6 mm UP V C .

P L A T E  C . 5

C O M P R E S S E D  A I R  P U M P I N G  V E S S E L  F O R  D I S T I L L E D  W A i E R
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Compressed a i r  at  a pressure of 500 kPa was used to li*-t c *v & 

water to s torage  tank s  in  the water s tore  at tae t ip  

b u i l d i n g .  The a i r  was passed through a 5 micron f i l t e r  to pre 

c o n ta m in a t io n .  Check v a l v e s  on the i n l e t  and o u t l e t  permit  

op era t ion  by a l t e r n a t e  v e n t i n g  and p r e s s u r i s i n g  the v e s s e l  is 8 

the two v a l v e s  on the top p lace .  The curved alack pipe 0 &

t i n g  from the -' a l v e  on the top l e f t  of the v e s s e l  d i r e c t s  

a i r  a g a i n s t  the w a l l  to d i s s i p a t e  . t s  en ergy .

C.6 D e - a i r i n g  and Carbonating V e s se l  (9 .2 .8 )

The d e - a i r i n g  and carbon at ing  v e s s e l  i s  i l l u s t r a t e d  in p^ate 
i n  chapter 9. D e t a i l s  of i t s  c o n s t r u c t i o n  and o p e r a t io n  are

d i s c u s s e d  below.

T h is  v e s s e l  was fab r ica ted  from 600 kPa 315 mm )D HOPE pipe with  

6 mm f t e e l  end p la t e s  faced with UPYC. The three  way v a l v e  on 

the top place permit ted  c o n n e c t io n  to the vacuum supply and 

a l t e r n a t e  v e n t i n g  to the low pressure  n i t r o g e n  atmosphere of  the  

d e - a i r e d  water r e s e r v o i r s .  The f l o a t  v a l v e  on the vacuum l i n e  

p revented  a c c i d e n t a l  f l o o d in g  of  the vacuum pumps. An H shaped 

m anifo ld  at the bottom of the v e s s e l  was connected to a pump used 

for pumping the d e -a ir e d  or carbonated water to the appropria te  

storage  r e s e r v o i r s .  Ring manifo lds  at  the top and bottom were 

f i t t e d  with  micro mist  sprays .

For d e - a i r i n g ,  a f u l l  vacuum, l i m i t e d  by the vapour pressure  of  

water,  was e s t a b l i s h e d  and the d i s t i l l e d  water was drawn i n t o  the  

tank through the top manifo ld ,  the mis t  sprays  p r o v id in g  the 

n ecessa ry  a to m is a t io n  for d e - a i r i n g .  The water was held  under 

vacuum in the v e s s e l  u n t i l  required for recharging the d e - a i r e d  

d i s t i l l e d  water r . i s e r v o lr s .  The vacuum was then r e l i e v e d  by 

gradual ly  v e n t i n g  the v e s s e l  to the low pressure n i t r o g e n  

atmosphere and the water was pumped t o  the r e s e r v o i r s .  The n e x t  

charge of  water was then d e -a ir e d .



The bot tom r i n g  m a n i f o l d  was used f o r  c a r b o n a t i n g  the  de 

w a t e r  when r e q u i r e d  f o r  r e c h a r g i n g  the  supp ly  f o r  t h a t  e l e m e n t  

t he  t e s t  program.  A f t e r  the  wa t e r  was d e - a i r e d ,  c a r bon  d i o x l d  

was s l o w l y  i n t r o d u c e d  through the m i s t  n o z z l e s  a t  the b o t t o  

t h e  t a n k  u n t i l  t he  vacuum was d i s s i p a t e d  and a p r e s s u r e  of approx  

i m a t e i y  100 kpa was deve l oped .  Thi s  p r e s s u r e  was m a i n t a i n e d  f o r  a 

p e r i o d  of  s e v e r a l  hour s  to  e n s u r e  s a t u r a t i o n .  The p r e s s u r e  

r educed  to a t mo s p h e r i c  and the  wa t e r  a l l owed  ro s t a n d  o v e . n i b h t  

a l l o w  e x c e s s  CO, to  d i s s i p a t e ,  the  w a t e r  was t h e n  pumped to  t he  

s t o r a g e  r e s e r v o i r .

The s t o r a g e  t a n k s  i n  the wa t e r  s t o r e  were cove r e d  and  a i r  drawn 

i n t o  the  t a n k s  as  they  were tapped was f i l t e r e d  t o  p r e v e n -  

c o n t a o i n a t i o n .  The wa te r  was drawn from t h e s e  t a n k s  to t he  d e ­

a i r i n g  v e s s e l  t h rough a 5 mi cron  a a t e r  f i l t e r  to r emove a n y  

s uspe nded  m a t t e r ,  spores  e t c  t h a t  cou l d  c o n t a m i n a t e  t he  w a t e r  

s up p l y  s y s t e m  or  b l oc k  the micro  m i s t  n oz z l e s  i n  t he  d e - a i r i n g

t a n k .

C.7 Water R e s e r v o ir s ,  Constant Head Tanks,  e tc  (9.Z)

P l a t e  9.5 a l s o  i l l u s t r a t e s  a number of r e s e r v o i r s ,  a c o n s t a n t  head 

t a n k  and f l ow I n d i c a t o r  P l a t e  C.b shows the main r e s e r v o i r s  and  

c o n s t a n t  head t a n k s ,  l o c a t e d  to  the l e f t  of t hose  d e p i c t e d  i n  p l a t e  

9 . 5 .  C o n s t a n t  head t a n k s  were l o c a t e d  a t  d i f f e r e n t  l e v e l s  to 

accommodate t he  d i f f e r e n t  l e v e l s  of  t he  l e a c h i n g  c e l l  r a c k s  and  

d i f f e r e n t  heads .  S t anda rd  head was 3.75 m for  the c y l i n d r i c a l

s pec i mens .

S e a l i n g  of  t he  p l a s t i c  drums was a c h i ev e d  by means of  he a vy  

a l umi n i um t ape  backed wi t h  b i t umen  p u t t y ,  as  used i n  g e n e r a l  

i n d u s t r i a l  and  domes t i c  s e a l i n g  a p p l i c a t i o n s  ( F l a s h b a n d  /  D l t s l t ) .  

T h i s  t ape  was p r e s sed  a round and e v e r  the j u n c t i o n  of  t he  l i d  a n d  

drum and t he  c l amp i n g  r i n g  c l o s e d .  S i l i c o n e  rubber  s e a l a n t  was 

a p p l i e d  to t he  s e a l i n g  s u r f a c e s  b e f o r e  the l i d  was p o s i t i o n e d  a n d

t h e  t ape a p p l i e d .
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PLATE C.6
WATER RESERVOIRS, CONSTANT HEAD TANKS, ETC

C.8 Leacha te  Sample Storage Rack (9 .2 .12)

P la te  C.7 I l l u s t r a t e s  one of the racks  b u i l t  for s torage  of  

le achate  samples.  The rack i s  covered with heavy black  p o ly th en e  

sheer, and i s  f i t t e d  with a r o l l e r  b l in d  with  s ide  clamps to e x c lu d e  

l i g h t .  This was done to prevent  d e t e r i o r a t i o n  of  sampl es  or 

b o t t l e s  due to exposure to d ire c t  s u n l ig h t  and to preven t  a l g a l  

irowth from any spores which might be present  from the s o i l .  

Other racks wire located  in the c o n s ta n t  temperature lab which was 

kept dark when not occupied so that a d d i t io n a l  l i g h t  p roo f in g  of  

the racka was not required.
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PLATE C.7 

LEACHATE STORAGE RACK

C.9 P i pe  and F i t t i n g s  —  Lea ch i ng  and T r l a x i a l  Equipment

Considerable  d i f f i c u l t y  was ex p er ien ced  i n i t i a l l y  in  f i n d i n g  

s u i t a b l e  sources of p l a s t i c  cubing and brass f i t t i n g s  for much of  

the apparatus required for the long terra seepage / p e r m e a b i l i t y  

t e s t s .  F i t t i n g s  were required that could be rap id ly  and r e l i a b l y  

assembled and in some cases  were required to hold s i g n i f i c a n t  

pressures .  In the case of the low pressure n i t rogen  system .  

£ ^  £ £ ngs were required that wou Li sea l  f i r s t  t ime as the number of  

c o n n e c t i o n s  and the low pressure would make leak  d e t e c t i o n  

ex tr e m e ly  d i f f i c u l t .
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A source of brass pipe f i t t i n g s  was found but the f i t t i n g s  wer* 

weak as they had been machined from poor q u a l i t y  brass rod with  

pronounced gra in  which tended to s p l i t  when taper t h r e a d s  w e r  

t ig h te n e d  or pressure  was applied and i t  was th ere fore  n e c e s s a r y  

to f i n d  a l t e r n a t i v e  sources .  A large  v a r i e t y  of  pipe and f i t t i n g s  

were u l t i m a t e l y  used for  low pressure  a p p l i c a t i o n s .  These in

eluded UPVC pressure  pipe and f i t t i n g s  for m anifo lds ,  garden hc~e

and low d e n s i t y  p o ly e t h y le n e  (LDPE) a g r i c u l t u r a l  p ip in g  for

vacuum l i n e s  and large supply and dra in  l i n e s .

The f i t t i n g s  used for higher pressure a p p l i c a t i o n s ,  in c l u d i n g  a* ,  

c o n n e c t i o n s  to the t r i a x l a l  c e l l s ,  were manufactured by two

companies .  High pressure f i t t in g* '  for  p l a s t i c  and copper  cu b i ng  

were manufactured by Enots Ltd fP 0 Box 22, L i c h f i e l d ,  S t a f f s  *73-3 

6SB, England) represented  in  South A fr ica  by Balco Ltd. These 

f i t t i n g s  were used on a l l  c o n n e c t i o n s  to the t r i a x i a l  c e l l s  

because they could be repeatedly  d i s c o n n e c te d  without  l o s s  of s e a l .

P r e s s u r e  f i t t i n g s  fo r  p l a s t i c  t u b i n g  and ma tch ing  co l ou re d  t u b i n g  

( p o l v f l o ) ,  t r a n s p a r e n t  low p r e s s u r e  p l a s t i c  PVC t u b i n g ,  h i g h  

p r e s s u r e  n y l o n  t u b i n g  ( n y l o - s e a l )  and p r es s u r e  r a t e d  b r a s s  p i pe  

f i t t i n g s  were ma nufa c t u r e*  by Gould I m p e r i a l - E a s t m a n , Valve  a n d  

F i t t i n g s  D i v i s i o n  (6300 West Howard S t r e e t ,  Chicago,  I l l i n o i s  

60648,  USA), r e p r e s e n t e d  i n  South A f r i c a  by Beckman I n s t r u m e n t s  

L t d .  P o l y f l o  t u b i n g  and f i t t i n g s  were used f o r  many of  t he  

c o n n e c t i o n s  i n  the l e a c h i n g  a p p a r a t u s  where s ma l l  d i a m e t e r s  (up t o  

12.7 mm 0D) and c o l ou r  cod i ng  were r e q u i r e d .  C l e a r  PVC t u b i n g  was 

used f o r  the  l e a c h a t e  c o l l e c t i o n  t ube s  and f o r  v i s u a l  l e v e l  gauges  

on r e s e r v o i r s  and c o n s t a n t  head t a n k s .  N y l o - s e a l  t u b i n g ,  which 

i s  t r a n s l u c e n t ,  was used fo r  l e v e l  gauges i n  p r e s s u r e  a p p l i c a t i o n s  

such as  c e l l  p r e s s u r e  a c c u mu l a t o r s ,  d e - a i r i n g  t a n k  and pumping 

v e s s e l .  N y l o - s e a l  cubi ng  was a l s o  used fo r  a l l  p i p i n g  f o r  t he  

t r i a x l a l  c e l l s  i n c l u d i n g  n i t r o g e n  d i s t r i b u t i o n ,  l e v e l  gauges  and 

volume change  gauges . This t u b i n g  i s  manufac t u r ed  to  c l o s e  

t o l e r a n c e s ,  has a high p r e s s u r e  r a t i n g  and is  very s t i f f .  Gould 

brass f i t t i n g s  were used i n  a l l  h i gh  pressure gas a p p l i c a t i o n s .  

Gould need le ,  b a l l  and check v a l v e s  were a l s o  used.
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A v a r i e t y  of  b a l l  v a l v e s  were used in  the t r i a x i a i  a p p a r a t u s  

depending on pressure,  a v a i l a b i l i t y  and pr ic e .  Those m a n u f  ictur  

ed by Kl inger  were used for the low pressure t r i a x i a i  c e l l s .  L >« 

pressure  b a l l  v a l v e s  manufactured by Legris  were used for the 

volume change apparatus and high pressure v a l v e s  from the sa.ne 

source were used on the high pressure t r i a x i a i  c e l l s .

C.1U Adaptor s  f o r  LVDT's on P r o v i n g  Ring  (11.2)

PLATE C.8 

LVDT's MOUNTED ON PROVING KING

The adaptors des igned  for mounting l i n e a r l y  var iab le  d isp lacem e n t  

transducers  (LVDT's) in p a r a l l e l  with d ia l  d e f l e c t i o n  gauges were 

referred  to in s e c t i o n  1 1 . 2 .  P la te  C.8 I l l u s t r a t e s  two L V D T ' s  

m o u n t e d  u s i n g  these b r a c k e t s .  The b r a c k e t s  were produced from
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tLic aluminium bar with a hole  bored to accommodate the transducer  

and a s l o t  to urovide the c l earan ce  for clamping.  Two tapped 

ho les  at the back of the clamp allowed a v a r i e t y  of brackets  to be 
at ta tch ed  for mounting purposes.

C . l l  V e r t i c a l  Load Control  for D irec t  Shear Tests  (12 .2 .1 )

Ihe n i trogen  -  o i l  accumulator referred  to in  s e c t i o n  12.2.1 i s  

i l l u s t r a t e d  in p la t e  C.9 connected  to the v e r t i c a l  load jack of the  

d i r e c t  shear apparatus.  Nitrogen from the c y l i n d e r  at bottom 

r ight  was tapped through a needle  v a lv e  connected d i r e c t l y  to the  

c y l i n d e r  u n t i l  the required pressure was achieved in  the accumul­

a t o r .  V er t ic a l  load was applied  in  s ta g e s  and a number of f i n e  

adjustments  o f  the accumulator pressure were required as the 

n i tr o g e n  readjusted to ambient temperature.  The accumulator was 

vented  through a needle  v a lv e  on the s id e  to re lease  v e r t i c a l  load.

PLATE C.9

VERTICAL LOAD CONTROL FOR DIRECT SHEAR TESTS



■». accumulator had been p r e v io u s ly  used In a s i m i l a r  a p p l i c a t i o n

1'aa ClC‘,ned ^Pleasure t e s t e d  before use .  It was machined 
Horn s t e e l  bar w ith  an ID of 142 and OD of 178 mm with  a s t e e l  plug  

“ elded i n t o  the top. Plug t h i c k n e s s  was 38 mm top and 42 „„  

bottom. The accumulator was pressure t e s t e d  to 41 MPa and used at

a maximum w orx lng  Pleasure of 7 MPa. A l l  c o n n e c t io n s  were made 
Ubt.ng hydraulic  f i t t i n g s  ratec at  70 MPa.

in use ,  the accumulator was f i l l e d  with s u f f i c i e n t  o i l  to l i f t  the
J.-.ck to the end of I t s  s t rok e  l e a v i n g  a few m i l l i m e t r e s  In the

bottom o f  the v e s s e l .  This maximised the gas volume and provided

the n e c e s s i t y  cushion to accommodate v e r t i c a l  d i sp lacem ent  of  the  
lo a d in g  arm.

>-oad Kate Ccuoro l  f o r  D i r e c t  Shear  T e s t s  (12.2.1;

PLATE C.10

HORIZONTAL LOAD RATE CONTROL FOR DIRECT SHEAR TESTS



. n. load c o n t r o l  system referred  to In s e c t i o n  12.2.1 i s  

i ■. - t r a t e d  i n  place  C. 10. The e l e c t r i c  motor 0 1  the l e f t  d r iv e s  

the 900:1 reduct ion  gearbox throvgh a vee  b e l t  and cone p u l l e y s  

; i '  i n g  three rates  of loading .  The gearbox d r iv e s  a c o n v e n t i o n a l  

pressure regulator through a 200 mm p u l le y  mounted d i r e c t l y  o i the  

egu lator  sha ft  u s in g  a p o l y - v e e  b e l t  with four vees .  This b e l t  

t e n s io n e d  by the spr ing  loaded arm at the re tr .  Once turned on,  

t h i s  d e v ic e  s t e a d i l y  in c r e a se s  the a i r  pressure  a v a i l a b l e  to the 

i i r -h y d r o  pump I l l u s t r a t e d  in  p la te  12.2 thus in c r e a s i n g  the  

h o r i z o n t a l  sh ear ing  force .

U . 13 Curing Chamber for Direct Shear Specimens (1 .2.3)

PLATE C . l l

CURING CHAMBER FOR D I R E C T  SHEAR S P E C I M E N S

The c u r i n g  chamber t o r  d i r e c t  shear spec imens  d i s c u s s e d  i n  s e c t i o n  

12.2.3 i s  i l l u s t r a t e d  in p l a t e  C . l l .  B r i c ks  p l aced  a l ong  the s i d e s
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of  che chamber  s uppo r t  the s hea r  boxes to  form a d u c t .  The boxes  

were p l aced  t o g e t h e r  and a f an  h e a t e r  w i t h  a t h e r m o s t a t i c  c o n t r o l  

was p l aced  a t  one  e n d .  Ai r  was passed down the duc t  below the  

boxes  and r e c i r c u l a t e d  above them. Tempera ture  was g e n e r a l l y  
m a i n t a i n e d  i n  the r ange  23 to 27°C.

C.i4 Bruch Used for Direc t Shear J o in t  Preparation (12 .3 .4 .c )

. he  wi re  brush  used to  produce the j o i n t  s u r f a c e  i l l u s t r a t e d  i n  

p l a t e  12.6.b i n  c n a p t e r  12, i s  i l l u s t r a t e d  in p l a t e  C.12,  t o g e t h e r  

w i t h  the e l e c t r i c  d r i l l  wi th  which i t  was used.  The d r i l l  was he l d  

o'. t n i_s  a x i s  h o r i z o n t a l  and  p a r a l l e l  to the long  a x i s  of  the 

s pec i men .  The brush was moved a c r o s s  the J o i n t  s u r f a c e  ir 

o v e r l a p p i n g  bands  wi t h  s t e a d y  p r e s s u r e  a p p l i e d  to m a i n t a i n  the 
w i d t h  of the brush f o o t p r i n t .

PLATE C.12

WIRE BRUSH AND DRILL FOR JOINT PREPARATION
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C.15 Components  of  Disk  Mould (13.2)

P l a t e  C. l  3 i l l u s t r a t e s  the component s  of  the d i s k  mould shown 

assembled  i n  p l a t e  13.2.  The s p l i t  r i n g  a t  bot tom r i g h t  i s  the  

s p a c i n g  c o l l a r  used whi l e  f i l l i n g  the mould.  X s t a n d a r d  oedometer  

sample r i n g  i s  to the l e f t .  The o e d r me t e r  r i n g  i s  i n s e r t e d  i n t o  a 

r ec e s s  i n  t he  bot tom h a l f  of the mould,  a t  top r i g h t ,  and the  top 

h a l f  of the mould i s  clamped i n  p l a c e .  The specimen i s  t he n  

s t a t i c a l l y  compacted and may be l e f t  i n  t he  sample r i n g  by 

s e p a r a t i n g  the two h a l v e s  of the mould or  may be removed from the  

mould u s i n g  the e x t r u s i o n  plug shown on the l e f t  i n  p l a t e  13.2.

PLATE C.13 

COMPONENTS OF DISK MOULD
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A P P E N D I X  D

P E R M E A B I L I T Y  AND 

LEACHI NG RATE DATA FOR I N D I V I D U A L  S P E C I ME N S

Thi s  appe n d i x  c o n t a i n s  the graphs  of p e r m e a b i l i t y  and ca l c i um 

l e a c h i n g  r a t e  d a t a  f o r  i n d i v i d u a l  t e s t  s pec i mens ,  grouped by s e t ,  

as  r e f e r r e d  to i n  c h a p t e r  9.

Th i s  d a t a  i s  i n c l u de d  as  i t  i s  no t  a l wa y s  p os s i b l e  to d i s t i n g u i s h  

i n d i v i d u a l  groups of r e s u l t s  i n  the compos i t e  p l o t s  p r e s e n t e d  i n  

g aphs 9.1 t o  9.21.  The graphs  i n c l u d e  o t h e r  t e s t  da t a  t a b u l a t e d  as  

p a r t  of the l e g e n d .  Thi s  da t a  i s  i n c l u d e d  fo r  compar i son  wi t h  the  

p l o t t e d  d a t a  and to g i v e  an i n d i c a t i o n  of  the spread  o t  r e s u l t s  

obs e r ved  w i t h i n  s e t s  of  n o m i n a l l y  i d e n t i c a l  spec i mens .

The d a t a  below the  graphs i s  d i s c u s s e d  i n  s e c t i o n  9 . 4 . - .  The 

column head i ngs  a r e : -

a.  Imc X - -  the i n i t i a l  m o i s t u r e  c o n t e n t  a t  t he  t ime the 

spec imen was p l aced  i n  the l e a c h i n g  c e l l ,  no p a r t i c u l a r  

c o r r e l a t i o n  be t ween t h i s  va l ue  and i n i t i a l  p e r m e a b i l i t y  i s  

n o t i c e a b l e .

b.  i n t  %/d —  l e a c h i n g  r a t e  i n  p e r c e n t  per  day of i n i t i a l  d ry  

mass ,  c a l c u l a t e d  in t e rms  of change i n  oven dry  mass of t he  

spec imen a t  the end of  l e a c h i n g  r e l a t i v e  to the e s t i m a t e d  oven  

dry  mass of the  specimen on c o m p ac t i o n .  Thi s  v a l u e  does n o t  

a l l o w  for  h y d r a t i o n  and as such w i l l  t e n d  to u n d e r e s t i m a t e  the 

l o s s .  I t  should be noted t h a t  a n e g a t i v e  va l ue  in  t h i s  column 

i n d i c a t e s  a l o s s  of m a t e r i a l  whereas  the l e a c h i n g  r a t e ,  by 

d e f i n i t i o n ,  r e p r e s e n t s  a l o s s  when p o s i t i v e .  Thi s  va l ue  i s
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g e n e r a l l y  of s i m i l a r  magni tude  to  the  ca l c i um l e a c h i n g  r a t e

da t a ,  n o t e  t h a t  i n  compar ing  the  n u m e r i c a l  '•‘n t a  wJ t h  t he

ca l c i um l e a c h i n g  r a t e  a x i s ,  the  t a b u l a t e d  d a t a  must  be

m u l t i p l i e d  by 1000 as i t  i s  e x p r e s s e d  i n  u n i t s  of  %/d whereas
— 3

the  a x i s  i s  i n  %/d x 10

c.  C t l  %/d —  l e a c h i n g  r a t e  i n  p e r c e n t  per  day of  c o n t r o l  d r y  

mass ,  c a l c u l a t e d  i n  t e rms  of change  i n  oven  d ry  mass of the  

spec imen  a t  the  end of  l e a c h i n g  r e l a t i v e  t o  the mass 

c a l c u l a t e d  from the i n i t i a l  mass a d j u s t e d  by the  amount  

I n d i c a t e d  by the  h y d r a t i o n  c a l i b r a t i o n  d i s c u s s e d  i n  s e c t i o n  

9.4.8.  Thi s  v a l u e  a l l o w s  f o r  the g a i n  i n  f i n a l  mass as  a 

r e s u l t  of h y d r a t i o n  and i s  the " Ad j us t ed  Loss" used t h roughout  

c h a p t e r  9. As the h y d r a t i o n  c o r r e c t i o n  i s  c a l c u l a t e d  i n  t e rms  

of  c o n t r o l  spec i mens ,  i t  assumes t h a t  a i l  p a r t i a l l y  and f u^ l y  

h y d r a t e d  c o n s t i t u e n t s  of  the cement  a r e  l eached i n  a c o n s t a n t  

p r o p o r t i o n .  I t  i s  u n l i k e l y  t h a t  t h i s  i s  so and i n  compar ing  

t h i s  v a l u e  w i t h  the  ca l c i um l e a c h i n g  r ace ,  i t  should  be n o t e d  

t h a t  t h i s  v a l u e  may t e n d  to o v e r e s t i m a t e  the a ve r a ge  ca l c i um 

l o s s .  The o b s e r v a t i o n s  i n  pa r ag raph  b, above ,  w i t h  r e ga r d  t o  

s i g n  and  s c a l e  a l s o  a pp l y  to  t h i s  v a l ue .

d.  Pen mm- -  the  p e n e t r a t i o n  a t  t he  end of  l e a c h i n g  d e t e r m i n e d  

u s i n g  the b i t umen p e n e t r o m e t e r .

e .  Flow 1 —  the  c u m u l a t i v e  f low through the spec imen  ove r  the 

d u r a t i o n  of  the  t e s t ,  e x p re s s e d  i n  l i t r e s .

i n  e x a m i n i n g  t he se  r e s u l t s ,  i t  should  be noted t h a t  the a v e r a g e

v a l u e s  i n  the l egend  do no t  a l ways  c o r r e s po n d  e x a c t l y  w i t h  the  

v a l u e s  i n  t a b l e  9.3.  The graphs i n  the append i x  i n c l u d e  d a t a  fo r  

a l l  spec imens  i n c l u d i n g  those  where n o t e s  d u r i n g  t e s t i n g  i n d i c a t ­

ed p o s s i b l e  m a t e r i a l  l o s s  or  o the r  grounds  fo r  i g n o r i n g  c e r t a i n

d a t a  p o i n t s .  These suspec t  d a t a  p o i n t s  were r e j e c t e d  i n  c a l c u ­

l a t i n g  the  summary da t a  used i n  p l o t t i n g  graphs 9.22 to 9.34 and 

t a b u l a t e d  i n  CaUle 9.3.
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The p r i n c i p l e  of  d e f a u l t  t i t l i n g  has been a p p l i e d  to the graphs  i n  
t h i s  a p p en d i x  w i t h  o n l y  the  n o n - s t a n d a r d  c o n d i t i o n s  f o r  a 

p a r t i c u l a r  s e t  r e f e r r e d  to i n  the graph t i t l e .  The s t a n d a r d  

c o n d i t i o n s  a pp l y  to a l l  the l e a c h i n g  t e s t s  conduc t ed  as  p a r t  of 

t h i s  r e s e a r c h .  G e n e r a l l y  o n l y  one of the  pa r ame t e r s  was v a r i e s  

f o r  a p a r t i c u l a r  s e t  of spec imens .  The s t a n d a r d  c o n d i t i o n s  a r e  

l i s t e d  in  t a b l e  D.1

TABLE 0.1

STANDARD CONDITIONS FOR LEACHING TEST PROGRAM

Item Standard  C o n d i t i o n s

Specimen C y l i n d e r  37.5 n d i a me t e r  and 75 mm long .

M a t e r i a l S o i l - ' ,  n t  compacted to  S t anda rd  P r o c t o r  
d e n s i i  1905 kg /m3) and m o i s t u r e  c o n t e n t  
(13.7 -

Cement 10% Cement  by d r y  mass of  s o i l ,  s econda r y  
s t a n d a r d s ,  5, 15 and 20”. .

Lea ch i ng  Water D e - a i r e d  d i s t i l l e d  wa t e r .

G r a d i e n t 50 m/m a l ong  a x i s  of  specimen i . e .  head of 
3.75 m.

C e l l  P r e s su r e Nominal  head of 10.2 m on middle t i e r ,  v a r i a ­
t i o n  + / -  0.5 m f o r  top and bot tom t i e r s .

P e r io d Nomina l ly  2bb days  U«  weeks) .

Cure 7 days  humid cure  fo l l owed  by 21 days  s ea l ed  
i n  f o i l  and wax.

A P P E N D I X  D - -  L E A C H I N G  D A T A  0 . 3
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