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A B S T R A C T

The T'eseareh was undertaken to evaluate the v ia b i l i ty  o f  s ta b il iz e d  
so il  as  on a lte rn a tiv e  material fo r  the construction o f large dams.
An ex ten sive  lite ra tu re  revieu uxzs undertaken and the optimum 
sec tion  uas analysed. Those areas requiring addition al in vestig a ­
tio n  osre id e n tif ie d . The s/jope o f  in vestig a tio n  n ecessita ted  
lim itin g  f'.-rtner research to noil-cem ent. S o il obtained from a 
s i t e  for which deei'fts  fo r  e a r th f i l l  and concrete dams had been 
prepared and a t which a bu ttress d m  was under constru ction . An 
ex ten sive  laboratory program com prising w ettin g  and dryin g, perm­
e a b il i ty ,  leaching, unconfined co presc ion , s p l i t  tension , tr ia x ia l ,  
oedometer and heat o f hydration te s t s  was undertaken. Parameters 
arid proposals fo r  design ire  derived and the optimum sec tio n  fu rth er  
analysed, proposals fo r  fu rth er research are made and i t  is  
suggested that the construction o f a tr ia l  embankment should be 
undertaken. The resu lts  are compared with recent developments in  
r o lle r  compacted concrete and a  cos t  comparison i s  undertaken. I t  
i s  concluded that soil-cem ent is  a 'viable a lte rn a tiv e  m aterial fo r  
Jam construction , well su ited  to South African condition s, and that 
i t s  use should be a c tiv e ly  in v e s tig a ted  in view o f tins current South 
.[frican 'drought and recession.

SUMMARY

The o b j e c t i v e  of  t h i s  r e s e a r c h  was t o  d e t e r m i n e  the  v i a b i l i t y ,  or  

o t h e r w i s e ,  of  s t a b i l i z e d  s o i l  as  a m a t e r i a l  i n  dam c o n s t r u c t i o n .

An e x t e n s i v e  l i t e r a t u r e  s u r v e y  was u n d e r t a k e n  i n c l u i i n g  wide 

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

c o n du c t e d  work i n  t h i s  f i e l d .  An e x t e n s i v e  b i b l i o g r a p h y  i s  

i n c l u d e d  i n  t he  t h e s i s .

An a n a l y s i s  of  the  opt imum s e c t i o n  f o r  the s t a b i l i z e d  s o i l  dam was
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u n d e r t a k e n .  On t h e  b a s i s  of  t h i s  a n a l y s i s  and  the  l i t e r a t u r e  

r e v i e w ,  t h o s e  a r e a 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  were  i d e n t i ­

f i e d  a n d  a l a b o r a t o r y  program was f o r m u l a t e d .  Due t o  t h e  l a r g e  

number  of  v a r i a b l e s  r e q u i r i n g  i n v e s t i g a t i o n ,  t he  scope  of  t h i s  

l a b o r a t o r y  program was l i m i t e d  to  s o i l  s t a b i l i z e d  w i t h  c e m e n t .

The s i t e  of  a c o n c r e t e  b u t t r e s s  dam, t h e n  u nde r  c o n s t r u c t i o n ,  was 

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

emb a n k me n t .  De s i gn  d a t a  f o r  an a l t e r n a t i v e  e a r t h f i l l  embankmen t  

dam was a l s o  a v a i l a b l e .  Two s o i l s  were o b t a i n e d  from t h i s  s i t e  

a n d  used i n  a p r e l i m i n a r y  t e s t  p rogram.

One of t h e s e  s o i l s  was found t o  be b e t t e r  s u i t e d  t o  use  i n  s o i l -  

cemen t  and  a l s o  o c c u r r e d  c l o s e r  t o  the  dam s i t e .  T h i s  m a t e r i a l  

was used  i n  the  main  t e s t  p rogram.  The s o i l  was r e s i d u a l  f e l s i t e  

and  c l a s s i f i e d  as  A - 2-4  (SC-SM).

Cement  c o n t e n t s  i n v e s t i g a t e d  r an g ed  from 5 t o  20% c e m e n t  by d ry  

mass of s o i l  i n  t he  m a j o r i t y  o '  t e s t s  w i t h  10% adop t ed  as  s t a n d a r d .  

A d d i t i o n a l  c e men t  c o n t e n t s  were i n v e s t i g a t e d  where n e c e s s a r y .

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

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

and h e a t  of h y d r a t i o n  t e s t s  were c o n d u c t e d  wi t h  t e s t  p e r i o d s  of  up

to  900 d a y s .

S t a n d a r d  AST M w e t t i n g  and d r y i n g  t e s t s  were c o n d u c t e d  and 

e x t e n d e d  to  a s econd  s e r i e s  of  12 c y c l e s .  Smal l  c y l i n d r i c a l  

s pe c i m e n s  were a l s o  s u b j e c t  to t he  w e t t i n g  and d r y i n g  c y c l e s  and 

t h e n  t e s t e d  i n  o t h e r  p a r t s  of  t he  program.  I t  was found t h a t  t he  

w e t t i n g  and  d r y i n g  c u r e  l ed  t o  an 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  and  r e s i s t a n c e  to  l e a c h i n g .  The w e t - d r y  t e s t  was found 

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

l e a c h i n g  t e s t  p rogram.  I t  i s  s u g ge s t e d  t h a t  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 s u r f a c e  l e a c h i n g  t e s t .  S u g g e s t i o n s  a r e  made as to  

methods  of  a c c e l e r a t i n g  and s i m p l i f y i n g  the  s t a n d a r d  t e s t  p r o c e -



w  I

Long t e rm l e a c h i n g  t e s t s  were  pe r f o r me d  u s i n g  a form of  c o n s t a n t  

head pe r me amet e r .  A t o t a l  of  192 s p e c i m e n s  were s u b j e c t  t o  

l e a c h i n g ,  g e n e r a l l y  f o r  a p e r i o d  of  a p p r o x i m a t e l y  260 d a y s .  

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

t e n t ,  de g r e e  of c o m p a c t i o n ,  t he  use of d e - a i r e d  d i s t i l l e d ,  n a t u r a l  

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

C o n c r e t e  m o r t a r  s p e c i me n s  were a l s o  t e s t e d .  Su r f a c e  l e a c h i n g  was 

e x a m i n e d  u s i n g  a l e a c h i n g  b a t h .  I t  i s  found  t h a t  w h i l e  l e a c h i n g  

o cc u r s  u n d e r  h i gh  g r a d i e n t s ,  i t  i s  u n l i k e l y  t o  p r e s e n t  a s i g n i t i -  

c a n t  t h r e a t  to  the  t y p e  of  s t r u c t u r e  e n v i s i o n e d  i n  t h i s  r e s e a r c h .

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  were c o n d u c t e d  to  p r o v i d e  d a t a  f o r  

r e l a t i n g  t he  r e s u l t s  of  the t e s t  p rogram to  e x i s t i n g  work i n  t h i s  

f i e l d  and t o  p r o v i d e  a s i m p l e  b a s i s  f o r  c o m p a r in g  -he  e f f e c t s  of  

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 .  The e f f e c t s  of m o i s t u r e  c o n t e n t  

a t  t i me  of  t e s t  and  deg r ee  of  h y d r a t i o n  a r e  e x a m i n e d .  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 s  a r e  compared w i t h  t h o s e  r e p o r t e d  

by o t h e r  w o r k e r s  a n d  f o r  o t h e r  m a t e r i a l s  such as  r o l l e r  compac ted  

c o n c r e t e .  The r e s u l t s  a r e  found  t o  compare  f a v o u r a b l 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  i s  found  t o  be a l i n e a r  f u n c t i o n  of  

ceme n t  c o n t e n t  and  to  be p r o p o r t i o n a l  t o  the  l o g a r i t h m  of t he  age 

a t  t e s t .

C y l i n d e r  s p l i t t i n g  t e s t s  were c o n d u c t ed  as  a measure  of t e n s i l e  

s t r e n g t h .  S p l i t  t e n s i l e  s t r e n g t h  i s  found  t o  be of  t he  o r d e r  of  

10% of the  u n c o n f i n e d  c o m p r e s s l v i  s t r e n g t h .

T r l a x l a l  c o m p r e s s i o n  t e s t s  were c o n d uc t e d  to  f u r t h e r  I n v e s t i g a t e  

t he  p r o p e r t i e s  of  t he  m a t e r i a l  i n  c o m p r e s s i o n  and  to provide  

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

oedomet e r  t e s t s .  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 i t h  pore  pressure  

me a s u r e me n t  were cond u c t ed  on s a t u r a t e d  s p e c i m e n s .  Pore pressure  

a t  f a i l u r e  was found  to  be I n s i g n i f i c a n t  and i t  i s  recommended 

t h a t  u n 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  on u n s a t u r a t e d  sp ec im en s  can  

be used f o r  r o u t i n e  t r l a x l a l  t e s t i n g .  The 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  found t o  i n c r e a s e  w i t h  i n c r e a s e s  of  ceme n t  c o n t e n t  up
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CO 5% and to  r e m a i n  c o n s t a n t  t h e r e a f t e r .  Cohes i on  Is  f ound  t o  be 

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

D i r e c t  s he a r  t e s t s  were c o nduc t ed  on s p e c i m e n s  380 mm l o n g ,  16f) mm 

wide and  260 mm deep w i t h  t he  s h e a r  p l a n e  a t  m i d - h e i g h t .  S o i l

w i t h  a maximum p a r t i c l e  s i z e  of  19 mm was used .  T e s t s  were

c o n d uc t e d  on i n t a c t  s pe c i m e n s  and  s p e c i m e n s  w i t h  c o n s t r u c t i o n

j o i n t s  s u b j e c t  t o  a two day c o n s t r u c t i o n  d e l a y  and  v a r i o u s  j o i n t  

t r e a t m e n t s .  The f u l l  m a t e r i a l  s t r e n g t h  was no t  deve l op e d  on the  

c o n s t r u c t i o n  j o i n t  and s u g g e s t i o n s  f o r  chau&es t o  the method of 

c o m p a c t i on  of  t e s t  s pe c i m e n s  a r e  made.  Recommenda t ions  a r e  made 

f o r  f u r t h e r  t e s t s  t o  be c o nd u c t ed  i n  t he  f i e l d  or  l a b o r a t o r y .  The 

a p p a r a t u s  used p e r m i t t e d  c o n t r o l l e d  f a i l u r e  and d e t e r m i n a t i o n  of  

the  r e s i d u a l  s t r e n g t h  of t he  m a t e r i a l .  I t  was found th at  d e s p i t e  

t he  r educed  u l t i m a t e  s t r e n g t h  on c o n s t r u c t i o n  J o i n t s  Che r e s i d u a l  

s t r e n g t h  was u n a f f e c t e d .  A d e s i g n  p h i l o s o p h y  based on  th es e

o b s e r v a t i o n s  i s  proposed .  The r e s u l t s  a r e  compared w i t h  t h o s e  of  

t he  t r i a x i a l  t e s t  program and  s u g g e s t i o n s  f o r  a d j u s t i n g  f o r  the  

c o a r s e  a g g r e g a t e  c o n t e n t  of  the  m a t e r i a . a t e  made.

Oe dooe t e r  t e s t s  were c o n d uc t e d  u s i n g  s t a n d a r d  s o i l  m e c h a n i c s  

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

s i m u l a t e  embankmen t  c o n s t r u c t i o n  and  r e s e r v o i r  o p e r a t i o n .  Long 

t e rm t e s t s  were c o n du c t e d  u s i n g  g r a d u a l  " load i ng  o v e r  s e v e r a l

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

C o r r e s p o n d i n g  t e s t s  were c o n d u c t e d  w i t h  a two week t e s t  p e r i o d  and 

s p e c i me n s  t e s t e d  a t  v a r i o u s  a g e s .  A d d i t i o n a l  t e s t s  were c o n d u c t e d  

on s pe c i m e n s  s u b j e c t  t o  v a r y i n g  d e g r e e s  of l a t e r a l  r e s t r a i n t .  A 

s t a n d a r d  t e s t  t e c h n i q u e  i s  s u g g e s t e d .  Three  modul i  f o r  use  i n  

d e s i g n  a r e  p roposed  and  r e l a t e d  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  of  t he  m a t e r i a l .

Heat  of  h y d r a t i o n  t e s t s  were c o n d u c t e d  from which an e s t i m a t e  of  

the c o e f f i c i e n t  of  t he rm a l  c o n d u c t i v i t y  i s  o b t a i n e d  which i s  f ound 

to a g r e e  w e l l  w i t h  r e p o r t e d  v a l  -es f o r  compacted s o i l .  The h e a t  

g a i n  c h a r a c t e r i s t i c s  of t he  s o i l - c e m e n t  a r e  found t o  a g r e e  w e l l  

w i t h  t hos e  r e p o r t e d  f o r  cemen t .  However ,  i t  i s  c o n c l u d ed  t h a t ,  due
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t o  t he  r e l a t i v e l y  t h i n  l a y e r s  i n  which the  m a t e r i a l  i s  t o  be 

p l a c e d ,  no t h e r m a l  p rob lems  a r e  a n t i c i p a t e d .

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

d e p a r t u r e  f rom t h a t  n o r m a l l y  used ,  w i t h  a l t e r a t i o n s  b e i n g  made to  

reduce  c o s t s  and  i n c r e a s e  e f f i c i e n c y .  D e t a i l s  of  t h i s  a p p a r a t u s  

a r e  p r e s e n t e d  i n  an a p p e n d i x .

A r e v i e w  of  r e c e n t  d e v e l o p m e n t s  In  the  f i e l d  of  r o l l e r  compac ted  

c o n c r e t e  i s  p r e s e n t e d  and  the  r e s u l t s  of  t h i s  r e s e a r c h  r e l a t e d  t o  

them.  The opt imum s o i 1 - c e m e n t  embankmen t  p r o f i l e  i s  d e t e r m i n e d  

and p r o p o s a l s  f o r  c o n s t r u c t i o n  a r e  made.  The need  t o  a v o i d

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

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

compare the  s o l l - c e m e n t  dam w i t h  a l t e r n a t i v e  d e s i g n s .  Th i s  

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

s a v i n g s  c ou l d  have  been e f f e c t e d  had a s o l l - c e m e n t  data been 

e r e c t e d  i n  p l a c e  of  t he  c o n c r e t e  dam c o n s t r u c t e d  on t h  , l t e  from

which the  s o i l  used i n  t h i s  r e s e a r c h  was c o l l e c t e d .

P r o p o s a l s  f o r  f u r t h e r  r e s e a r c h  r e s u l t i n g  f rom t h i s  program a r e  

summar i sed  and  i t  i s  c o n c l u d ed  t h a t  t he  most  e f f e c t i v e  form of 

f u r t h e r  r e s e a r c h  would t a k e  the  form of  c o n s t r u c t i o n  of  a t r i a l  

embankment  as  t he  f i r s t  s t a g e  i n  o b t a i n i n g  t e n d e r s  f o r  the  

c o n s t r u c t i o n  of  a s o i  1 - ce m e n t  a l t e r n a t i v e  t o  a c o n v e n t i o n a l

s t r u c t u r e .

I t  i s  c o n c l u d e d  t h a t  t he  v i a b i l i t y  of  s o l l - c e m e n t  as  a m a t e r i a l  

f o r  dam c o n s t r u c t i o n  has  been a d e q u a t e l y  e s t a b l i s h e d  and  t h a t  i n  

view of  t he  c u r r e n t  d rought  and r e c e s s i o n  i n  South A f r i c a  t he  use 

of  s o l l - c e m e n t  shou l d  be a c t i v e l y  i n v e s t i g a t e d  w i t h  a v i e w  t o  

ma k i n g  opt imum use of  a v a i l a b l e  f i n a n c i a l  r e s o u r c e s .
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To my p a r e n t s , Angus and  Thelma

and  my w i f e ,  F i o n a .



The o b j e c t i v e  o t  t h i s  r e s e a r c h  was t o  d e t e r m i n e  the  v i a b i l i t y ,  o r  

o t h e r w i s e ,  of  s t a b i l i z e d  s o l i  as  i m a t e r i a l  i n  dam c o n s t r u c t i o n .

The b a s i s  of  t he  r e s e a r c h  was as  f o l l o w s : -

1. The s t a b i l i z a t i o n  of  s o i l  by the  a d d i t i n n  o f  l i m e  or  cemen t  i n  

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

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

of  s l o p es  i n  an e a r t h  dam.

By I n c r e a s i n g  the  s he a r  s t r e n g t h  of  the  m a t e r i a l ,  t he  s lo p e s  of 

a dam can  be I n c r e a s e d  u n t i l  o v e r t u r n i n g  s t a b i l i t y  b e c o c c s  the  

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

T h i s  s hou l d  r educe  the  volume of m a t e r i a l  i n  a s t a b i l i z e d  s o i l  

dam by as  much as  BOX compared t o  a c o n v e n t i o n a l  e a r t h  dam 

(Rocna,  Folque  and  E s t e v e s  19bl;  Nash,  J a r d i n e  and Humphreys 

1965; Raphae l  1970 and B l i g h t  197 3).

In  v i ew o f  t he  I n c r e a s e  In the u n i t  c o s t  of  m a t e r i a l ,  an 

o v e r a l l  c o s t  s a v i n g  of  up t o  4UX o v e r  a c o n v e n t i o n a l  e a r t h  dam 

has  been p r e d i c t e d  (Raphae l  1970).

2.  The p l a c e m e n t  of  c o n c r e t e  m a t e r i a l s  o r  s t a b i l i z e d  s o i l  u s i n g  

e a r t h  mo v i ng  t e c h n i q u e s  can  improve  e f f i c i e n c y  and  reduce  

c o s t s  o v e r  a 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  dam (Raphae l  1970 

and  Mof fa t  1973).
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3.  The r e s i d u a l  s o i l s  e n c o u n t e r e d  In  many p a r t s  of  So u t h e r n  

A f r i c a  a r e  w e l l  s u i t e d  t o  s t a b i l i z a t i o n  and  a r e  f r e q u e n t l y  n o t  

p r e s e n t  i n  s u f f i c i e n t  volume to  j u s t i f y  the  c o n s t r u c t i o n  of  a 

c o n v e n t i o n a l  e i r t h  embankment  dam.

Th i s  d i r e c t i o n  was r e f i n e d  a f t e r  c o m p l e t i o n ,  w i t h  P r o f  G.E. 

B l i g h t ,  of  the  pape r  " S t a b i l i z e d  E a r t h f i l l  Dans" f o r  t he  Symposium 

on S o i l  R e i n f o r c i n g  and S t a b i l i z i n g  Te c h n i q u e s  i n  E n g i n e e r i n g  

P r a c t i c e ,  he l d  i n  S y d n e y , A u s t r a l i a ,  f rom October  16 to  19, 1978.  

Tl i is pape r  fo rms  t he  s u b s t a n c e  of  t he  f i r s t  t h r e e  c h a p t e r s  of  the 

t h e s i s .

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

the  e x p e r i m e n t a l  p rogram,  has  been ch o s e n  to  l i m i t  t he  amount  of  

f o r war d  r e f e r e n c i n g .  Where r e s u l t s  f o r  a p a r t i c u l a r  group of t e s t s  

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

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

D e t a i l s  of the compute r  programs used i n  t h i s  r e s e a r c h  a r e  s u p p l i e d  

i n  a p p e n d i x  A. The i n f o r m a t i o n  i n  s - ' n l l  p r i n t  i n  t he  bo t t om l e f t  

hand c o r n e r  of  a l l  g raphs  r e f e r s  t o  t he  d a t a  f i l e s  f rom which  the  

graphs  were p l o t t e d .  Copies  of t h e  comput e r  d i s k e t t e s  c o n t a i n i n g  

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

p a r t i e s  w i s h i n g  t o  p r oces s  the d a t a  f u r t h e r .  I n f o r m a t i o n  on d i s k  

f o r ma t s  i s  c o n t a i n e d  '.n t he  a p p e n d i x .

A d d i t i o n a l  I n f o r m a t i o n  on the appar a t us  b u i l t  f o r  t h i s  r e s e a r c h  

program i s  c o n t a i n e d  in a p p e n d i x  C .



A C K . N O W L E f ' C E M  E N T S

L would l i k e  to  e x p r e s s  my a p p r e c i a t i o n  f o r  the s u pp o r t  and 

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

The C oun c i l  for S c i e n t i f i c  and I n d u s t r i a l  Research,  t he  S e n i o r  

B u rsar ies  C o a e l t t e e  of t he  U n i v e r s i t y  of The W i t w a t e r s r a n d ,  the  

Freda Lawenski Sch o larsh ip  Fund and the Hennen J e n n i n g s  S ch o la r ­

sh ip  Fund f o r  p o s t - g r a d u a t e  s c h o l a r s h i p s  and  b u r s a r i e s  w i t h o u t  

which t h i s  r e s e a r c h  cou l d  n o t  have  been  u n d e r t a k e n .

The Cement I n d u s t r i e s  Fund, t he  Department of  Water A f f a i r s ,  

Falment  Ltd,  the Port lan d  Cement I n s t i t u t e ,  Slagment Ltd and the

Water Research Commission f o r  g r a n t s  f o r  t he  pu r chase  of e q u i p ­

ment .

I would p a r t i c u l a r l y  l i k e  t o  ack n o wl e d g e  the  c o n t r i b u t i o n s  of  the 

f o l l o w l n g : -

My w i f e ,  F i o n a ,  w i t h o u t  whose l o v e ,  e n c o u r a g e m e n t  and  s u pp o r t ,  

both  mora l  and  f i n a n c i a l ,  I would n e v e r  have  c o m p l e t e d  t h i s  

r e s e a r c h .

My p a r e n t s ,  Angus and Thelma, f o r  t h e i r  e n c o u r a g e m e n t  and 

s u p p o r t , who pu r c ha s e d  the  compute r  used In  p r o c e s s i n g  the  d a t a  

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

p r o v i d e d  me w i t h  o f f i c e  accommoda t ion  d u r i n g  the  l a s t  t h r e e  y e a r s ,  

vh i J  e t he  p r o c e s s i n g  of  d a t a  and  w r l t l n g - u p  were b e i n g  u n d e r ­

t a k e n .  Al so ,  my f a t h e r  f o r  e m p l o y i n g  me d u r i n g  t h i s  p e r i o d .
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c e l l s  a p r ov i n g  r i n g ,  f.a **e i. t as a s s i s t a n c e  w i t h  many o t h e r
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A l l  t he  o t h e r  members ot  t h e  D e p a r t m e n t  • aerif’ • t .tu . * c a o e B l  

s e c r e t a r i a l  s t a f f  who a s s i s t e d  me in me wav >r ano t he ;  whe the r  

way of s h ar in g  f a c i l i t i e s ,  o f f e r i n g  idv r •>l

Mrs C. Blumenthal  of the E n g i ne e i  f 
c h e e r f u l ,  a s s i s t a n c e  in t r a c k i n g  dow n s r u r "  ""i

Prof R,J. Keddy of the Nuclear Ph «  -eac, he

U n i v e r s i t y ,  for a d v ic e  and a s s i s t a n c e  'i h p r e l i m i n a r  eacnat.

a n a l y s i s .  Also members of  s t a f f  o . . .

a d v i c e .

Mike Braum who lias kept my computer i ■ ui, > -comj

the l i q u i d a t i o n  of t he  South A fr ican  igen- t ' r ig i  a

m a n u f a c t u r e r s .

Mr P. Nel ,  the U n i v e r s i t y  Accountau- . u »ovo.l> an

a s s i s t a n c e  in p r o d u c i n g  f i n a n c i a l  s t a t e m e n t s  rov -he heoartme  

o f  Water  A f f a i r s  and Water Research Commissi )  .

Dr D. S tephenson and Mr E. Mansoo o l -ar .

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 ,  for  a s s i s t i n g  ‘ he ho Ice

s u i t a b ' e  s i t e ,  s u p p ly i n g  drawings  and a rra n g in g  a c c e s s  to the 

s i t e .  Mr Hanson a l s o  suppl ied  f i n a l  co s t  data Cot the Rondeboscr 

Dam. Dr S-ephenson i s  now P rofessor  of Hydrau e e r i n g  <•

the Department o f  C i v i l  E n g in e e r in g .

Mr B.C. Lund of B.C. Lund and P artn er ,  o u s u iL in *  ivgiuuer . i 

s u p p ly i n g  draw ings ,  s p e c i f i c a t i o n s ,  e t c  for the. a l t e r n a t  : esTt -

f i l l  embankment d es igned  for  the Rondebosct )am > t l• .

P r e to r ia  P or t lan d  Cement for d o n a t in g  the eractv .-eo. "... <

for p r o v id in g  d e t a i l e d  chemical  a n a l y s e s  of  u' -.ament ind ad v ie  

on s torage  and d e t e r i o r a t i o n .  The a s s i s t a n c e  'f - . "icKt !

and Mr S. Makovy i s  p a r t i c u l a r l y  acknowledge  .
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The P o rt la n d  Cement I n s t i t u t e  Cor i e s i g n t n g ,  c a s t i n g  and  p e r f o r m ­

i n g  c o n t r o l  t e s t s  on c o n c r e t e  mi xe s  f o r  c o m p a r a t i v e  use i n  the 

l e a c h i n g  t e s t  p rogram.  The i n t e r e s t  and  a s s i s t a n c e  of  Hr J .  Lane 

an d  Hr L.R.  Ma r a i s  i s  p a r t i c u l a r l y  a c k n o w l e d g e d .

The H y d r o lo g ic a l  Resea rch  I n s t i t u t e  of the  De p a r t me n t  of x a t e r  

A f f a i r s  f o r  a n a l y s i n g  more t h a n  60U s ampl es  of  l e a c h a t e  fo r  

c a l c i u m  and o i l i e r  e l e m e n t s  and  Hr C. Grobbelaar of t he  De p a r t me n t  

of  Water  A f f a i r s  who a r r a n g e d  f o r  t h i s  t o  La done .

The Department o f  Chemistry  a t  the  U n i v e r s i t y  f o r  s u p p l y i n g  t h e  

d i s ’" f i l e d  w a t e r  used  i n  t he  l e a c h i n g  t e s t  program.

The Department o f  M ining  E n g in e e r in g  a t  t he  U n i v e r s i t y  f o r  t he

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

c o r e s  f rom the  c o n c r e t e  beams produced by t he  PCI .

Latex  Products L i m i t e d ,  i n  p a r t i c u l a r  Mr C a r l i n ,  f o r  t h e i r

a s s i s t a n c e  i n  p r o d u c i n g  the  l a t e x  membranes  used i n  t he  l e a c h i n g  

and  t r i a x i a l  t e s t  programs .

A l l  the  members of  s t a f f  of  o t h e r  D e p a r t m e n t s  i n  t he  U n i v e r s i t y  

and  e l s e w h e r e  who a s s i s t e d  w i t h  a d v i c e ,  m a t e r i a l s ,  f a c i l i t i e s  and

e q u i p m e n t .

My s i s t e r  B ridget  Quan who a s s i s t e d  w i t h  the  d a t a  c a p t u r e  of  the  

r e s u l t s  of  the d i r e c t  s hea r  t e s t s .

My mother and  my s i s t e r ,  Angela K e r s la k e ,  who b e t wee n  them

u n d e r t o o k  the  p roof  r e a d i n g  of t h i s  t h e s i s .

A l l  t h o s e  t h r o u gh ou t  the  wor ld  who r e sponded  to my c o r r e s p o n d e n c e  

w i t h  a d v i c e ,  r e f e r e n c e s  and  e n c o u r a g e m e n t  and  t h o s e  who made 

c o p i e s  of  t h e s e s  and  c o n f i d e n t i a l  r e p o r t s  a v a i l a b l e  t o  me. T h e i r  

names appea r  u n d e r  the h e a d i n g  Correspondence a t  t h e  end of  the

t h e s i s .
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The H y d r o lo g ic a l  Research I n s t i t u t e  of t he  D e pa r t men t  of  Vater  
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A B B R E V I A T I O N S

The f o l l o w i n g  a b b r e v i a t i o n s  a r e  used In  t h i s  t h e a l s : -

HDPC High d e n s i t y  p o l y e t h y l e n e
ID I n t e r n a l  d i a m e t e r
LDPE Low d e n s i t y  p o l y e t h y l e n e
LVDT 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  t r a n s d u c e r
MDD Maximum d r y  d e n s i t y  v s t e n d a r d  p r o c t o r  c m p a c t i o n )
OD Out s i de  d i a m e t e r
OMC Optimum m o i s t u r e  c o n t e n t  ( s t a n d a r d  p r o c t o r  c o mp ac t i o n )
P VC P o l y v i n y l  c h l o r i d e
T MS Table  m o u n t a i n  s a n d s t o n e  (South  A f r i c a n  g e o l o g i c a l  f o r ma ­

t i o n )
UCS U n c o n f i n e d  c o m p r e s s i v e  s t r e n g : 1
UPVC U n p l a s t i c i z e d  PVC

The i n t r o d u c t i o n  t o  the  l i s t  of  R e fe r e n c e s  c o n t a i n s  a l i s t  of 
a b b r e v i a t i o n s  of  o r g a n i s a t i o n s  and i n s t i t u t i o n s  which a r e  used  i n  
t he  R e fe r e n c e s ,  Correspondence  and B i b l io g r a p n y . C e r t a i n  of  
t h e s e  a b b r e v i a t i o n s ,  which a r e  g e n e r a l l y  used f o r  t he  i n s t i t u t i o n s  • 
c o n c e r n e d ,  a re  a l s o  used i n  the  t e x t .

UNI T S

n n / s  Nanome t r e s  per  s e c o n d ,  m/s \  10 ) - -  a l t e r n a t i v e  u n i t  of  
p e r m e a b i l i t y .

A b b r e v i a t i o n s  of  SI u n i t s  conform to  SI p r a c t i c e .

I m p e r i a l  u n i t s  a r e  used f o r  c e r t a i n  d a t a  e x t r a c t e d  f rom r e f e r e n ­
c e s ,  i n  t h e s e  c a s e s ,  t he  c u s t o ma r y  a b b r e v i a t i o n s  a r e  used.  These 
a b b r e v i a t i o n s  i r e  g e n e r a l l y  e x p r e s s e d  i n  words where t h e y  a r e  
f i r s t  used.



Sc F a c t o r  of  s a f e t y  a g a i n s t  c o m p r e s s i o n  f a i l u r e  of a g r a v i t y
dam.

Q F a c t o r  of  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  of  a g r a v i t y  dam.

Other  v a r i a b l e s  a r e  d e f i n e d  in  t he  s e c t i o n s  i n  which t h e y  a r e  u s ed  
and  a r e  no t  used e l s e w h e r e .

LOGARITHMS

A l l  l o g a r i t h m s  ( log)  a r e  to base  t e n  ( l o g 1(J).
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CHAPTER 1

COMPARI SON WITH CURRENT SOLUTI ONS

I n i t i a l  work t o  d e t e r m i n e  the scope  of  t h i s  r e s e a r c h  i n c l u d e d  a 

comp a r i s o n  of  t he  proposed s t a b i l i z e d  e a r t h f i l l  dam w i t h  c u r r e n t  

s o l u t i o n s .  T h i s  was summar i sed  i n  s e c t i o n  2 of  t he  pape r ,  

r e f e r r e d  t o  i n  t he  p r e f a c e ,  prep . r e d  by t he  a u t h o r  and  Pr o f  G.E.  

B l i g h t  ( R o be r t s o n  and B l i g h t  1978) : -

"The s t a b i l i z e d  e a r t h f  i l l  d.m i s  an embankment  dam c o n s t r u c t e d  

w i t h  modern road  b u i l d i n g  t e c h n i q u e s .  S o i l ,  p r emi xe d  w i t h  a 

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

and compacted t o  a s a t i s f a c t o r y  d e n s i t y .  The i n c r e a s e d  s t r e n g t h  

r e s u l t i n g  from s t a b i l i z a t i o n  p e r m i t s  t he  c o n s t r u c t i o n  of  an 

embankment  w i t h  much s t e e p e r  s l o p e s  t h a n  can  be c o n s t r u c t e d  w i t h  

u n s t a b i l i z e d  m a t e r i a l .  Slopes  as  s t e e p  as  0.5 ( h o r i z o n t a l )  t o  I 

( v e r t i c a l )  may be p o s s i b l e .  The r e s u l t i n g  s t r u c t u r e  compares  

f a v o u r a b l y  w i t h  the  a c c ep t ed  s o l u t i o n s  r e p r e s e n t e d  by c o n c r e t e  

g r a v i t y  and e a r t h  embankment  dams.

1 . 1  C O M  P A R T S O N  W I T H  E A R T H  E M B A N K M E N T  D A M S

The f i l l  used i n  a s t a b i l i z e d  s o i l  dam i s  s u b j e c t  t o  e s s e n t i a l l y  

t he  same h a n d l i n g  and  p r o c e s s i n g  as  s o i l  used f o r  an  e a r t h  

e m b a n k me n t .  The m a t e r i a l  i s  e x c a v a t e d ,  s t o c k p i l e d ,  t r a n s p o r t e d  

t o  t he  dam s i c e ,  t r a n s p o r t e d  o n t o  the  embankment ,  p l a c e d  i n  l a y e r s  

of  s u i t a b l e  t h i c k n e s s  and compacted to  the r e q u i r e d  d e n s i t y .  

Water  may be added t r  t he  m a t e r i a l  to  c o n d i t i o n  i t  t o  t he  c o r r e c t  

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

t he  a d d i t i o n a l  I n t r o d u c t i o n  of  the  s t a b i l i z e r  b e f o r e  the  m a t e r i a l
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1» p l aced  In the embankment .  B l e n d i n g  of t he  n e c e s s a r y  e a t e r  and 

s t a b i l i z e r  can be e f f e c t e d  by u s i n g  a m i x i n g  p l a n t  whose c a p a c i t y  

i s  matched to t h a t  of the s p r e a d i n g  and m i x i n g  equi pment  as  cement  

s t a b i l i z e d  s o i l  ( s o l l - c e m e n t )  should p r e f e r a b l y  be compacted 

w i t h i n  one hour of m i x i n g .  Lime s t a b i l i z e d  s o i l  l a o t l - l l m . )  can 

however  t o l e r a t e  g r e a t e r  d e l a y s .  The r a t e  of p l a c i n g  for  s t a b i ­

l i s e d  s o i l  may t h e r e f o r e  be i d e n t i c a l  to t h a t  f o r  d e s t a b i l i z e d  

m a t e r i a l .  While the u n i t  c o s t  of m a t e r i a l  I n - p l a c e  Is i n c r e a s e d

b .  t he  c o s t  of the s t a b i l i z e r  and p l a n t  mi x i n g  c o s t s ,  the 

embankment  volume may be reduced by as much as  But. and a 

consequen t  r e d u c t i o n  In embankment  c o s t  of up to 401 has been 

p r e d i c t e d  IRaphael  1970). Because the volume r eq u i r ed  Is c o n s i ­

de r a b l y  l e s s ,  a s i g n i f i c a n t  r e d u c t i o n  In  c o n s t r u c t i o n  r ime can be 

expec t ed  wi t h  a c o r r e s po n d i n g  r e d u c t i o n  In I n t e r e s t  and I n f l a t i o n  

c o s t s .  R e s e r v o i r  f i l l i n g  may a l s o  be commenced s o o n e r ,  w i t h  toe 

r e s u l t  t h a t  the p r o j e c t  w i l l  g e n e r a t e  r evenue  w i t h i n  a s h o r t e r

pe r i od .

The use of s o l l - c e m e n t  as  s lope  p r o t e c t i o n  for  embankment  dams is 

we l l  e s t a b l i s h e d  IRo l t z  and Hansen 1976 and o t h e r s )  and the 

ups t r eam face of  a s t a b i l i z e d  s o i l  dam does not  r equ i r e  a d d i t i o n a l  

s lope  p r o t e c t i o n ,  a l t hough  I t  may be n e c e s s a r y  t o  I n c r e a s e  the 

s t a b i l i z e r  c o n t e n t  of the o u t e r  s h e l l  of the dam. The need tor  

downs . ream s l ope  p r o t e c t i o n  I s  a l s o  e l i m i n a t e d  a l t hough  some 

a e s t h e t i c  t r e a t m e n t  may be r e qu i r e d .

The reduced base width  of the s t a b i l i z e d  s o i l  dam would c o n s i d e r ­

a b l y  reduce the  l e n g t h  of d i v e r s i o n  works ,  o u t l e t  works ,  p e n s t o c k s  

e t c  which would r e s u l t  i n  economies  both from the reduced l e n g t h  

as  w e l l  as the consequen t  r e d u c t i on  i n  h y d r a u l i c  l o s s e s  which may 

p e r mi t  red iced d i a me t e r s  of p e n s t o c k s  e t c .  In a d d i t i o n ,  the 

i n c r e a s e d  e r o s i o n  r e s i s t a n c e  of  the s t a b i l i z e d  m a t e r i a l  may a l l ow 

a r e d u c t i on  i n  c a p a c i t y  of the d i v e r s i o n  works  by a'  >ing the 

a c c ep t a n c e  of  a S t e a l e r  r i s k  of h a v i n g  the p a r t l a ,  . p l e t e d

embankment  ove r t oppe d ,  The I n c r e a s e d  e r o s i o n  r e s i s t  

s t r e n g t h  of s t a b i l i z e d  s o i l  may we l l  pe rmi t  the cons .  . . . i o n  of 

emergency o v e r f l o w  s t r u c t u r e s  on the embankment  i t s e l f .



F o u n d a t i o n  p r e p a r a t i o n  f o r  a s t a b i l i z e d  s o i l  dam would be s i m i l a r  

to  t h a t  f o r  an  e a r t h  embankment  on the  same f o u n d a t i o n .  The 

w i d t h  of f o u n d a t i o n  r e q u i r i n g  p r e p a r a t i o n  f o r  the  s t a b i l i z e d  

embankment  would be up to dU/. l e s s  t ha n  t h a t  f o r  t he  e a r t h  dam. 

However ,  t he  de p t h  to  which the  s i t e  w i l l  r e q u i r e  s t r i p p i n g  t o  

p r o v i d e  a s u i t a b l e  f o u n d a t i o n  f o r  t he  s t a b i l i z e d  embankmen t  might  

be g r e a t e r  t h a n  t h a t  r e q u i r e d  f o r  an e a r t h  dam.

S t a b i l i z e d  s o i l  i s  l e s s  f l e x i b l e  t h a n  u n s t a b i l i z e d  m a t e r i a l  and 

c o n s e q u e n t l y  a s t a b i l i z e d  dam would n o t  be s u i t a b l e  on s i t e s  where  

f l e x i b i l i t y  i s  a r e q u i r e m e n t .  In a d d i t i o n ,  the r e d u c t i o n  i n  base  

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

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

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

s o i l  s t a b i l i z e d  w i t h  cement  b e ha ve s  p l a s t i c a l l y  u n de r  h i gh

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

r e ma in  b r i t t l e  (Rocha,  Folque and  E s t e v e s  19bl ,  M i t c h e l l  1976a).  

The s t a b i l i z e d  dim can  t h e r e f o r e  be e x p e c t e d  t o  be more f l e x i b l e  

t h a n  a c o n c r e t e  or  l e a n  c o n c r e t e  dam.

S i g n i f i c a n t  c o n s t r u c t i o n  pore p r e s s u r e s  a r e  u n l i k e l y  t o  d e v e l o p  

i n  a s t a b i l i z e d  embankment  as  c o m p a c t i on  wa t e r  w i l l  be consumed 

by the  s t a b i l i z e r .  The low c o m p r e s s i b i l i t y  of a s t a b i l i z e d  s o i l  

w i l l  a l s o  reduce  c o n s t r u c t i o n  pore p r e s s u r e s .  Th i s  a p p l i e s  p a r t i ­

c u l a r l y  to  cemen t  s t a b i l i z a t i o n  where the  i n i t i a l  h y d r a t i o n  

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

s t a b i l i z a t i o n  i s  no t  as  r a p i d ,  but  l i me  has  a marked d r y i n g  a c t i o n ,  

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

s t r e n g t h  g a i n  of Lime s t a b i l i z e d  s o i l s  has  the a d v a n t a g e  t h a t  t he  

m a t e r i a l  r e m a i n s  more f l e x i b l e  d u r i n g  c o n s t r u c t i o n .  The t e n d e n c y  

f o r  a u t og e n o u s  h e a l i n g  of  c r a c k s  i n  l i m e - s t a b i l i z e d  m a t e r i a l s  

(McDowel l  1966 and Thompson and  Dempsey 1969) s u g g e s t s  t he

p o s s i b i l i t y  of u s i n g  a core  of l i me  s t a b i l i z e d  m a t e r i a l  on s i t e s

where  s e t t l e m e n t  i s  e x p e c t e d .  I t  should  be no ted  t h a t  t he  f i n a l  

s t r e n g t h  d e v e l o p e d  in  a t ime s t a b i l i z e d  c l a y e y  or  s i l t y  s o i l  may 

e q u a l  or  exce ed  the  s t r e n g t h  d ev e l op e d  w i t h  cement  s t a b i l i z a t i o n .
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The p e r m e a b i l i t y  of  s t a b i l i z e d  s o i l  i s  f r e q u e n t l y  l e s s  t h a n  the

p e r m e a b i l i t y  of  t he  u n s t a b i l i z e d  m a t e r i e l .  However ,  s o i l - c e m e n t

has  a t e n d e n c y  to  d e v e l o p  s h r i n k a g e  c r a c k s  when us ed  ! n t h i n

l a y e r s .  i T h i s  t e n d e n c y  may be r educed  when u s i n g  the  m a t e r i i l  i n

mass . )  Seepage a l o n g  compac t i on  p l a n e s  may a l s o  occur  a l t h o i g h

t h i s  may be p r e v e n t e d  by s u i t a b l e  c o n s t r u c t i o n  p r o c e d u r e s ,  Th®

m a j o r i t y  of  seepage  t h rough  a s o i l - c e m e n c  f a c i n g  o c c u r s  t h rough

c r a c k s  i n  the s o i l - c e m e n t .  T h i s  nas been d e m o n s t r a t e d  by the

USBR on the  Lubbock R e s e r v o i r  s eepage  t e s t  s e c t i o n ,  where  t he
— 9

s o i l - c e m e n t  used i n  the  f a c i n g  e x h l b  t ed  a p e r m e a b i l i t y  of  1x10 

a / s  w h i l e  the  f a c i n g  as  a whole e x h i b i t e d  a maximum p e r m e a b i l i t y  

of  1 4 0 x 1 0 * * m/s i n  w i n t e r  w i t h  a v e r a g e  v a l u e s  of  17x10 J m/s i n  

summer.  The v a r i a t i o n  w i t h  s e a s o n s  was a t t r i b u t e d  t o  t h e r m a l  

movement  (De Groot  1971a).  M a t e r i a l  h a v i n g  p e r m e a b i l i t y  of  

1 4 0 x l 0 “ 9 m/s would n o r m a l l y  be c l a s s i f i e d  as s e m i - p e r v i o u s ,  t h i s  

p e r m e a b i l i t y  c o r r e s p o n d s  to  a p p r o x i m a t e l y  the upper  l i m i t  a c c e p t ­

a b l e  f o r  the  i m p e r v i o u s  zone  of  an  e a r t h  dam. A s t a b i l i z e d  s o i   ̂

co r e  cou l d  be e x p e c t e d  t o  e x h i b i t  b e t t e r  p e r m e a b i l i t y  c h a r a c t e r ­

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

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

p r o v i d e  t he  impermeable  e l e m e n t  i n  a s t a b i l i z e d  s o i l  dam.  This  

wo"Id imply  the  i n c l u s i o n  of  a d r a i n  i m m e d i a t e l y  d o w n s t r e a m of 

t ne  f a c i n g  which would reduce  t he  u p l i f t  p r e s s u r e  on h o r i z o n t a l  

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

A f u r t h e r  a s p e c t  of  seepage  t h r ough  s t a b i l i z e d  m a t e r i a l  i s  t he  

p o s s i b i l i t y  of  l e a c h i n g  of  s t a b i l i z i n g  a g e n t s  w i t h  a c o n s e q u e n t  

p r o g r e s s i v e  r e d u c t i o n  i n  s t r e n g t h .  Mof fa t  an P r i c e  (1978) c o n ­

s i d e r  l e a c h i n g  to  be a problem w i t h  d r y  l e a n  c o n c r e t e  and  have  

s ug g e s t e d  the  c o n s t r u c t i o n  of an up s t r ea m membrane of  r i c h  

c o n c r e t e  backed  w i t h  n o - f l n e s  d r a i n s  t o  overcome i t .  L i t t l e  

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

problem w i t h  s t a b i l i z e d  s o i l ,  a l t h o u g h  the r e s u l t s  a t  Lubbock 

R e s e r v o i r  ( see  above)  seem t o  s u g ge s t  i t  does n o t .  However ,  

c o n s i d e r a b l e  t e s t i n g  of s o i l - c e m e n t  s u b j e c t  to seepage  w i l l  be 

r e q u i r e d  b e f o r e  the  q u e s t i o n  can  be r e s o l v e d .
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On b a l a n c e ,  t he  pbove d i s c u s s i o n  shows t h a t  a s t a b i l i z e d  s o i l  dan  

has  many p o t e n t i a l  a d v a n t a g e s  o v e r  the  e a r t h  e mb ankmen t ,  a l l  of  

which can  be e x p e c t e d  to l e a d  to  r educed c o s t s .  On c e r t a i n  s i t e s ,  

p a r t i c u l a r l y  where f o u n d a t i o n  s o i l s  a r e  deep and f l e x i b i l i t y  i s  

r e q u i r e d ,  the  e a r t h  datx r ema in s  t he  o n l y  s o l u t i o n .  E q u a l l y ,  f o r  

s m a l l  dams,  t he  i n c r e a s e d  c o s t  of  p l a n t  and p r o c e s s i n g  f o r  a 

s t a b i l i z e d  s o i l  dam may n o t  be J u s t i f i e d .

1. 2  COMPARISON WITH CONCRETE GRAVI TY DAMS

The r a t e  of  p l a c e m e n t  of s t a b i l i z e d  s o i l  can be s i m i l a r  to  t h a t  of  

u n s t a b l l l z e d  m a t e r i a l  which i n  t u r n  i s  as  much as an  o r d e r  of 

magn i t ude  g r e a t e r  t h a n  t h a t  of mass c o n c r e t e  i n  a g r a v i t y  dam. 

Raphae l  (1970 and 1976) quo t e s  maximum r a t e s  of  p l a c e m e n t  of  77 000 

mj /day  f o r  e a r t h f i l l  as  opposed to  7 700 m^ day f o r  mass c o n c r e t e .  

The d i s c r e p a n c y  r e s u l t s  f rom the c o n t i n u o u s  and p l a n t  i n t e n s '  e

n a t u r e  of  e a r t h  movi ng  o p e r a t i o n s  as opposed to t he  b a t c h  a n d

l a b o u r  i n t e n s i v e  n a t u r e  of  mass c o n c r e t e  p l a c e m e n t .  In a d d i t i o n ,

mass c o n c r e t e  r e q u i r e s  s h u t t e r i n g  and  may r e q u i r e  complex  c o o l i n g  

s y s t e m s ,  whereas  s t a b i l i z e d  s o i l  r e q u i r e s  no s h u t t e r i n g .  (With 

the  s t e e p  s l o p e s  b e i n g  c o n s i d e r e d  i t  may p r ove  n e c e s s a r y  to p l a c e  

a s l i p  formed s t a b i l i z e d  s o i l ,  o r  c o n c r e t e ,  k e r b  a t  t he  f ac e s  of  the  

em b a n k me n t . )  Heat  g e n e r a t i o n  i n  s t a b i l i z e d  s o i l  i s  n o t  e x p e c t e d  

t o  be a problem i n  v i ew of  the  t h i n  l a y e r s  i n  which t he  m a t e r i a l  i s  

p l a c e d  ( G e n t i l e  1970) and the  r e l a t i v e l y  low b i n d e r  c o n t e n t s ,

a l t h o u g h  the e f f e c t s  of h ea t  g e n e r a t i o n  due to p o z z o l a n i c  r e a c t i o n s  

l a t T  i n  the  l i f e  of  the s t r u c t u r e  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  

(Raphae l  1976).

I t  should  be n o t e a  t h a t  t h e r e  i s  a t e n d e n c y  t owar ds  the  c o n s t r u c ­

t i o n  of  c o n c r e t e  g r a v i t y  dams u s i n g  e a r t h  mov i ng  t e c h n i q u e s .  

Mof fa t  and P r i c e  (1978) have  proposed a r o l l e d  ' d r y  l e a n  c o n c r e t e '  

dam and G e n t i l e  (1970) has d e s c r i b e d  the  c o n s t r u c t i o n  of  a dam 

u s i n g  a low s lump c o n c r e t e  p l aced  i n  0.70 m t h i c k  l i f t s  o v e r  the 

e n t i r e  dam. N e v e r t h e l e s s ,  in  t h e s e  c a s e s  the  c o n c r e t e  a g g r e g a t e  

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



r e q u i r e  m i n i n g  of the  m a t e r i a l  from a q u a r r y ,  c r u s h i n g ,  s c r e e n i n g  

ind b l e n d i n g  to  g i v e  the  r e q u i r e d  g r a d i n g .  Th i s  may be compared 

w i t h  the  c o n s t r u c t i o n  s equence  f o r  the  s t a b i l i z e d  s o i l  dan  

d i s c u s s e d  u n d e r  1.1 above .  In a d d i t i o n  to  t he  i n c r e a s e d  h a n d l i n g  

i nd  p r o c e s s i n g  r e q u i r e m e n t s ,  q u a r r y  o p e r a t i o n  and t h e  h a n d l i n g  of  

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

t i n g  c o n d i t i o n s  as  r eg a r ds  p l a n t  t h a n  bor row p i t  o p e r a t i o n  w i t h  

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

of  s t a b i l i z e d  s o i l  i n  p l ace  w i l l  be l e s s  t h a n  t h a t  f o r  low s lump o r  

d r y  l e a n  c o n c r e t e .  However  t he  lower  d e n s i t y  of s t a b i l i z e d  s o i l  

w i l l  r e q u i r e  a s e c t i o n  w i t h  a g r e a t e r  base w i d t h  and c o n s e q u e n t l y  

t he  r e l a t i v e  e conomi cs  of  the  s o l u t i o n s  may w e l l  be d i c t a t e d  by 

the  s i t e  and m a t e r i a l s  a v a i l a b l e .

Many of  t he  a d v a n t a g e s  of a s t a b i l i z e d  embankment  o v e r  an e a r t h  

dam do n o t  cpply  t o  the  c o m p a r i s on  w i t h  a g r a v i t y  dam. P e n s t o c k s  

and  d i v e r s i o n  works  f o r  a s t a b i l i z e d  embankment  w i l l  be s l i g h t l y  

l o n g e r  and t he  w i d t h  of  f o u n d a t i o n  p r e p a r a t i o n  w i l l  be g r e a t f i  

f u r t h e r m o r e  a c o n c r e t e  dam w i l l  g e n e r a l l y  be r e s i s t a n t  to damage 

by o v e r t o p p i n g  and  d i v e r s i o n  works  can be s m a l l e r .  The d oub t s  

r e g a i d l n g  t he  p o s s i b l y  d e l e t e r i o u s  e f f e c t s  of  seepage  do no t  a r i s e  

f o r  t he  cement  r i c h  c o n c r e t e  of  a g r a v i t y  dam. The numerous  

h o r i z o n t a l  c o m p a c t i on  p ' a n e s  i n  a s t a b i l i z e d  embankment  p r e s e n t  

more o p p o r t u n i t i e s  f o r  h o r i z o n t a l  s l i d i n g  f a i l u r e  of t he  dam. The 

USBR has c o nd u c t ed  r e s e a r c h  i n t o  I n t e r l a y e r  b o n d i n g  of  s o l l -  

c e men t  f o r  s l o p e  p r o t e c t i o n  ( D a v i s ,  Gray and  Jone*  197j )  and  a 

r e p o r t  i s  e x p e c t e d  to  be a v a i l a b l e  s h o r t l y  (Warren 1978a).

The ma jor  a d v a n t a g e  of a s t a b i l i z e d  s o i l  embankment  o v e r  a 

c o n c r e t e  g r a v i t y  dam i s  the a b s en ce  of s h u t t e r i n g  and c o o l i n g  

s y s t e m s  and the  p l a n t  I n t e n s i v e  n a t u r e  of  o p e r a t i o n  l e a d i n g  Co 

s h o r t e r  c o n s t r u c t i o n  t i m e s .  In 197b, the PCA quoted  an a v e r a g e  

c o s t  f o r  s o i l - c e m e n t  s lope  p r o t e c t i o n  of US$12.70 per  cu b i c  y a r d  

f o r  q u a n t i t i e s  in  e x c e s s  of  100 000 cub i c  y a r d s  (PCA 1976) w h i l e  i n  

1973 t he  a v e r a g e  r a t e  f o r  mass c o n c r e te  i n c l u d i n g  s h u t t e r i n g  bn*" 

e x c l u d i n g  c o o l i n g  was app rox im ate ly  US$33 per cub i c  ya rd  (Hansen 

1973). This g i v e s  some I n d i c a t i o n  of  the c o s t  d i f f e r e n c e  of  t he



two m a t e r i a l s .  I t  snould  be n o t e d  t h a t  t he  c o s t  c o m p a r i s o n  w i t h  

c o n c r e t e  b u t t r e s s  and a r ch  b u t t r e s s  dams,  which a r e  g e n e r a ] l y  

cheaper  to  c o n s t r u c t  t h a n  g r a v i t y  dams , w i l l  n o t  be as f a v o u r a b l e .  

The somewhat  g r e a t e r  f l e x i b i l i t y  of a s t a b i l i z e d  embankmen t  may 

prove  t o  be an  a d v a n t a g e  on c e r t a i n  s i t e s . "
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CHAPTER 2 

LI TERATURE REVIEW

An e x t e n s i v e  l i t e r a t u r e  rev iew  was undertaken  to d e t e r m i n e  the  

s t a t e - o f - t h e - a r t  and to a v o id  d u p l i c a t i o n  of  e f f o r t .  Loca l  

so u r c e s ,  in  p a r t i c u l a r  the E n g in e e r in g  Library of the U n i v e r s i t y ,  

the Port lan d  Cement I n s t i t u t e  and the  Depar t men t  of  Water 

Af f a i r s ,  were c o n s u l t e d  f i r s t .  From t h i s ,  i t  became a p p a r e n t  t h a t  

many of the t e s t s  o r i g i n a l l y  proposed had a lready  been c o n d u c t ed  

on a wide range of  s o i l s  and s t a b i l i z e r s .  There was t h e r e f o r e  no 

p o in t  in  d u p l i c a t i n g  t h i s  work.

The review was then expanded to in c l u d e  correspondence  w i t h  those  

i n d i v i d u a l s  and o r g a n i s a t i o n s  that  had generated  t he  i t e m s  

ob ta in ed  l o c a l l y .  The more important  of  these are l i s t e d  i n  the  

s e c t i o n  Correspondence , at the end of t h i s  t h e s i s .

As a r e s u l t  of t h i s  corr espondence ,  a large  number  of a d d i t i o n a l  

papers,  reporta and t h e s e s , many of r e l e v a n c e ,  were o b t a i n e d .  

Input in the form of r e p l i e s  to s p e c i f i c  q u e r i e s  was a l s o  o b t a i n e d .  

Together,  these Inputs were s i g n i f i c a n t  in  f o r m u l a t i n g  t he  f i n a l  

d i r e c t i o n  taken  i n  the laboratory  program d e s c r i b e d  h e r e i n .

In a d d i t i o n  to  the l i s t  of R e f e r e n c e s ,  a l l  o t h e r  documen t s  

obta ined  a r e  l i s t e d  in t he  B i b l i o g r a p h y .  This a l s o  c o n t a i n s  

documents of r e l e v a n c e  t o  proposed areas  of t he  r e s e a r c h  which 

were e l i m i n a t e d  in  o r d e r  to r educe  the  scope of t he  t e s t  program.  

These a r e  i n c l u d e d  i<? t hey  c o n t r ib u t e  t o  the broad b ackg r ound  of  

knowledge  on which t h i s  r e s e a r c h  i s  based and in  the h rpe  t h a t  

t h e y  w i l l  be or i s s i s t a n c e  to  f u t u r e  workers in t h i s  f i e l d .
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Robertson and B l ig h t  (1978) ,  s e c t i o n  3, summarised the S t a t e - o f -  

t h e - A r t  as in d ic a t e d  by the l i t e r a t u r e  obta ined  by June 1978:-

"The c o n t r o l l e d  s t a b i l i z a t i o n  of base and sub-base  l a y e r s  in  road 

and a i r f i e l d  pavements u s i n g  cement as s t a b i l i z i n g  a g e n t  dates  

back to  at  l e a s t  1935 when a p r o je c t  u s i n g  s o l l - c e m e n t  was 

undertaken  in the USA ( M i t c h e l l  and F re i ta g  1959). The use of  

l im e  in  s i m i l a r  a p p l i c a t i o n s  dates  from about 1945 (H err in  and 

M i t c h e l l  1961). S u b s e q u e n t ly , the use of cement and l im e  s t a b i ­

l i z a t i o n  of  s o i l s  to in c r e a s e  t h e i r  bear ing  c a p a c i ty  and improve  

t h e i r  d u r a b i l i t y  has become an i n t e r n a t i o n a l l y  accepted tech n iq u e  

i n  road and a i r f i e l d  c o n s t r u c t i o n .

The f i r s t  s i g n i f i c a n t  use of s o l l - c e m e n t  in  dam c o n s t r u c t i o n  

occurred in  1951 when the USSR c o n s t r u c t e d  a t r i a l  embankment in  

the r e s e r v o i r  area of Bonny Dam and faced i t  w ith  s o i l - c e m e n t  and 

asphal t  c o n cre te  as t r i a l  s u b s t i t u t e s  for r i p -r a p  s lope  p r o t e c t i o n  

(Powers ,  Benson and M eissn er  1952).  This t r i a l  embankment was 

c l o s e l y  observed  for a period of 10 years  a f t e r  which the USBR 

reported the r e s u l t s  of the t e s t  (USBR 196)a).  With the e x c e p t i o n  

of  minor problems r e l a t i n g  to the e x i s t e n c e  of l e n s e s  of  

u n s t a b i l i z e d  m a te r i a l  between l a y e r s ,  r e s u l t i n g  from the in  s i t u  

m ix i n g  procedure,  the performance of  the s o l l - c e m e n t  was e n t i r e l y  

s a t i s f a c t o r y . As a r e s u l t  of  the s u cces s  of  the Bonny Test  

S e c t i o n ,  the USBR, in  c o n j u n c t i o n  wi t h the Port land  Cement 

A s s o c i a t i o n ,  produced d e t a i l e d  s p e c i f i c a t i o n s  for a s o l l - c e m e n t  

f a c i n g  to  M er r i t t  Dam, Nebraska as an a l t e r n a t i v e  to r i p - r a p .  

The p roject  went to tender  in 1961 md the low es t  p r i c e s  bid per 

square yard of s lo p e  were $5.58 for s o l  1 -cement  and $11.97 for r i p ­

rap.  The dam was duly c o n s tr u c te d  wi t h  s o l l - c e m e n t  s lo p e  p r o t e c ­

t i o n  on the upstream fa ce .  In December 197b, the PCA reported  

some 15U p r o je c t s  in  which s o i l - c e m e n t  had been used for  s lop e  

p r o t e c t i o n  for earth  dams or other  embankments.  Of th e s e ,  28 

p r o je c t s  were exposed  to  f l o w in g  water (PCA 1976b). In the 

i n t e r i m  the PCA had publ ished a number of t e c h n i c a l  n o te s  and



g u i d e - l i n e s  for the use of s o i l - c e m e n t  as s lo p e  p r o t e c t i o n  and 

to g e th e r  w i th  the USBK and o th er  a g e n c i e s  had i n v e s t i g a t e d  more 

r a t i o n a l  means of  d e s i g n .  P a r t i c u l a r l y  s i g n i f i c a n t ,  was a PC A 

report  on the r e s u l t s  of  e r o s io n  and wave run-up t e s t s  (Nussbaum 

and C o l le y  197 1). Also  in  197b Holtz and Hansen produced a s t a t e -  

o f - t h e - a r t  report on "The Ufe of  Compacted S o i l -C e m e n t  in  Water 

Control  S tru c tu res" .  C o ns eq u en t ly ,  the d u r a b i l i t y  of so i l -cem en« .  

as s lope  p r o t e c t i o n  for  dams i s  a w e l l  e s t a b l i s h e d  f a c t  and i he 

tech n o lo g y  of  p lacement  has advanced to a s ta g e  where i n t e r l ' . y e r  

bond and compaction of  the l a y e r  edge are no longer  problems.

In 1962, Rocha, Folque and E s t e v e s  suggested  the use of  cement  

s t a b i l i z a t i o n  to In crease  the s t r e n g t h  of the m ater ia l  i n  an earth  

embankment.  It  was proposed th at  the cement c o n t e n t  should be 

l i m i t e d  to between 2 and 57. i n  order "to e x p l o i t  the improved 

mechanica l  p r o p e r t i e s  of s o i l - c e m e n t ,  r e t a i n i n g  those  f e a t u r e s  

which w i l l  ensure  that  the s o i l s  used for the c o n s t r u c t i o n  of  earth  

dams w i l l  f o l l o w  the c o n v e n t i o n a l  p a t te r n " .  The f e a t u r e s  men­

t i o n e d  were "the d e f o r m a b l l l t y  and p l a s t i c i t y  which en ab le  the  

m a te r ia l  to fo l l o w  the s lope  of a f o u n d a t i o n ,  and the d e s ig n e r  to  

employ f a i l u r e  c r i t e r i a  based on p l a s t i c  th e o r ie s " .  This  approach 

permit ted  an in c r e a s e  of embankment s lope  to  1 h o r i z o n t a l  on 1 

v e r t i c a l  w i th  a co rr es p o n d in g  r ed u ct io n  of  volume of between 50 

and 60% as compared w ith  an embankment with s lop es  of 2.5 to 1 on 

both upstream and downstream s lo p e s ,  However, i t  was found that  

e v e n  at th e s e  r e l a t i v e l y  low cement c o n t e n t s ,  a c o n s i d e r a b l e  

redu ct ion  in  f l e x i b i l i t y  occurred w h i le  at the same t ime the low 

cement c o n t e n t  made uniform mi x i ng  of  s o i l  and s t a b i l i z e r  

e x t r e m e ly  d i f f i c u l t .  This research  has c o n t in u ed  and a sm al l  

e x p e r i m e n t a l  dam i s  to be c o n s tr u c te d  (.Borges 1978).

In 1965 Nash, Jardtne  and Humphreys d i s c u s se d  "the economic and

p h y s i c a l  f e a s i b i l i t y  of s o i l - c e m e n t  dams" in  the l i g h t  of

p r e l im in a r y  t e s t s  for  an embankment in  N ig er ia  and c o n c lu d ed : -

"At p resent  i t  appears that progress  towards the development  of  a 

s a f e ,  durable ,  and e c o n o m ic a l ly  advantageous  dam c o n s i s t i n g  

p r im a r i ly  of  s o i l - c e m e n t  on i r a t i o n a l  (as opposed to e m p i r i c a l ,
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t r i a l  and error)  b a s i s  would i n v o l v e  a good dea l  more research ,  

together  with f i e l d  e x p er im en ts ."  S ubsequent ly ,  l i t t l e  furth er  

research  i n t o  the use of s o i l - c e m e n t  in dams has been conducted  by 

Nash and h is  c o l l e a g u e s  (Nash 1977).

In 1970 Raphael proposed a s o i l - c e m e n t  dam on the b a s i s  o f  

observed s i m i l a r i t i e s  between the Mohr en v e lo p e  of  the mass 

c o n c r e te  of Ross Dam and the r o c k f i l l  of  O r o v A le  Dam. U sing  

assumed average  m ater ia l  p r o p e r t i e s ,  he showed that  w hi le  there  

was not a co n t in u o u s  spectrum of m a t e r i a l s  of which c o n c r e t e  and 

r o c k f i l l  were the upper and lower bounds, the cement s t a b i l i z e d  

e a r t h f i  11 embankment could be exp ec te d  to  be more econ om ic a l  to  

c o n s t r u c t  than e i t h e r  the c o n v e n t i o n a l  c o n c r e te  g r a v i t y  or earth  

embankment d a n s .  Raphael concluded that a number of  unknowns  

required further  research  but that the i n v e s t m e n t  in  such research  

would be f u l l y  j u s t i f i e d  by the s a v i n g s  r e a l i s e d .  In 1976, on the  

b as is  of  f  irther research and a n a l y s i s  conducted at  the U n i v e r s i t y  

of C a l i f o r n i a ,  Raphael demonstrated  that  an optimum dam e x i s t e d  

wi t h s lo p e s  of O.d h o r i z o n t a l  to 1 v e r t i c a l  for an embankment 61 m 

high h a v in g  a c r e s t  width  of  9.15 m and no freeboard.  This  

a n a l y s i s  did not  take account  of "secondary c o s t  s a v i n g s  a s s o ­

c ia te d  with the s o i l - c e m e n t  dam, c h i e f l y  due to the o p p o r tu n i ty  

for  making d es ig n  changes".  These factor;  , d iscu sse d  above in  the 

comparison wi t h e x i s t i n g  t e c h n iq u e s ,  would tend to  favour an 

embankment c l o s e  to the l i m i t i n g  g r a v i t y - s t a b l e  s e c t i o n  of  

approx im ate ly  0.5 to I."

S e c t io n  3 of the paper (Robertson and B l ig h t )  concluded: "The b a s ic  

economic ind s t r u c t u r a l  f e a s i b i l i t y  of the s o i l - c e m e n t  embankment  

dam i s  thus t h e o r e t i c a l l y  e s t a b l i s h e d ,  as i s  the need for  further  

i n v e s t i g a t i o n s  of  m a ter ia l  p r o p e r t i e s  together  wi t h more d e t a i l e d  

a n a l y s i s  of  t y p i c a l  s e c t i o n s  and a p p l i c a t i o n  of r e s u l t s  to  a c tu a l  

cases" .  The paper went on to exam ine  the l a t t e r  p o i n t s  in  more 

d e t a i l  based on the work conducted up to that t ime.  This s e c t i o n  

of the paper i s  reproduced in chapter 3.



While a c o n s id e r a b le  number of  r e f e r e n c e s  were o b ta in e d  a f t e r  

com ple t ion  of the paper, they  served  to complement the in f o r m a t io n  

a lready  o b ta in e d ,  rather than i n d i c a t i n g  any major new work in  

t h i s  d i r e c t i o n .  The most s i g n i f i c a n t  of these  r e f e r e n c e s  are  

d is c u s s e d  below.

Copies  of  t h e s e s  by Abboud (1969),  Akky (1974),  E l -R aw i  (1967),  

Jackson (1965) ,  Jardi ae (1963) and Pr ice  (1977) were o b ta in ed  and 

proved p a r t i c u l a r l y  u s e f u l  as r e f e r e n c e s  in  d e s i g n i n g  t e s t  

c o n d i t i o n s ,  procedures and equipment.

Jackson (1965) examined "The I n f l u e n c e  of  Leaching on the 

P e r m e a b i l i t y  and Shear S tren gth  of  So l l -C em en t"  in  work f o l l o w ­

i n g  on from that  performed by J a r d in e .  He concluded that "in a 

s o i  1-ceu.cnt  dam where m i c r o - c r a c k i n g  may be e x t e n s i v e ,  l o c a l i s e d  

l e a c h in g  may r e s u l t  in  weaken ing  in  the areas im m ed ia te ly  

surrounding the m ic r o -c r a c k s  l e a d i n g  to a red uct ion  in  the o v e r a l l  

s t a b i l i t y  subsequent to impounding" (Jackson 1974). Correspon­

dence with  Nash (1978) in d ic a t e d  that  in  v iew of c e r t a i n  problems  

e x p e r i e n c e d  by Jackson wich h is  equipment,  h i s  r e s u l t s  should be 

trea ted  "as p r e l im in a r y " .

Abboud, 21-Rawi and Jardine  a l l  i n v e s t i g a t e d  var ious  p r o p e r t ie s  

of s o i l - c e m e n t  wi t h the t r i a x i a l  t e s t  used as the primary t e s t  

t echn iq u e .  Akky examined "The Er d i b i l i t y  of  Cement S t a b i l i z e d  

S o i l s ' 1 wi t h a view to d e te r m i n i n g  a more r a t i o n a l  b a s i s  for the 

d es ign  of  s o i l - c e m e n t  s lo p e  p r o t e c t i o n .

A d d i t io n a l  r e f e r e n c e s  a p p l ic a b le  to s o i l - c e m e n t  in c l u d e  a P o r t ­

land Cement A s s o c i a t io n  p u b l i c a t i o n  with d es ig n  in f o r m a t io n  for  

the use of "So l l -C em ent  Water Barr iers  for Earth Dams" (PCA 1970) 

which i n d i c a t e s  that no problems were a n t i c i p a t e d  as a r e s u l t  of 

l e a c h i n g .  F e t ”. (1973) suggested  a technique for p r e v e n t i n g  c r a c k ­

in g  of  s o i l - c e m e n t  by compacting the m ater ia l  at  moisture  

c o n t e n t s  correspon d in g  to a degree of s a t u r a t io n  of 7U%. He c i t e s



an example where s o i l - c e r a e n t  placed ua lng  t h i s  techn ique  showed
2

o n l y  two cr a c k s  over  an area of  J5 000 m*". U n f o r t u n a t e l y  t h i s  

paper was ob ta in ed  coo l a t e  to i n v e s t i g a t e  t h i s  proposal  fu r th e r .  

Hansen a i d  Avera (1978) reported the use of s o i l - c e m e n t  for  large  

c o o l i n g  water r e s e r v o i r  d y k e s , and Hansen (1979a) I n d ic a te d  that  

no problems had been exp e r ie n c e d  wi t h p e r m e a b i l i t y  or l e a c h in g  of  

these  embankments.

Work on the use of  r o l l e r  compacted c o n c r e te  in  var ious  forms has 

proceeded r a p id ly  o ver  the l a s t  few y e a r s , and Schrader (1982)

reported on the Willow Creek Dam, the f i r s t  datr to be c o n s tr u c te d

e n t i r e l y  wi t h  r o l l e r  compacted c o n c r e te  ( r o l l c r e t e )  and which 

shows s u b s t a n t i a l  c o s t  s a v i n g s  o v e r  an a l t e r n a t i v e  r o c k f i l l  

d e s i g n .  Concrete  made with  aggregate c o n s i s t i n g  of crushed rock 

w ith  up to 30% of overburden i s  used .  Other work i n  t h i s  f i e l d  

in c lu d e s  that  by P r ice  (1977),  Dunstan (1981) and that reported by

The American Concrete I n s t i t u t e  (ACI 1978).

It i s  co n s id ered  th at  the two f i e l d s  are c o n v e r g i n g  s t e a d i l y  and 

that once r o l l c r e t e  becomes a proven a l t e r n a t i v e  to c o n v e n t i o n a l  

c o n c r e t e ,  i t  can o n l y  be a matter  of  t i n e  before  a major s o i l -  

cement dam i s  a t tem pted .  It  should be noted that r o l l c r e t e  

c o n t a i n i n g  30% overburden and up to 7% of f i n e s  p a s s i n g  the 200 

mesh s i e v e ,  as used at Willow Creek,  i s  u n l i k e l y  to, d i f f e r  

s u b s t a n t i a l l y  in  p r o p e r t ie s  from s o i l - c e m e n t  produced u s in g  a 

sandy s o i l  supplemented with 30% of cru s h e r -r u n .



C H A P T E R  3

T H E O R E T I C A L  ANAL YS I S  

OF THE S T A B I L I Z E D  EARTH F I L L  E MBANKMENT

A d e c a l l e d  t h e o r e t i c a l  a n a l y s t s  of the p roposed  s t a b i l i z e d  e m b a n k ­

ment  dam was u n d e r t a k e n .  The p r i n c i p l e s  a p p l i c a b l e  t o  b o t h  

c o n c r e t e  g r a v i t y  and e a r t h  e mb ankmen t  s t r u c t u r e s  were  a p p l i e d  

w i t h  a v i ew t o  d e t e r m i n i n g  the  c r i t i c a l  r e q u i r e m e n t s  f o r  t he  

s t a ’ i l i z e d  s o i l  dam. The r e s u l t s  were t h e n  c o n s o l i d a t e d  a n d  

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

a c h i e v a b l e .

3 . 1  A NAL YS I S  FROM ROBERTSON AND BL I GHT  ( 1 9 7 8 )

S e c t i o n s  4 and  5,  of  t he  paper ,  r e f e r r e d  to  p r e v i o u s l y ,  summa r i s ed  

the  r e s u l t s  of  t h i s  a n a l y s i s  and  a r e  r ep r oduced  b e l o w : -

4. ATALYSIS OF A STABILIZED EMBANKMENT

Design of  a s t a b i l i z e d  s o i l  dam fo r  a s p e c i f i e d  s i t e  wl.ere r e s e r v o i r  dep th ,  
f r e e b o a rd  and c r e s t  width a r e  pr ede te rm ined ,  i s  an o p t i m i z a t i o n  p ro ce ss  in which 
the s t r e n g t h  of  the  m a t e r i a l  and hent t i t s  u n i t  c o s t  can be v a r ie d  in  r e l a t i o n  to 
v a r i a t i o n s  in the  upst ream and downstream s l o p e s .  S t a b i l i z e d  s o i l  has a 
s u b s t a n t i a l l y  enhanced cohes io n  and t h e r e  i s  u n c e r t a i n t y  as to whether 
co nvent io na l  methods of s lope  s t a b i l i t y  a n a l y s i s  w i l l  i n d i c a t *  the  most severe 
des ign  r equ i r em en t .  Equally,  the  embankment s e c t i o n s  proposed are much c l o s e r  to 
those of  g r a v i t y  s ec t  lo t s  than  those  of  e a r t h  embankments. A g r a v i t y  a n a l y s i s  
based on t h a t  used f o r  g r a v i t y  dams thus  appears  to  bs i n d i c a t e d . E i t h e r  of  the 
above ana lyse*  may prove to  be c r i t i c a l  fo r  the  s t a b i l i z e d  s o i l  dam. The most 
economic s e c t i o n  fo r  a s t a b i l i z e d  embank:sent would probably be c lo s e  to the 
l i m i t i n g  g r a v i t y - s t a b l e  s e c t i o n ,  and the a n a l y s i s  was conf ined to t h i s  s e c t i o n  
with f u r t h e r  an a ly se s  be ing  conducted to de te rmine  The e f f e c t  of  va ry in g  the 
assumed dimensions of the  s t r u c t u r e .  The l i m i t i n g  g r a v i t y - s t a b l e  s e c t i o n  was 
then s u b je c t e d  to a s lope  s t a b i l i t y  a n a l y s i s  ind the  m a t e r i a l  s t r e n g t h  re qu i re d  
was de r iv ed  hy c o n s i d e r i n g  the  r e s u l t s  of  both a n a l y s e s .

4.1 Ana lys i s  Of Gra vi ty  Sec t io n

The s e c t i o n  ana lysed  i s  shown in F igure  1 and r e p r e s e n t s  an embankment with 
maximum r e s e r v o i r  depth h,  c o n s t r u c t e d  of  a m a t e r i a l  of u n i t  weight  Y and wi th  an
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up*erejun s lope  of x„ : 1 »n<l a dovns t resm s lope  of  x, : 1 . The c r e s t  width <n ‘■r *li 
board a re  taken as f r a c t i o n s ,  0,1 and 0 ,03  r e s p e c t i v e l y ,  of the r e s e r v o i r  aep t .  . 
I t  was dec ide d  to *nore the e f f e c t  of ea r thquake  f o r c e s .  The t r i a n g u l a r  seepage 
p r e s s u r e  d i s t r i b u t i v n  assvaed  beneath  the dam i s  t h a t  sugges ted  by J u s t i n  ^c a 1 
(1945) .  C i s  a f a c t o r  between 0 and 1 which r e p r e s e n t s  the  p r o p o r t i o n  of  the 
t o t a l  head a c t i n g  on the  base .  The va lue  of  « depends on the  na tu re  of  the 
fo un d a t i o n  and the  e f f i c i e n c y  of  the grout  c u r t a i n  and foundat ion  d r a i n s .  In 
view of  the  f a c t  t h a t  the  a n a l y s i s  was i n i t i a l l y  of  a homogeneous s e c t i o n  and 
because of  the  l a r g e  number of h o r i z o n t a l  c o n s t r u c t i o n  j o i n t s  t h a t  would e x i s t  in 
a s t a b i l i z e d  embankment, a va lue  of  1,0 was assumed for  . as the  s ta nda rd  case .

Unit  weig h ts  c o n s i d e r e d ,  r i ng#  from 16 to 24 IcN/m* with the  m a j o r i t y  of the 
a n a ly s e s  based on u n i t  weights  of  18 and 22 kN/m*. The s e c t i o n s  were assume^ to 
be of uni form d e n s i t y  and no account  was taken of  inc re as ed  d e n s i t i e s  below the 
p h r e a t i c  s u r fa ce  ( see  s e c t i o n  4 . 4 ) .  The u n i t  weights  were chosen on the  ba s i s  of 
a s t a t i s t i c a l  a n a l y s i s  of  the d e n s i t i e s  o f  30 so i l - cem ent  mix t ures  examined by 
the  USSR for  p r o j e c t s  r e p o r t e d  by De J r o o t  (1971b) .  The range of 13 to 22 
cor re sp on ds  to app rox imate ly  80 per cen t  of  the  mix t ures  examined and wa» assumed 
to  be re a so na bl y  r e p r e s e n t a t i v e  of  most s t a b i l i z e d  s o i l s .  The graphs penr. i .  Svir.e 
e x t r a p o l a t i o n  of the  r e s u l t s  to m a t e r i a l s  wi th  g r e a t e r  or  lower u n i t  we ig h ts .

The b a s i c  embankment s e c t i o n  ..ad equa l  upstream and downstream s lo p e s .  
S t r u c t u r a l l y  t h i s  i s  not  the most e f f i c i e n t  s e c t i o n  as can be seen from 
con v e n t io n a l  co n cr e t e  g r a v i t y  dams, however,  i t  i s  s impler  to c o n s t r u c t  than a 
g r a v i t y  s e c t i o n  having i t s  upst ream face  n e a r ly  v e r t i c a l .  The r e l a t i v e  economy 
of r educ in g  the embankment volume by s t eep en in g  the upstream face must be 
compared wi th  the  c o s t  o f  p r o v id in g  an ups tream face  along which e a r t h  moving 
p l a n t  can o p e r a t e .  H o r iz o n ta l  s l i p - fo rm e d  so i l - cem en t  kerbs which shoul -  p rov .^e  
adequate  r e t e n t i o n  on a face  of  0 .5  to 1 would probably  have to  be r e p la c e d  by a 
v e r t i c a l  s l ip - f o r m e d  c o n c r e te  f a c e .

* - 0 , l h

JL
h , - 0 , 0 3 h

■ HE El

r h - Z ( h o r i z o n t a i  fo rc e s )  
F v - £ ( v c r t i c a l  f o rc es )  

( I n c lu d in g  U p l i f t )
R - R e s u l t a n t
U - p i

Fv

Uni t Weight 

(kN/m1)

SY.h U p l i f t

Y . -9 .81  kN/m'

i TOE HEEL,

CRITICAL SECTION c - X r /X t- l .O

f i g u r e  1 F igure  2

General  Grav i t y  Se c t io n  -  D e f i n i t i o n  of Terms

be assumed s e c t i o n  was f i r s t  ana lysed  to de te tmine  the s lopes  re q u i r ed  to give 
s o - c a l l e d  ' c r i t i c a l  g r a v i t y  s e c t i o n ' .  This s e c t i o n  is  d e f i r e d  as one having 

ero v e r t i c a l  s t r e s s  a t  the h ee l  i . e .  the r e s u l t a n t  of  a l l  f o r c e s  P sas  through 
he downetre-m t h i r d  p o in t  ( F i g . 2 ) .  The f a c t o r  o f  s a f e t y  a g a in s t  o v e r tu r n in g  i s  
he r a t i o  of  s t a b i l i z i n g  to o . - r t u r n i n g  moments about the to e .  As a r e s u l t  of

a t e r i a l  i s  st  l e a s t  e q u i v a l e n t  to  the embankment m a t e r i a l  and t h a t  th e r e  are no 
one ,  of  low s t r e n g t h  in the  fou nda t io n .  The range of h e ig h ts  c o n s i d e r , a  in the 
n a l y s i s  was from 20 to 100 m e t r e s .  I t  was cons ide red  t h a t  t h i s  was 
. p r e s e n t , t i v e  of  a l a rge  p r o p o r t i o n  of a l l  ' l a r g e  dams c o n s t r u c t e d .  The 
n a l y s i s  was based on a t y p i c a l  s e c t i o n  having the p r o p e r t i e s  shown in Table I .  
ha 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  f o r c e s  u i s  a measure of the  . imi mg

revent  s l i d i n g .  In a d d i t i o n ,  for  a c o n s ta n t  r e s e r v o i r  depth and t h e r e f o r e  a
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conetant water fo rce , the var ia t ion  of the r a t i o  is a measure of the var ia t ion of 
the inverse of the ver t ica l  fo rce .

The gravi ty analysis used is the simple rigid-body analysis described by Justin 
et al (1945) ' o r  appl icat ion to concrete dams. As the side slopes f la t t en  with 
decreasing material  s t r eng tn , the analysis becomes increasingly uapproprtat e . 
However, for action c l o u  the c r i t i c a l  gravi ty sect ion, the error  in the 
analysis  was not l ikely to i. . . irge .  The e ffec t  of the p las t ic  benaviour or 
s t a b i l i s ed  soil  under high confining pressures , as discussed above, or, the 
relevance of tn is  analysis  requires fur ther inves t igat ion.  However, i t  seems 
probable that p las t ic  deformation wil l  lead to a red is t r ibut ion  cf s tresses  .n 
highly s t ressed tones and thui consequently the r ig 'd  body analysis may be 
conservative,  '"he sect ion considered was also analysed to determine the materiu: 
propert ies  ired to r e s i s t  s l id ing on the base. The assumptiom and method of
analysis  are discussed in section 4.3. The analysis was res t r i c ted  to the 
•reservoir  f u l l '  c ond i t io r . With the exception of the case where the upstream 
slope is v e r t i c a l ,  overst ressing of the heel in the ' r ese rvoi r  empty’ condition 
woul' - t be expected to occur. Where an upstream slope a,proaching ve r t ica l icy  
is  c erned i t  may be necessary to consider th is  case.

TATLi I
PROPERTIES O* TYPICAL SECTION

PAi A.METER SYMBOL VALUE

Maximum r e s e r v o i r  depth h 60 m
Freeboard  h e i g h t  ™ 0,03h h, 1,8 a
C res t  wid th  •  0 ,10h s 6 , 0  a
U p l i f t  c o e f f i c i e n t ; 1 ,0
V e r t i c a l  s t r e s s  a t  heel % 0 kPa
Line of  a c t i o n  of r e s u l t a n t  through

downstream t h i r d  (Vi p o in t c 1.0
Upstream s lope  (x*) -  Downstream s lope ( x , )  -  X

Unit  weight V tSk.N/m* 22kN/a1
Embankment s lope % 0,525 0,449
F a c to r  of  s a f e t y  a g a i n s t  o v e r t u r n i n g S 1,550 ! ,668
Maximum p r i n c i p a l  s t r e s s  a t  toe V 1122kPa 1396kPa
Rat io  of  h o r i z o n t a l  vo v e r t i c a l  fo r ce u 0,556 0,494
Volume per u n i t  l eng th  c f  embankment V 2376m1/» 2086a1/ a
V e r t i c a l  s t r e s s  a t  toe a, eaovpa 1l61kPa
Average s he a r ing  s t r e s s  on the  base o. 249kPa 237kPa

4.2 R e s u l t s  Of Gra v i ty  Ana lys i s

The r e s u l t s  a r e  p re se n t e d  g r a p h i c a l l y  in F i gu re s  3 to 9. The fo l lowing  
d i s c u s s i o n  i s  in tended  to emphasize s a l i e n t  f e a t u r e s  of the  graphs .

4 .2 .1  V a r i a t i o n  of  c r i t i c a l  s lope wi t h  u n i t  weight  Y (Figure  3)

The ' c r i t i c a l ' s lope  of an embankment type s e c t i o n  conforming to the  genera l  
p r o p e r t i e s  of  the  t y p i c a l  s e c t i o n  can be r e a d i l y  determined from t h i s  graph.  I f  
any of the  assumed s e c t i o n  p r o p e r t i e s ,  fo r  example the c r e s t  w id th ,  a re  changed,
an e s t i m a t e  can be made of  the s lope r equ i r ed  from Figures  3 to  9.

4 . 2 . 2  V a r i a t i o n  of  parame ters  wi th  r e s e r v o i r  depth h (Figure  4)

The geomet ric  p r o p e r t i e s  are c o n s t a n t  with t e v e r v o i r  dep th  (h) and co ns ta n t  
s e c t i o n  ( F ig .4 a )  whi le  a l l  o t h e r  parameters  a r e  simple f un c t io ns  of  h e i g h t ,  t h a t  
i s ,  a ' c o n s t a n t '  m u l t i p l i e d  by h,  h» or  h». The ' c o n s t a n t s '  a re  f un c t io ns  of 
f a c t o r s  such as s l o p e ,  u n i t  weight  and u p l i f t .  • • g • Tig 3b.

4 . 2 . 3  V a r i a t i o n  of parameters with slcpe x (Figure  3'

For a dam having upstream and downstream s'.->pcs equal, i t  s interest ing to note
that as the slopes approach tho*e of a normal embankment daw. the parameters 
become increasingly independent of slope. I t  i .ould be noted Chat, as the slcpe
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2 1

I.* 1,1 1,1 1.1 1,2 1> L*8.2

22 0,449

AV.

Bra \ c l , 00

(a) F ig ure  5 (b)

V a r i a t i o n  of parameter* wi th i l o p e  x

T H E O R E T I C A L  A N A L Y S I S 3 . 4



f la t ten*  (x increases) the r i e io body method of a n i l y s  if used becomes in­
appropriate.  This i s  demons t ra ted  by tne c i r v e  d e p i c t i n g  maximum p r i n c i p a l
s t r e s s  at  the  to*.- (?, ' ) in Figure  5a. The upward t r end  wi th f l a t t e n i n g  s lope  ;  ̂ a
geom e t r ic a l  e £f e : t a s s o c i a t e d  wi th  the assumation of r i g i d i t y . I t  should bo 
noted cha t  the  t h e o r e t i c a l  v e r t i c a l  s t r e s s  a t  the  t o e ' ,  cont i  lues to d e c r e a s e .

4 . 2 . 4  V a r i a t i o n  of  parameters  wi th  f re eboa rd  he ight  h, (Figure  6)

As shown in F igure 6,  s t r e s s e s  arc hard ly  a f f e c t e d  by change in f r e e b o a r d ^ - -. -
a s i g n i f i c a n t  change ;n the dinensionless p.i r imcters  S , ‘ and U occurs
be expl a ined  by the f a c t  tnac in c r e a s i n g  f reeboa rd  causes an i n c re a s e  in 
embankment volume which resu l ts  in an increase in both the s tab 1 1 1 zmg .or^t  an., 
the moment arm of th is  f o r c e ,  while the horizontal  force component is unchanged.

IB

(a) Figure 6 (b)
Variat ion of Parameters with Freeboard Height h.

4.2 .5  Variat ion of parameters with cres t  width z ( vgure 7)

The e ffec t  of varying the crest  width on the parameters considered is much the 
same as that due to var i a t ion  of freeboard height (F ig . 6). An mcrea** -n 
freeboard with constant erase width has the effect  of increasing the width . 
constant ' f reeboard '  height and imposing a small erase surcharge. •** r e la t  i .e
s ignif icance of these two e ffec ts  is dependent on the slopes of the embankment.

P.'O. S
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TJC
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v.»
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*•0,1Oh 
•6,0m
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(a)  Figure 7 (b)
Variat ion of Parameters with Crest Width z

4 . 2 . 6  V a r i a t i o n  of param eters  wi th  u p l i f t  c o e f f i c i e n t  ;  (Figure d)

The effec t  of reducing the up l i f t  coeff ic ien t  C from the maximum possible value 
of 1,0 assumed in most of the analysis is considerable,  "he l ine of action of 
the r e s u l t i n t  move ! 'owarda tne center of the section md consequently the factor
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of s a f e t y  i n c r e a s e s  c o n s i d e r a b l y .  The s t r e s s  a t  the toe i s  unchanged by v i r t u e  
of  the  f a c t  t h a t  the assumed u p l i f t  p re s s u re  d i s t r i b u t i o n  has a zero va lue  a t  the 
t o e , however the  v e r t i c a l  s t r e s s  a t  the  heel  i n c r e a s e s  by the amount by w u c n  t..e 
u p l i f t  d e c r e a s e s .  There i s  thus a case for  the i n t r o d u c t i o n  of a c u t - o f f  grout  
c u r t a i n ,  fo undat ion  d r a i n s  and an upstream impervious f ac in g  to the  embankment 
backed w i th  an i n c l i n e d  b l u r s e t  d r a i n .  This would s u b s t a n t i a l l y  i n c rease  the 
f a c t o r  of  s a f e t y  a g a i n s t  o v e r t u r n i n g  and would a l s o  permit  a red uc t io n  in 
embankment volume. I t  i s  however q u e s t i o n a b l e  as to whether i t  would p r^ t e  
p r a c t i c a l  to  reduce the  s e c t i o n  by a s i g n i f i c a n t  amount.

i e

(a)  F igure  8 (b)

V a r i a t i o n  of  Parameters  with U p l i f t  C o e f f i c i e n t  I

I
Xy ♦*. *2*

s»
MOD

*e

-X,

(a)  F igure  9 (b)

V a r i a t i o n  of Parameters  w i th  Upstream s lope  **

4 . 2 . 7  V a r i a t i o n  of  paramete rs  wi th  ups tream s lope x„ (Figure 9)

The s e c t i o n  cons ide red  thus  f a r  i s  one wi th equa l  upst ream and downstream s lo p e s ,  
however,  the  lowest  volume con ve nt io na l  g r a v i t y  s e c t i o n  i s  one wi th  a v e r t i c a l  
upst ream face  The r e s u l t s  d e p i c t e d  in F igure 9 a re  those of an a n a l y s i s  in 
which the embankment volume and base width were kept  c o n s t a n t  by m a in ta in ing  the 
average  of the  upst ream and downstream s lopes  equa l  to the  slope x cons idered  in 
the p r ev ious  a n a l y s i s .  I t  i s  i n t e r e s t i n g  to note t h a t  a l though i n c r e a s i n g  the 
ups tream s lope  to v e r t i c a l  causes the  l i n e  of  a c t i o n  of  the  r e s u l t a n t  to move 
towards the midpoint  of  the base ,  th e  f a c t o r  o f  s a f e ty  i s  not  s i g n i f i c a n t l y  
a f f e c t e d .  The i n c re a s e  in ups tream s lope causes a decrease  in the weight  of 
water  over  the upstream face and hence an i n c re a s e  in the  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  f o r c e s  which i n d i c a t e s  an i n c rea se  in re q u i r ed  shear  s t r e n g t h .  At the
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same t ime however, the change in s lope  causes  a r e d u c t io n  in toe  s t r e s s  and an 
i n c r e a s e  in heel  s t r e s s  g iv in g  a n e a r l y  r e c t a n g u l a r  p re ss ur e  d i s t r i b u t i o n  a t  Che 
base and thus a more uniform development of f r i c t i o n a l  shear  s t r e n g t h  over  the 
base .  There a re  thu s  a number of  f a c t o r s  favour ing  an i n c re ase  in the upst ream 
s lope of  the  aam. I t  i s  u n l i k e l y  chat  a s i g n i f i c a n t  r e d u c t i o n  in  volume could be 
e f f e c t e d  however,  as t h i s  would r e q u i r e  a s te epen in g  of  the downstream s lope  and 
co n se q u en t l y  a r e d u c t i o n  in s a f e t y  f a c t o r .

4 .3  Dete rm ina t io n  Of S t r e n g th  Of S t a b i l i z e d  Soi l  Required f o r  Gravi ty  Sec t io n

For use in t h i s  a n a l y s i s ,  the  s t r e n g t h  of  s t a b i l i z e d  s o i l  has been de f ined  in 
terms of  a Mohr-Coulomb f a i l u r e  enve lope ,  as nown in Figure 13, from which i t  can 
be shown t h a t :

C  -  0 ,5  <7„' [  cos $' -  can $' ( 1 - s i n  $')] (1)

Since most pu b l i s he d  r e s u l t s  on s t a b i l i z e d  s o i l  to dace have been expressed in 
terms of  the  unc onrmed compressive  s t r e n g t h  C.' , the  assumed f a i l u r e  en^e-ope 
and hence e qua t i on  1 can be used to  e s t i m a t e  the cohes ion  of  the  m a t e r i a l .  ihe 
s t a b i l i z a t i o n  of s o i l  wi th  lime or cement i s  g e n e r a l l y  accepted as r e s u l t i n g  in
an i n c r e a s e  in cohes ion  with l i t t l e  change in angle  of  f r i c t i o n  except  at  low
c o n f i n i n g  p r e s s u r e s  (Rocha e t  a 1 1961, .Nash e t  a t  1965; Raphael 19 .0) .  the 
r e s u l t s  of  Nussbaum S Col ley (1971) however,  r e f l e c t  an i n c rea se  in angle of 
f r i c t i o n  w i th  in c r e a s i n g  cement concent  bu t  no inform. . t ion i s  given concerning  
co n f in in g  p r e s s u r e s .  There i s  a d e f i n i t e  need for  f u r t h e r  r e s e a r c h  in  t h i s  
f i e l d .  For the purpose of  t h i s  paper i t  has been assumed t h a t  no s i g n i f i c a n t  
change in angle of f r i c t i o n  occur s  and t h a t  30 i s  a reasonably  r e p r e s e n t a t i v e  
value t h e r e o f .  With »' -  3 0 \  eq u a t i o n  1 s i m p l i f i e s  to :

C' -  0 ,289  c; <2a)
or  oC -  3,46 C  <2b)

EFFECTIVE STRESSES
Cj-un conf ined  compressive s t r e n g t h

T,""Shear s t r e n g t h  a t  f a i l u r e

♦ ' • a n g l e  of f r i c t i o n  
C1"cohes ion

(MP4
a
18 '

I

a '

■ t l  
- 1.6

x-0,525

-°~ Q-1,0
"Tension" i . e .  no cohes ion  requ i r eo

Figure  10

Assumed Mohr-Coulomb F a i l u r e  
Envelope

Figure  11

V a r i a t i o n  of  Unconfined Compressive 
S t r eng th  wi th Height md Safe ty  
F a c t o r - C r a v i t y  Analys i s

4 .3 .1  S t r e n g th  r e q u i r e d  fo r  g r a v i t y  s t a b i l i t y

The normal ly s p e c i f i e d  s t r e n g t h  requi rement  t o r  a conc re te  g r a v i t y  dam i s  t h a t  
the maximum compressive  s t r e s s  in the c o n c re te  should ne t  exceed 25 per c t . i t  of  
the 28 day unconf ined compress ive s t r e n g t h  i . e .  the  f a c t o r  of  s a f e t y  a g a in s t  
o v e r s t r e s s i n g  Sc • a .  Whether such a s t r i n g e n t  requi rement  i s  ne cessary  with 
s t a b i l i z e d  s o i l  where c o n s i d e r a b l e  s t r e n g t h  gains  are exper ienced  from 28 to 90 
days and beyond, i s  open to q u e s t i o n .  I t  sppears t h a t  the s t r e n g t h  requi rements  
for  c o n c r e t e  dams have been developed l a r g e l y  on an em pi r i ca l  b a s i s  r e l a t e d  to 
p as t  p r a c t i c e .  F igure  11 shows the unconf ined compressive s t r e n g t h s  re q u i r ed  
fo r  v a r i o u s  embankment h e i g h t s  for  the t y p i c a l  s e c t i o n s  cons idered  and for  
va r i o u s  f a c t o r s  of  s a f e t y  (Sc) ap p l ie d  to the  c a l c u l a t e d  s t r e s s e s .  The va lues



p l o t t e d  have been de te rmined from a c o n s i d e r a t i o n  of the u n i t  weight of t h e  
m a t e r i a l  as de te rmined  fo r  the slope  s t a b i l i t y  a n a l y s i s  ( s e c t i o n  <*.4 below) .

4 . 3 . 2  S t r e n g th  r e q u i r e d  ro r e s i s t  s l i d i n g  on base

Two approaches  ore i o r ~ a l l y  adopted to a s s e s s  the r e s i s t a n c e  of  a g r a v i t y  -.am 
to s l i d i n g .  The s n p l , • approach i s  to c ons id e r  the ' s l i d i n g  f a c t o r '  which is 
the  r a t i o  of hoviz a t a l  u  v e r t i c a l  f o r c e s ,  t h a t  i s .  the  parameter  u cons idered  
p r e v i o u s l y .  This r a t i o  i s  g e n e r a l ’.-, r e q u i r e d  to l i e  in the range of 0.45 to 
0 . 75  fo r  c o n c re te  on rock (Thomas '976; J u s t i n  e t  a l  1945).  J u s t i n ,  e t  a I 
(p 295) s p e c i f y  tha t h i s  c o e f f i c i e n t  ihould be le s s  than or  equa l  to the
c o e f f i c i e n t  of f r i  .on " i n d i c a t e d  by exper iments  on wel l  d r es sed  s p e c imens of
the  same m a t e r i a l s  I t  w i l l  be seen t h a t  wi th  the  excep t io n  of  those 
embankments with s upstream a lopes  ' F i g .  9b) v i r t u a l l y  a l l  se c t io n s
c ons id e re d  have rec red value of  u below the  above l i m i t s .  However, the  va lue
of  u •  0 ,65  c o r re s .  s t c  a lue of » of  33° which i s  g r e a t e r  than the va lue  of
3 0 1 assumed f o r  s tu  . 11 xe s o . . .  The s i m p l i f i e d  a n a l y s i s  can t h e r e f o r e  not  be 
ap p l i ed  and i t  i s  e s s a y  fo r  t h i s  e x e r c i s e  to  c ons ide r  cohes ion  as w e l l .  The 
a l t e r n a t i v e  approach i s  to c o n s id e r  the  shear  f r i c t i o n  f a c t o r  of s a f e t y  Q which 
i s  d e f in e d  a s ;

Q ■ (Fv ta n  $' ♦ r  b C ' ) /F h  (3)

where Fv. Fh and b a r e  as de f in ed  in  F-gure 2. C  and *' a r e  de f ined  p r e v i o u s l y  
and r i s  a f a c t o r  to take  account  of the non-uniform p r e s s u r e  on the  base and is  
commonly taken  as 0 ,5  (Thomas 1976; J u s t i n  e t  a l  945).

The above e q u a t i o n  i s  ec a o n ly  a p p l i e d  to co nc re te  dams wi th a va lue  of Q not  
l e s s  than 5.  However, the  same problem may be approached from a s o i l  mechanics 
v i e w p o i n t  us in g  the  Mohr-Coulomb f a i l u r e  c r i t e r i o n ;  Cons ider ing  the average 
normal s t r e s s  on the  p lane o' * Fv/b and apply ing  a f a c t o r  of  0 ,5  to C as 
d i s c u s s e d  above,  the  average she ar  s t r e s s  a t  f a i l u r e  i s :

T1 * 0 , 5  C1 ♦ Fv/b tan  $' (4)

The average  snear  s t r e s s  on the plane i s  Fh/b and apply ing  a f a c t o r  of  s a f e t y  of 
2 to g ive  the  a l lo w a o le  shear  s t r e s s  g i ves :

2 Fh/b -  0 ,5  C  ♦ Fv/b tan  $' (5)
r e a r r a n g i n g  , .

2 -  (Fv tan  »' * 0 ,5  C'b)  Fh (6)

The r i g h t - h a n d  s ide  of  equa t io n  6 i s  i d e n t i c a l  to th a t  of  equ a t io n  3 wi th  r  -  0,5 
and g ives  a value  of Q equa l  to  2. I t  i s  the w r i t e r s '  op in ion  t h a t  a va lue  of  5 
i s  unduly c o n s e r v a t i v e  p a r t i c u l a r l y  when based on the  28 day s t r e n g t h  of a 
s t a b i l i z e d  s o i l .  Equat ion 3 was rea r r ang ed  and combined with equa t ion  2b to 
permi t  d i r e c t  c a l c u l a t i o n  of cj fo r  d i f f e r e n t  s e c t i o n s  and d i f f e r e n t  va lu es  of 
Q. The r e s u l t s  a re  p l o t t e d  in Figure It fo r  an a n a l y s i s  using f u l l  u p l i f t  which 
g iv es  a c o n s e r v a t i v e  as sessment .

I t  w i l l  be no ted t h a t  t'.ie above a n a l y s i s  i m p l i c i t l y  assumes t h a t  the  shear  
s t r e n g t h  on c o n s t r u c t i o n  anas i s  equal  to t h a t  of the i n t a c t  m a t e r i a l .  I n t e r ­
l aye r  bond in s t a b i l i z e d  i l  i s  not  a completely known q u a n t i t y .  The r e p o r t  on 
bonding of  so i l - cem en t  by De Crooc w i l l  ho p e fu l l y  c l a r i f y  the  m a t te r  to some 
e x t e n t .  I t  appear s ,  however,  t h a t  USSR methods of p la c in g  so i l -cem en t  slope 
p r o t e c t i o n  have l a r g e l y  overcone ptublems of i n t e r l a y e r  bond. Layers of s o i l -  
cement a r e  brushed w i th  a m e c h i u c a l  s t e e l  broom immediately a f t e r  the ' i n i t i a l  
s e t '  has o cc ur r ed  and aga in  ; - r e d i a t e l y  before  p la c in g  the next  l a ye r  of  s o i l -  
cement.  Broominj  " l e a v e s  a s t r i a t e d  su r f ace  with narrow grooves  approximately 
1/4 inch (0,6-4 cm/ deep and approximately  1/2 inch (1,27 cm) a p a r t "  r e p o r t  
Davis e t  a l  1973. I t  seems l i k e l y  t h a t  a su r f ace  such as t h a t  descr ibe d  above 
would provide  e x c e l l o n t  r e s i s t a n c e  to h o r i z o n t a l  shear  e s p e c i a l l y  i f  the grooving 
runs a long  the  lungtn  of the embankment. Because of  the u n c e r t a i n t y  regard in g  
i n t e r l avor bond, i n i t i a l  recommendations r ega rd in g  s t r e n g t h  have been based on a 
velue of  Q equal  to S. I t  i t  however f e l t  c as t  once more in fo rma t ion  i s  
a v a i l a b l e  on bond a U s s  c o m e r  . a t  ive approach wi l l  be p o s s i b l e .  The use in 
de s ig n  of  va lu es  o b ta in e d  from d i r e c t  snear  t e s t s  on c o n s t r u c t i o n  j o i n t s  is  
o bv io us ly  d e s i r a b l e .
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4.4 Slope S t a b i l i t y  Analys i s

The i n i t i a l  i n v e s t i g a t i o n  of  slope s t a b i l i t y  was l i s i t e d  to confi rming  Raphae. s 
(1976) f i n d i n g  t h a t  f o r  s lo pe s  s t e e p e r  than 0 ,8 :1  the g r a v i t y  a n a l y s i s  i s  
c r i t i c a l .  This  was ne cess a ry  in o rd e r  to dete rmine  the maximum m a t e r i a l  
s t r e n g t h s  r e q u i r e d  for  the  ' c r i t i c a l  g r a v i t y  s e c t i o n 1 d i s i u s s e d  p r e v i o u s l y .
This i n v e s t i g a t i o n  was r e s t r i c t e d  to the  t y p i c a l  s e c t i o n  p re sen ted  in Table I ,  
c o n s i d e r i n g  only m a t e r i a l  with a dry u n i t  weight  of 18 k.N/m* . Se c t io ns  vary in g  
in  h e i g h t  from 20 to 100 m we e ana lys ed .

As noted  in s e c t i o n  2 . 1 ,  the  development of  excess  pore p r e s su re  in the 
embankment du r in g  c o n s t r u c t i o n  i s  not  a n t i c i p a t e d .  Consequent ly the  'end c f  
c o n s t r u c t i o n '  s t a b i l i t y  a n a l y s i s  w i l l  no t  be c r i t i c a l .  As the s e c t i o n  proposed 
has equa l  ups t ream and downstream s l o p e s ,  i t  :.s t c  be expec ted  t h a t  the ' r ap id  
drawdown' a n a l y s i s  of  the  upstream s lope  w i l l  be more severe  than the  ' s teady  
se epa ge '  a n a l y s i s  of the  downstream s lo p e .  The ' s teady  seepage r e s e r v o i r  f u l l *  
f l ow -ne t  was ised to de te rmine  the p o r e - p r * s s u r e s  on the s l i p  c i r c l e .  For 
programming pu rp os es ,  t h i s  was approximated by assuming the p h r e a t i c  su r f ace  to 
be a plane  j o i n i n g  the i n t e r s e c t i o n  of  the water  su r f ace  and the upstream face 
to  the i n t e r s e c t i o n  of  the  Kozeny p a rabo la  wi th  the  downstream f ac e .  The 
f ou nda t io n  was assumed to  be impermeable and e q u i p o t e n c i a l  l i n e s  were 
approximated by c i r c l e s  c e n t r e d  on the i n t e r s e c t i o n  of the  assumed p h r e a t i c  plane  
and the ba se .  This s a t i s f i e s  the r e qu i r em en ts  fo r  o r t h o g o n a l i t y  a t  the 
bou ndar ies  whi l e  the ' e q u i p o c e n t i a l s ' r ave  l e s s  c u rv a tu re  than those  of  a t r u e  
f low n e t ,  r e s u l t i n g  in  an o v e r e s t i m a te  of  pore p r e s s u r e s .

In e s t i m a t i n g  the mass of  the  s l i d i n g  m a t e r i a l ,  the  s a t u r a t e d  u n i t  weight  was 
used fo r  a l l  m a t e r i a l  belcw the  seepage su r fa c e  And the bulk or  as p la c e d '  u n i t  
weight  was used fo r  m a t e r i a l  above t h i s  s u r f a c e .  The u n i t  weights were 
e s t i m a t e d  on the  b a s i s  of  a p a r t i c l e  s p e c i f i c  g r a v i t y  of 2 ,7 and 5 per cen t  a i r  
v o i d s .  The va lue  of 5 per  cen t  a i r  vo ids  cor responds  t c  a degree of  compaction 
c l o s e  to the maximum fo r  most s o i l s  s u b j e c t  to  s tanda rd  p r o c to r  compactive 
e f f o r t  (Scocr 1974),

c r i t i c a l  c i r c l e  c e n t r e  (x;y)

Point

442.$
,113 

1.015, /  6 -2 ,7  
0.99% ' A -0 ,0 ) :  

312T vdr v-18 ,0  
yhulk-20 ,65

s a t u r a t e d - 2 1 ,14

/ v a r i a t i o n  of  o’ with h i s  
r o p o r t i o n a l  to h 

o j (h -6 0 ) -V ,6 0  r ' ( h - 1 0 0 )
- i — :— 6 -  $ " w — r ej

f i g u r e  '2  F igure 13

Locus of  c e n t r e s  of C r i t i c a l  C i r c l e s  V a r i a t i o n  of s a f e t y  ( a c t o r s  with 
For Typ ica l  Se c t io n  (Table I x -0 ,$25)  X  and he ight

In view of the  requi rement  of a r e l a i v e l y  s t - ong  foundat ion  for  the  s t a b i l i z e d  
s o i l  dam, i t  was decided to  assume chat the f : mdat io n  s t r e n g t h  was c ons i der ab ly  
g r e a t e r  than t h a t  of the embankment m a t e r i a l .  With those  assumptions a number of  
t r i a l  c i r c l e s  confirmed t h a t  the c r i t i c a l  case for  a n a l y s i s  i s  ' complete 
i n s t a n t a n e o u s  drawdown' wi th the c r i t i c a l  s l i p  c i r c l e  pas s in g  through the hee l  of  
the  embankment. The a n a l y s i s  used as the  s i m p l i f i e d  s l i p  c i r c l e  a n a l y s i s  of 
Bi .hoo  (1955).  In c o n t r a s t  to r e s u l t s  fo r  f l a t t e r  s l o p e s ,  i t  was found t h a t  the  
s i m p l i f . ed a n a l y s i s  gave s l i g h t l y  u n c o n s e rv a t i v e  r e s u l t s  when c m p a re d  wi th more 
r i g o r o u i  methods of  m a l y s i s .  Io d a t e ,  the a n a l y s i s  has been r e s t r i c t e d  to 
de te rm in in g  the  c r i t i c a l  c i r c l e  for  v a r i o u s  combina tions  of he ight  and cohes ion .  
I t  appears  t h a t  the  locus of  the  c e n t r e  of  the  c r i t i c a l  c - r e l e  for  co ns ta n t  
h e ig h t  with va ry in g  cohes ion  i s  the same as t h a t  for  c o n s ta n t  cohesion with 
vary ing  h e i g h t  (Figure i ?>.  In a d d i t i o n ,  the  f a c t o r  of  s a f e t y  fo r  a s p e c i f i c
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c i r c l e  appears  to be indepeudeuc of  h e i g h t  and cohes ion .  Assuming t h i s  to oe 
the  c a s e ,  a t  m r a t  ive procedure has been developed which en ab le s  the re qu i r ed  
cohes ion  to be ecermined fo r  a s p e c i f i e d  r e s e r v o i r  depth and f a c t o r  o f  s a f e t y  
on the c r i t i c a l  c i r c l e . F u r th e r  r e s e a r c h  i s ,  however, r e q u i r e d  to de te rmine 
whether th ese  r e s u l t s  a re  of g e n e r a l  a p p l i c a b i l i t y .

The va lu e s  of cohe s io n  and h e n c e , unconf ined compressive s t r e n g t h , r e q u i r e d  to 
provide a s p e c i f i e d  f a c t o r  o f  s a f e t y  F a g a i n s t  f a i l u r e  on the  c r i t i c a l  s l i p  
c i r c l e  f o r  embankments of  h e i g h t s  60 and 100 a  were de te rmined fo r  comparison 
with the  r e s u l t s  o f  the g r a v i t y  a n a l y s i s  ( F i g i r e  13).

5. COMPARISON OF RESULTS

Figure 13 i l l u s t r a t e s  the  v a r i a t i o n  of  r e q u i r e d  unconf ined compressive s t r e n g t h  
wi th  the  f a c t o r s  of  s a f e t y  wi th  r e s p e c t  to  o v e r s t r e s s i n g  (S c) ,  s l i d i n g  (Q) and 
c i r c u l a r  a rc  f a i l u r e  I F ) . I f  t h e s e  - e s u l u s  are examined in the l i g h t  o f  the 
va lu es  c u s t o m a r i ly  as s ig ned  to the  f a c t o r s  (Q •  5,  Sc ■ A and F ■ 3) i t  i s  seen 
t h a t  th e  r e q u i r im e n t  fo r  s l i d i n g  s t a b i l i t y  i s  by f a r  the most onerous co n d i t io n  
f o r  the  s e c t i o n  c o n s i d e r e d . If  the  r e s u l t s  a re  compared on the  b a s i s  o f  equal 
numerical  va lues  f o r  s a f e t y  f a c t o r s ,  i t  i s  seen t h a t  for  the  s e c t i o n  cons idered  
s l i d i n g  s t a b i l i t y  (Q) i s  the more severe  c r i t e r i o n  for  f a c t o r s  in excess  o '  3,75 
and t h a t  o v e r s t r e s s i n g  (Sc) c o n t r o l s  fo r  f a c t o r s  l e s s  than t h i s .  Slope 
s t a b i l i t y  i s  not  c r i t i c a l  in t h i s  case ( i n  agreement wi th  Raphae l ’ s c o n c l u s i o n ) .  
The i n t e r c e p t  of th e  s l i d i n g  s t a b i l i t y  curve of Q * 1 a t  zero cohesion  
cor re spo nds  to the f r i c t i o n a l  component of shear  s t r e n g t h  and agrees wi th a va lue  
of  L -  0 .57 which cor re sponds  to  i '  -  30*. The zero i n t e r c e p t  of the  slope  
s t a b i l i t y  curve a t  zero cohes ion i s  in agreement wi th the  method of a n a l y s i s  used 
which i s  e s s e n t i a l l y  a "9 * 0" a n a l y s i s .

5.1 A p p l i c a t i o n  Of Resu l t s

To examine the  v i a b i l i t y  of the  s t a b i l i z e d  s o i l  dam,and p a r t i c u l a r l y  the  s o i l -  
cement dam, in the  l i g h t  of  the  above r e s u l t s , i t  was decided to examine the  
m a t e r i a l  used by the  .’SBR in the  p r o j e c t s  d i s cus se d  by De Groot ( I 9 7 t b ) .  Using 
the  28 day s t r e n g t h s  a c t u a l l y  o b ta in e d  in  c o n s t r u c t i o n ,  wi th  Q ■ 5 and r e f e r r i n g  
to  F ig ure  11, the maximum p e r m i s s i b l e  h e i g h t  fo r  the  m a t e r i a l  d e n s i t y  concerned 
was e s t i m a t e d  and.  where p o s s i b l e ,  compared with the h e ig h t  o f  the  a c t u a l  
s t r u c t u r e .  The r e s u l t s  a re  shown in Table  I I .

I t  should be noted  t h a t  the  fou nd at io n  c o n d i t i o n s  at  th es e  s i t e s  were not  
n e c e s s a r i l y  s u i t a o l e  fo r  a so i l - cem en t  stsbankment.

TABLE I I
HEIGHTS OF SOME EQUIVALENT SOIL-CEMENT EMBANKMENTS

Cement
Content

Dry
Unit
Weight

Average 
28 day 
" t r e n g t h

Maximum
S o i l -
Cement
Height

Actual
Height

Z of
Dry Mass kN/a3 MPa a a

M e r r i t t  Dam H 17,0-18,9 12,51 110 38
Cheney Dam 12 18,6-19 ,6 10,31 90
Lubbock Regula t ing  Res ervoi r 12 18,1-18 .5 7,82 68
Glen Elder  Dam 12 18,4 8,28 72 27,4
Downs Dike 12 19.3-20,0 7,38 64 35
Cawker Ci tv  Dike 12 19,1 8.87 78
S t a r v a t i o n  Dar 12 18,6 6.24 55



c i r c l e  appears  to be independent of  h e ig h t  and cohes io n .  Assuming t h i s  to  be 
the  c a s e ,  a t e n t a t i v e  procedure has been deve loped which enab les  the  r equi re d  
cohes ion  to  be de te rmined  for  a s p e c i f i e d  r e s e r v o i r  depth and f a c t o r  of  s a f e t y  
oa the  c r i t i c a l  c i r c l e .  Fu r th e r  r e s e a r c h  i s ,  however,  re q u i r ed  to de te rmine  
whether  the se  r e s u l t s  a r e  of g e n e r a l  a p p l i c a b i l i t y .

The va lu e s  of  cohes ion  and h e n c e , unconf ined compressive  s t r e n g t h ,  re q u i r ed  to 
provide  a s p e c i f i e d  f a c t o r  of  s a f e t y  F a g a i n s t  f a i l u r e  on the c r i t i c a l  s l i p  
c i r c l e  f o r  embankments of  h e i g h t s  60 and 100 a  were determined fo r  comparison 
w i th  the  r e s u l t s  of  the  g r a v i t y  a n a l y s i s  (Figure  13).

5.  COMPARISON OF RESULTS

Figure  13 i l l u s t r a t e s  the  v a r i a t i o n  of r e q u i r e d  unconf ined compressive s t r e n g t h  
wi th  the  f a c t o r s  of  s a f e t y  wi th  r e s p e c t  to o v e r s t r e s s i n g  (Sc) ,  s l i d i n g  (Q) and 
c i r c u l a r  a r c  f a i l u r e  ( F ) . I.' th e se  r e s u l t s  are examined in the  l i g h t  of the
v a K t s  cu s to m ar i l y  a s s ig n e d  to the  f a c t o r s  (Q <• 3,  Sc " A and F • 3) i t  i s  seen 
t h a t  the  requi rement  f o r  s l i d i n g  s t a b i l i t y  i s  by f a r  the most onerous co n d i t i o n  
f o r  the  s e c t i o n  c o n s i d e r e d .  I f  "he r e s u l t s  a re  compared on the b a s i s  of  equal  
numer ica l  va lues  fo r  s a f e t y  f a c t o r s ,  i t  i s  seen t h a t  f o r  the s e c t i o n  considered  
s l i d i n g  s t a b i l i t y  (Q) i s  the more severe  c r i t e r i o n  f o r  f a c t o r s  in excess  of 3,75 
and t h a t  o v e r s t r e s s i n g  (Sc) c o n t r o l s  fo r  f a c t o r s  l e s s  than t h i s .  Slope 
s t a b i l i t y  i s  not c r i t i c a l  in t h i s  case ( i n  agreement with Raphae l ’ s c o n c l u s i o n ) .  
The i n t e r c e p t  of  the  s l i d i n g  s t a b i l i t y  curve  of  Q * 1 a t  zero cohesion 
cor re spo nds  to the  f r i c t i o n a l  component of  shear  s t r e n g t h  and agrees  with a va lue 
of v •  0 .57 which cor r esp ond s  to  i ’ -  30*. The zero i n t e r c e p t  of  the slope 
s t a b i l i t y  curve a t  zero cohes ion  i s  in agreement wi th  the  method of  a n a l y s i s  used 
which i s  e s s e n t i a l l y  a " $  •  0" a n a l y s i s .

3.1 A p p l i c a t i o n  Of Res ul t s

To examine tho v i a b i l i t y  of the  s t a b i l i z e d  s o i l  dam.and p a r t i c u l a r l y  the s o i l -  
cenent  dam, in the l i g h t  of  the  above r e s u l t s ,  i t  was dec ided to  examine the 
m a t e r i a l  used by the  USBR in  the  p r o j e c t s  d i s c u s s e d  by Du Croot (1971b). Using 
the  28 day s t r e n g t h s  a c t u a l l y  ob t a in ed  in c o n s t r u c t i o n ,  wi th  Q •  5 and r e f e r r i n g  
to  F igure  f t ,  the  maximum p e r m i s s i b l e  he ig h t  for  the mater  1*1 d e n s i t y  concerned 
was e s t i m a t e d  and. where p o s s i b l e ,  compared wi th  the  h e ig h t  of  the a c tu a l  
s t r u c t u r e .  The r e s u l t s  a r e  shown in Table I I .

I t  should be no ted cha t  the founda t io n  c on di t i on  at  the se  s i t e s  were not 
n e c e s s a r i l y  s u i t a a l e  f o r  a t o l. -cement eobankner : .

TABLE I I
HEIGHTS OF SOME EQUIVALENT SOIL-CEMENT EMBANKMENTS

Cement
Content

Dry
Unit
Weight

Average
28 day 
S t re ngt h

Maximum
S o i l -
Cement
he ig h t

Actua l
Height

% of
Dry Mass

kN/m1 MPa m m

M e r r i t t  Dam 1* 17 ,0-18 ,9 12,31 110 38
Cheney Dam 12 18.<>-19,6 10,31 90
Lubbock Re gula t ing  Reservo i r 12 1 8 . ' - 1 8 , 5 ' . 8 2 68
Glen Elder  Den 12 1* .4 8.28 72 27.4
Downs Dike 12 19,1 20,0 ’ .38 64 33
Cawker C i ty  Dike 12 19 1 8.87 78
S t t r v a t i o n  Dam 12 16,6 6,24 55



5.2 Cost Comparison For Merritt Dam
To examine the  p o t e n t i a l  cos t  sav ing ,  an e s t i m a t e  for  M e r r i t t  Dam was p re p a t e d .

I t  should  be noted  t h a t  the fou ndat io n  c o n d i t i o n s  were not  s u i t a b l e  fo r  a s o i l -  
cement dam and hence the  c o s t  comparison i s  h y p o t h e t i c a l .  The assumed cement 
c o n t e n t  i s  the  same as t h a t  used f o r  slope  p r o t e c t i o n ,  which provides s t r e n g t h  
f a r  in  excess  of  t h a t  r e q u i r e d .  The d e t a i l s  of  M e r r i t t  Dair in Table I I I  were 
o b t a i n e d  from De C.root (1971b) ,  the  ICOLD World P i g i s t e r  of  bams ( to  31 December 
'96 31, Holtz  4 Walker (1962) ,  Holtz 6 Hansen (19 /6)  and the Po r t la nd  Cement 
A s s o c i a t i o n  r e p o r t  "Soi l -Cement  for  Water Cont ro l  S t r u c t u r e s "  (19764. C o s t . d a t a  
f o r  so i l -ee menr  were ob t a in e d  from the  PCA "Guide for  Es t im at i ng  Cost of  " o i l -  
Cement Slope 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  in 1978)".  Pro cess ing  and p l ac in g  
c o s t s  would probably  be lower f o r  an embankment.

TABLE I I I
DATA FOR MERRITT DAM COST COMPARISON

Height above fou nda t io n  38 m
C res t  l e ng th  982 m
Embankment volume 1 182 500 m*
Slopes * i 1 4 3,5:1
Slope p r o t e c t i o n  volume 39 000 d*
Cres t  wid th  assumed ’0 a
Cost o f  cement US $5.71/100 kg
Pr oc ess in g  c o s t  of  so i l - cem en t  <76 000 o* US $9 .48/m'

>76 000 o* US $8 .83/m'

CALCULATION FOR COST COMPARISON

1978
p r i c e s

3ry d e n s i t y  of  I800kg/a '  fo r  s o i l  cement g ive s  s lo pes  of  0 ,525:1  fo r  s s o i l -  
: e a e n t  dam.
deduct ion  in c r o s s - s e c t i o n *  g ives  volume o." so i l - cemen t  eaban n t  as .0^ of t h a t  
yt  e a r t h  embankment "  232400 m' .
lo s t  o f  cement in so i l - cem en t  * 1800x0, '4x0,01x5.  1 * uS$t4.3-> a
loc a l  co s t  of  so i l - cem ent  embankment •  US$23.22/m'
Total  c o s t  o f  so i l - cem en t  in slope p r o t e c t i o n  -  US$23. 87/m'
kssume a d d i t i o n  of cement i n c r e a s e s  p ro cess in g  cos t  of s o i l  by 50%, t h i s
i n d i r i t e s  p r o c e s s in g  c o s t  of  u n s t a b i l i z e d  s o i l *  2/3 x 8.13 " ,US$5 .8 9/m'
;ost  of s o i l - c c n o n t  e -b ank ra n t  •  US$4.80 * '0^
Tost o l  e a r t n  embankment •  US$6.9/ x 10
lo s t  o f  s o i l - c e n e n t  s lope  p r o t e c t i o n  ■ US$0.9) x '0 *
Total  cos'  : f . r s c j n i . ed embankment * US$7.90 X '0
Sav i m  w~tth so i l - cem ent  i..~‘~sr.K.renc •  US$2.50 x 10

* Assumed uni form c r o s s - s e c t i o n  throughout  -  only h e i ght  v a n e s

The above e s t i m a t e  i n d i c a t e s  th a t ,  a t  todays  p r i c e s ,  a co n s i d e ra b l e  saving could be 
e f f e c t e d  on a dam such as M e r r i t t .  I t  is  recognized  th a t  the  cos t  of p ro ces s in g  
u n s t a b i l i z e d  m a t e r i a l  could  be c o n s id e r a b ly  l e s s  than the  va lue  of I5 .89,m'  
e s t i m a t e d  but  t h i s  compares f avour abl y  wi th  th e  range of  $3.27 to $6 .5*/ ti' 
e s t i m a t e d  by Raphael (1976) as the range of  ear t -moving  c o s t s  indexed to January  
i e / 6 .  The e s c a l a t i o n  in PCA's e s t i m a te d  p r o c e s s in g  c o s t s  1976 to i9-S i# . 2 . .  
per  c e n t .  Applying . h i s  to  Raph ae l ' s  c o s t s  g iv es  a range of  $4.01 to $ 8 .03/m 
f o r  1978 c o s t s .  Using the  minimum va lue  of  $ 4 .01/a* g ives  an u n s t a b i 1ized 
embankment c o s t  of US$5.68 x !06 making the so i l - ceme nt  embankment 15: cheape r .
I t  should be no ted t h a t  the above f i g u r e s  do not  inc lude  the secondary b e n e f i t s  
d i s c u s s e d  p r e v i o u s l y .  Also, the cement conte n t  w i th in  the  embankment could 
probab ly  be reduced to t h a t  determined from s t r e n g t h  requ i r em en ts .  Noting the
22.7 per  cen t  e s c a l a t i o n  mentioned above,  i t  i s  apparent  t h a t  the r e d u c t i o n  in 
c o n s t r u c t i o n  time could a l s o  br in£ about a s i g n i f i c a n t  cos t  saving .



3 . 2  ELABORATI ON ON CONTENTS OF PAPER

A number  of  p o i n t s  r e l e v a n t  to t he  above  d i s c u s s i o n  a r e  p r e s e n t e d

be l ow.

a.  The g r a v i t y  a n a l y s i s  i s  based  on a u n i f o r m u n i t  we igh t

th r o u g h o u t  the  e m b a n k m e n t . In d e s i g n ,  i t  w i l l  be n e c e s s a r y  t o  

assume one u n i t  w e i g h t ,  p o s s i b l y  t he  d r y  u n i t  we i g h t ,  f o r  

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

t he  s a t u r a t e d  u n i t  w e . 5h t ,  f o r  d e t e r m i n a t i o n  of  t he  maximum 

p r i n c i p a l  s t r e s s  a t  the t o e .  These  u n i t  w e i g h t s  mi ght  be t h o s e  

a p p l i c a b l e  a t  an  age of  28 o r  90 d a y s  t o  t a k e  a c c o u n t  of  

h y d r a t i o n .

b.  Both a n a l y s e s  assume the  d e v e l o p m e n t  of  seepage  p r e s s u r e

( u p l i f t )  a c r o s s  t he  w i d t h  of  t he  e m b a n km e n t .  In p r a c t i c e ,  i t  

mi gh t  p r ove  d e s i r a b l e  to  r e d u c e  t h e s e  p r e s s u r e s  by p r o v i s i o n  

of  f i l t e r  d r a i n s , p o s s i b l y  of  n o - f i r e s  c o n c r e t e ,  or  d r a i n a g e  

g a l l e r i e s .  However ,  i t  i s  f e l t  t h a t  t h e s e  r e f i n e m e n t s  w i l l  

c o m p l i c a t e  c o n s t r u c t i o n  and  t h a t  t he  s a v i n g s  f rom reduced  

volume may w e l l  be c o m p l e t e l y  o f f s e t  by the  i n c r e a s e d  c o s t  of 

i n s t a l l i n g  them.

The d e c i s i o n  to  c o n s t r u c t  Wi l low Cr eek  dam w i t h  o n l y  a 

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

der  1982),  s u p p o r t s  t h i s  v i ew Note t h a t  t he  Wi l low Cr e e k ,  

d owns t r eam s lope  of  C.8 to  1 w i t h  v e r t i c a l  up s t r ea m f a c e  a g r e e s  

we l l  w i t h  t he  r a n g e  of  v a l u e s  e x a m i n e d  above  when a l l o w a n c e  

i s  made f o ’- the  h i g h e r  u n i t  we i gh t  of  t he  m a t e r i a l  t h a t  w i l l  

r e s u l t  f r om the  h i gh  p r o p o r t i o n  of  c r u s he d  r oc k  i n  t he  mix.

c .  S c h r a de r  (1982) found  t h a t  t he  m a t e r i a l  as  p l a ced  r e s t e d  a t  a

r epose  s l o p e  of 0.73:1 and t h a t  the  u p s t r ea m f a c i n g  coul d  be

c o n s t r u c t e d  by means of  p a n e l s  he l d  i n  p l a ce  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 . He a l s o  found t h a t  the  p a n e l s  used c ou l d  be 

l i g h t e r  than normal and that t he  r e q u i r e d  anc h o r a g e  l e n g t h  was 

c o n s i d e r a b l y  reduced.  These  f i n d i n g s ,  taken  in c o n j u n c t i o n
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w i t h  the  d i s c u s s i o n  i n  s e c t i o n  4.2.7 a b o v e , s u g g e s t  t h a t  

f u r t h e r  c o n s i d e r a t i o n  shou ld  be g i v e n  t o  the  use  of a v e r t i c a l  

u ps t r e a m  s l o p e  f o r  the  s t a b i l i z e d  s o i l  dam.

d.  A f t e r  c o m p l e t i o n  of  t he  above  paper ,  a copy o f  the U n i t e d  

S t a t e s  Bureau of  R e c l a m a t i o n  manua l  " De s i gn  of  G r a v i t y  Dams" 

(USBR 197ba) was o b t a i n e d .  T h i s  recommends somewhat  l e s s  

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

The recommended s a f e t y  f a c t o r  w i t h  r eg a r d  t o  c o m p r e s s i v e  

s t r e s s ,  Sc a bo v e ,  i s  s p e c i f i e d  as  3.0 f o r  "Usu-'.l Lo a d i ng  

C o m b i n a t i o n s " ,  2.0 f o r  " Un u s ua l  Lvxdlng  Combi n^ ' . l ons "  and  1.0 

f o r  " E x t r e m e  Lo a d i ng  C o m b i n a t i o n s " ,  t h i s  compares  w i t h  the  

v a l u e  of  4 r e f e r r e d  to  i n  s e c t i o n  4.3.1 a bo v e .  The maximum 

p e r m i s s i b l e  c o m p r e s s i v e  s t r e s s  i s  l i m i t e d  to  1500 pounds  per  

sq u a r e  i n c h  (10.3  MPa) u nd e r  u s u a l  l o a d i n g  w i t h  c o r r e s p o n d i n g  

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

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

g r a v i t y  s t r u c t u r e  of  31 MPa.

The s h e a r  f r i c t i o n  f a c t o r  of  s a f e t y  Q i s  computed by a f o r mu l a  

which ,  when c o n v e r t e d  t o  the  same v a r i a b l e s  as  used a b o v e ,  i s  

i d e n t i c a l  t o  e q u a t i o n  3 w i t h  a v a l u e  of  r -  1.0 as opposed to 

the  Vi lue of  0.5 d i s c u s s e d  p r e v i o u s l y .  T h i s  t a k e s  a c c o u n t  of  

t he  f u l l  c o h e s i v e  c omponen t  of  t he  s h e a r  s t r e n g t h  of  the 

m a t e r i a l  and  has  the e f f e c t  of r e d u c i n g  the  r e q u i r 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  fo r  s l i d i n g  s t a b i l i t y .  Th i s  r educes  

t he  s lo p e  of t he  Q l i n e s  i n  f i g u r e  11 t o  a p o i n t  where t h e y  l i e  

be low the  Sc l i n e s  f o r  the  r; nge o f  v a l u e s  c o n s i d e r e d  i n  t h a t  

f i g u r e .  L i k e w i s e ,  t he  s lope  of  t he  Q l i n e s  i n  f i g u r e  13 

i n c r e a s e s ,  b r i n g i n g  them above  the  Sc l i n e s  f o r  a l l  v a l u e s .  

I t  s hou l d  be n o t e d  t h a t  the  USBR a n a l y s i s  i s  based on g r a v i t y  

s e c t i o n s  wi t h  a v e r t i c a l  u p s t r ea m f a c e .  As shown i n  f i g u r e  9, 

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

d i s t r i b u t i o n  t h a n  oc c u r s  i n  the  embankment  w i t h  e q u a l  u p -  and 

downs t r eam s l o p e s .
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In a d d i t i o n ,  the  v a l u e s  of Q s p e c i f i e d  a r e  3.U, 2.0 a n d  1.0 

pe<_ c i ve 1 y for  the u s u a l ,  u n u s u a l  and e x t r e m e  l o a d i n g  

c o n d i t i o n s .  Thi s  c c , p a r e s  w i t h  the  v a l u e  of 5 r e f e r r e d  t o  i n  

s e c t i o n  4.3.2 above  and s u p p o r t s  t he  c o n t e n t i o n  i n  t h a t  

s e c t i o n  t h a t  Q -  5 i s  e x c e s s i v e .  On t h i s  b a s i s ,  t he  most  

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

s l o p e s  i s  a l w a y s  t he  c o m p r e s s i v e  s t r e n g t h  on the  d o wn s t r e a m  

f a c e  of  the  embankmen t .  S l i d i n g  s t a u i l i t y  may c o n t r o l  i n  the 

body of the  emb a n k me n t ,  and u n d e r  c e r t a i n  c i r c u m s t a n c e s  i t  i s  

p o s s i b l e  cha t  s t a b i l i t y  of t he  u p s t r e a m s lope  may be c r i t i c a l .  

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

s i d e r a t i o n s ,  may however  i n d i c a t e  g r e a t e r  cemen t  c o n t e n t s  

t h a n  those  r e q u i r e d  t o  s a t i s f y  s t r u c t u r a l  r e q u i r e m e n t s .
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cf i  ,v.. and  B l i gh t  (1978) c o n c l u d c d : -

10 v l ew or che t h e o r e t i c a l  c o s t  s a v i n g  shown f o r  
M e r r i t t  Dam d e s p i t e  a c o n s e r v a t i v e  e v a l u a t i o n ,  i t  i s  
c o n c l ud e d  t h a t  t h e r e  i s  a s t r o n g  case  t o  be made f o r  
s t a b i l i z e d  s o i l  dams and i n  p a r t i c u l a r  s o i l - c e m e n t  dams.  
■Vhil* a c c e p t i n g  the need fo r  f u r t h e r  I n v e s t i g a t i o n  of  
c e r t a i n  p r o p e r t i e s  to p e r m i t  a l e s s  c o n s e r v a t i v e  and  
hence  more e c o n o mi c a l  d e s i g n ,  i t  i s  the w r i t e r s '  o p i n i o n  
t h a t  t h e - e  i s  s u f f i c i e n t  i n f o r m a t i o n  t o  j u s t i f y  t he  
v o n s t  r u c t i o n  of  a r e l a t i v e l y  l a r g e  t r i a l  s t r u c t u r e  which 
w i l l  p e r mi t  a f u l l  e x a m i n a t i o n  of  the  pe r fo r ma nc e  of  the  
s t a b i l i z e d  embankment .  C o n s t r u c t i o n  of  such a s t r u c t u r e  
would r e v o l u t i o n i z e  dam d e s i g n  and c o n s t r u c t i o n  i n  much 
t he  same way t h a t  t he  Bonny R e s e r v o i r  Tes t  S e c t i o n  
r e v o l u t i o n i z e d  s lo p e  p r o t e c t i o n .  I n v e s t m e n t  i n  such a 
s t r u c t u r e  would be amply r e p a i d . "

ihe  panev wenc on t o  summar ize  t hos e  a r e a s  r e q u i r i n g  f u r t h e r  
r e s e a r c h  as  f o l l o w s : -

  ‘.h e re  i s  a need f o r  f u r t h e r  i n v e s t i g a t i o n  of
c e r t a i n  of  the  p r o p e r t i e s  of  s t a b i l i z e d  s o i l  f o r  use i n  
dam c o n s t r u c t i o n .  I t  i s  to be e x p e c t e d  t h a t  i n i t i a l l y ,  
most  a t t e n t i o n  would be focused cn s o l 1 - c e m e n t  as  i t s  
c u r a b i l i t y  i s  p a r t i c u l a r l y  w e l l  e s t a b l i s h e d .  Once the  
c o n c e p t  of  ‘.he s o i l - c e m e n t  dam i s  put  i n t o  p r a c t i c e ,  
- o n s t d e r a b l e  e f f o r t  should  be expended  i n  i n v e s t i g a t i n g  
the  use of s o i l  s t a b i l i z e d  wi t h  l ime and o t h e r  s t a b i l i ­
z i n g  a g e n t s  iuc*- as l i m e - f l y a s h - g y p s u m .  The f o l l o w i n g  
t o p i c s  a r e  in p a r t i c u l a r  need of  i n v e s t i g a t i o n : -

' h r  r f :  it.i- c l ong t.*rm seepage ,  I n c l u d i n g  seepage
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t h r ough  i n t a c t  m a t e r i a l  and a l o n g  compac t i on  p l a n e s
a n d  s h r i n k a g e  c r a c k s .

-  S h r i n k a g e  and  s w e l l i n g  of  r . a t o r i  d  d u r i n g  h y d r a t i o n  
and  p o z z o l a n i c  r e a c t i o n  and due to change  of m o i s ­
t u r e  c o n t e n t .

-  Heat  g e n e r a t i o n  r e l a t e d  to h y d r a t i o n  and  p o z z o l a n i c  
r e a c t i o n s  d u r i n g  the e a r l y  l i f e  of  the s t r u c t u r e .

- F l e x i b i l i t y ,  s t r e n g t h  cnd d e f o r m a t i o n  c h a r a c t e r i s ­
t i c s  of  s t a b i l i z e d  m a t e r i a l  —  p a r t i c u l a r l y  u n d e r  
h i g h  c o n f i n i n g  p r e s s u r e s . "

On the  b a s i s  of  t he  above s t a t e m e n t s ,  i t  was dec i ded  to  l i m i t  t h i s  

r e s e a r c h  to s o i l s  s t a b i l i z e d  w i t h  O r d i n a r y  P o r t l a n d  Cement .  The 

l a b o r a t o r y  program d e s c r i b e d  i n  t h i s  t h e s i s  was based on t he  

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

p r e s e n t e d  a bo v e .  The bu l k  of t he  l a b o r a t o r y  t e s t s  were c o n d u c t e d  

d u r i n g  1980. The f o l l o w i n g  i n v e s t i g a t i o n s  were c o n d u c t e d : -

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  t o  d e t e r m i n e  the ceman t  

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

the PCA (1976c) c r i t e r i a .  For  p r e l i m i n a r y  d e s i g n  of  e x p e r i ­

me n t s  and  f o r  u s '  i n  d e s i g n .  I n  t he  second  s t a g e  of  t h i s  

program the  s t a n d a r d  t e s t  s equence  of  t w e l v e  w e t - d r y  c y c l e s  

was e x t e n d e d  to an a d d i t i o n a l  s e r i e s  of  t w e l v e  c y c l e s  w i t h  the  

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

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

2.  An i n v e s t i g a t i o n  i n t o  the b e h a v i o u r  of  s o l l - c e m e n t  s u b j e c t  to 

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

be a problem.  I t  was f e l t  t h a t  w h i l e  e x p e r i e n c e  i n  t he  U n i t e d  

S t a t e s  ( De Groot  197 l a ,  PCA 1970, Hansen 1979a and o t h e r s )  

i n d i c a t e d  t h a t  Leaching was no t  a problem,  the  r e s u l t s  of  

J a c k s o n  (1965) ,  a l t no ug h  p r e l i m i n a r y  (Nash 1978),  c ou l d  n o t  be 

I g no re d .  In a d d i t i o n ,  l e a c h i n g  wa& a c o n c e r n  f r e q u e n t l y  

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

d u r i n g  the  e a r l y  s t a g e s  of the r e s e a r c h .

In o r d e r  to e x a m i n e  as l a r g e  a r ange  of  v a r i a b l e s  us p o s s i b l e ,  

p a r t i c u l a r  a t t e n t i o n  was g i v e n  to  d e s i g n i n g  a t e s t i n g  f a c i -
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l i t y  that could be b u i l t  at minimum c o s t  in order t o  p e r m i t  t h e  

s im u lta n eo u s  t e s t i n g  of  the g r e a t e s t  number of  specim ens  for  

the l o n g e s t  p o s s i b l e  period.

U nconf ined  compress ion t e s t s  to supply i n i t i a l  data for  

d e s ig n  of e x p er im en ts  and to provide  data for comparison w i th  

the r e s u l t s  of other  research ,  most of  which i s  r e l a t e d  to  

u n co n f in ed  com press ive  s t r e n g t h .

A l i m i t e d  program of  c y l i n d e r  s p l i t t i n g  ( b r a z i l i a n )  t e s t s  in  

c o n j u n c t i o n  with  the u n co n f in ed  compress ion t e s t s  to p rov id e  

comparat ive  data.

C onso l id a ted  undrained t r i a x i a l  compress ion t e s t s  on l e a c h e d  

spec imens as w e l l  as on uni*ached c o n t r o l  spe c i me ns  s u b j e c t  t o  

v a r io u s  cu r in g  c o n d i t i o n s .  To o b t a in  maximum i n f o r m a t i o n  

from t he  l e a c h in g  t e s t s  and to  supply  s t r e n g t h  and  e l a s t i c  

data .

In c o n j u n c t i o n  with the above t e s t  programs, me asu r e men t s  of  

specimen d im e n s io n s  at v a r io u s  s ta g e s  ot curing  and  t e s t i n g  t o  

provide  in fo r m a t io n  on v o lu m e tr i c  change  of t he  m a t e r i a l  

under var iou s  c o n d i t i o n s .  A more d e t a  led i n v e s t i g a t i o n  

u s i n g  purpose-made spec i mens  with s u i t a b l e  m e a s u r i n g  t a r g e t s  

was not undertaken due to d e la y s  i n  o t h e r  t e s t  p rograms .

O b servat ion s  of specimen mass at a l l  s ta g e s  of  c u r i n g  and  

t e s t i n g  to monitor  c o n t r o l  of  the var ious  p r oc e d u r es  and  t o  

examine the e f f e c t  of v a r i a t i o n s  in  d e n s i t y  and m o i s t u r e  

c o n t e n t  on the r e s u l t s  in o ther  parts  of the  t e s t  program.  

This in fo rm a t io n  was for use in  a s s e s s i n g  the s u s c e p t i b i l i t y  

of the des ign  data to v a r i a t i o n s  in compaction c o n t r o l .

Large s c a le  d i r e c t  shear t e s t s  with p a r t i c u la r  r e f e r e n c e  t o  the 

behaviour on c o n s t r u c t i o n  j o i n t s  w ith  a v iew t o  e n s u r i n g  

i n t e g r i t y  o f  the j o i n t s .  The equipment used p e r m i t t e d  the  

t e s t i n g  of spec imens up to J58 mm square and 260 mm deep t h u s



p e r m i t t i n g  t he  t e s t i n g  of 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  n o r m a l l y  e xc l ud e d  i n  l a b o r a t o r y  t e s t s .

9.  The 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  the m a t e r i a l  when s u b j e c t  to 

v a r i o u s  r a t e s  of l o a d i n g  and when s u b j e c t  to  r ep e a t e d  l o a d i n g  

and u n l o a d i n g  c y c l e s  ana l ogous  t o  changes  i n  r e s e r v o i r  l e v e l .

10.  A l i m i t e d  i n v e s t i g a t i o n  i n t o  the  hea t  g e n e r a t e d  d u r i n g  the  

i n i t i a l  h y d r a t i o n  of t he  cemen t  and  s u bs e qu e n t  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 ,  p a r t i c u l a r l y  on the p e n e ­

t r a t i o n  of a w e t t i n g  f r o n t  in  to  t he  m a t e r i a l .
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CHAPTER 5

CHOICE OF SI TE FOR I NVESTI GATI ON

In v iew of  t he  e x t e n t  of  the  proposed l a b o r a t o r y  rvogram,  t he  

number  of  p o s s i b l e  v a r i a b l e s  t o  be exa mi ne d  and the  a v a i l a b l e  

e q u i pmen t  and f a c i l i t i e s ,  i t  was de c i de d  t o  r e s t r i c t  the l a b o r a t o r y  

program t o  s o i l  f rom one l o c a t i o n .  Ic was e x p e c t e d  t h a t  t he  

r e s u l t s  of  t h i s  t e s t  program would I d e n t i f y  the t e s t  parameters of  

i m p o r t a n c e  so t h a t  s ub s e q u e n t  r e s e a r c h  cou l d  c o n c e n t r a t e  on 

a p p l y i n g  t h e s e  p a r a m e t e r s  to , r e p r e s e n t a t i v e  sample  of  s o i l s  and 

s t a b i l i z e r s .

S i n c e  a p r i m a r y  o b j e c t i v e  of  the r e s e a r c h  was to  compare t he  s o i l -  

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

a b l e  t o  o b t a i n  m a t e r i a l  from a s i t e  a t  which c o n c r e t e ,  e a r t h  and 

s o i l - c e m ^ . i t  embankmen t s  could be c o n s t r u c t e d .  A s i t e  a t  which a 

dam had >e en , o r  was b e i n g ,  c o n s t r u c t e d  was o b v i o u s l y  p r e f e r a b l e .

With the  a s s i s t a n c e  of  Dr.  D. S t e phe ns on  of  S t e w a r t ,  S v i r i d o v  and 

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 ,  and  a f t e r  c o n s u l t a t i o n  w i t h  Prof  

B l i g h t ,  i t  was dec i ded  to use t he  Rondebosch Dam, t h e n  u n d e r  

c o n s t r u c t i o n  o u t s i d e  Mlddelburg ,  T r a n s v a a l ,  as  the c a s e  f o r  

c o m p a r i s o n .  The dan was c o n s t r u c t e d  as  a c o n c r e t e  b u t t r e s s  

s t r u c t u r e  but  an a l t e r n a t i v e  t e n d e r  was s u b mi t t e d  on the  b a s i s  of  

an e a r t h  embankment  d e s i g n ed  by B.C.A.  Lund and  P a r t n e r ,  

C o n s u l t i n g  E n g i n e e r s  (1974).

Thi s  s i t e  was chosen  f o r  the f o l l o w i n g  r e a s o n s : -

a.  In  view o f  the a l t e r n a t i v e  d e s i g n s  c o n s i d e r e d ,  d e t a i l e d  

i n f o r m a t i o n  was a v a i l a b l e  c o n c e r n i n g  the  a v a i l a b i l i t y  of  t he
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CHAP TER 5

CHOICE OF S I T E  FOR I N V E S T I G A T I O N

In view of the e x t e n t  of the proposed laboratory  program,  t he  

number of  p o s s i b l e  v a r i a b l e s  to be exami ned  and the  a v a i l a b l e  

equipment and f a c i l i t i e s ,  i t  was decided t o  r e s t r i c t  the l a b o r a t o r y  

program to  s o i l  from one l o c a t i o n .  I t  was e x p e c t e d  t h a t  the 

r e s u l t s  of  t h i s  t e s t  program would i d e n t i f y  the t e s t  p a r a m e t e r s  of  

importance so that  subsequent research  could c o n c e n t r a t e  on 

a p p ly in g  these  parameters to a r e p r e s e n t a t i v e  sample of  s o i l s  and 

s t a b i l i z e r s .

S in c e  a primary o b j e c t i v e  of  the research  was to compare the s o i l -  

cement dam wi t h c o n v e n t i o n a l  s o l u t i o n s ,  i t  was c o n s id ered  d e s i r ­

able  to ob ta in  m a ter ia l  from a s i t e  at which c o n c r e t e ,  e a r t h  and 

s o i l - c e m e n t  embankments could be c o n s t r u c t e d .  A s i t e  a t  which a 

dam had b een , or was be in g ,  c o n s tr u c te d  was o b v i o u s l y  p r e f e r a b l e .

With thj  a s s i s t a n c e  of Dr. D. Stephenson of S t e w a r t ,  S v i r i d o v  and  

O l . v e r ,  C o n s u l t i n g  E n g ineers ,  and a f t e r  c o n s u l t a t i o n  w i t h  Pr o f  

B l i g h t ,  i t  was decided to use the Rondebosch Dam, then u n de r  

c o n s t r u c t i o n  o u t s id e  Mlddelburg,  T ransvaa l ,  as the c a s e  f o r  

comparison.  Tne dam was co n s tr u c te d  as a c o n c r e te  b u t t r e s s  

s tr u c tu r e  but an a l t e r n a t i v e  tender  was s u b m i t t e d  on t he  b a s i s  of 

an earth  embankment des igned  by B.C.A, Lund and  P a r t n e r ,  

C o n s u l t i n g  E n g in eers  (1974).

Thi s  s i t e  was chosen  fo r  the f o l l o w i n g  r e a s o n s : -

a.  In view of  the a l t e r n a t i v e  d e s i g n s  c o n s i d e r e d ,  d e t a i l e d  

i n f o r m a t i o n  was a v a i l a b l e  c o n c e r n i n g  the  a v a i l a b i l i t y  of  t he
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b a s i c  m a t e r i a l s  Cor a l l  t h r e e  t y p e s  of  c o n s t r u c t i o n  v i z  

c o n c r e t e  a g g r e g a t e  and s o i l s .  I n f o r m a t i o n  r e g a r d i n g  the  s o i l  

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

mated q u a n t i t i e s  and hau l  d i s t a n c e s .

b.  As the f o u n d a t i o n  c o n d i t i o n s  were s u i t a b l e  f o r  a c o n c r e t e  dam, 

t h e y  would a l s o  be s u i t a b l e  fo r  a s o l  1 - c e me n t  emb a n k me n t .

c .  C o n s t r u c t i o n  would be compl e t e d  d u r i n g  the  r e s e a r c h  p e r i o d  and  

i t  was t h e r e f o r e  e x p e c t e d  t h a t  up t o  d a t e  i n f o r m a t i o n  on c o s t s  

would be a v a i l a b l e  i f  r e q u i r e d  f o r  co mp a r i s o n .

d.  R e s e r v o i r  f i l l i n g  had no t  commenced a t  the  t i me  t he  d e c i s i o n  

was t a k e n  and  as  the c o n t r a c t o r s  were s t i l l  on s i t e  t h e r e  

would be no d i f f i c u l t y  i n  o b t a i n i n g  r e p r e s e n t a t i v e  s o i l  

s a mp l es .

5 . 1  SOI L  ON S I T E

The s i t e  i s  l o c a t e d  on F e l s i t e  r ock  of  the  Rooibe rg  Group of  the 

Bushve ld  Complex,  e a s t  of Midde l bu r g ,  T r a n s v a a l .

F e l s i t e  i s  a f i n e - g r a i n e d ,  c r y p t o c r y s t a l i i n e ,  i gne ous  r oc k  w i t h  

c o m p o s i t i o n  s i m i l a r  t o  t h a t  of  g r a n i t e  ( T r u s w e l l  1970,  B r i n k  

1979).  I t  i s  e x t r e m e l y  r e s i s t a n t  to  chemi ca l  d e c o m p o s i t i o n  and 

r e s i d u a l  s o i l s  a r e  g e n e r a l l y  l e s s  t h a n  1.5 to  2 m i n  t h i c k n e s s .  

I n i t i a l  e x c a v a t i o n  of  the r e s i d u a l  s o i l  to a de p t h  of  1.8 ci on the  

s i t e  of the  b u t t r e s s  dam was by means of  a f r o n t - e n d  l o a d e r  ( B r i n k  

1979).  While t he  o c c u r r e n c e  of F e l s i t e  i s  f a i r l y  l i m i t e d ,  i t  was 

f e l t  t h a t  i t s  m l n e r a l o g i c a i  s i m i l a r i t y  to  g r a n i t e  would g i v e  t he  

r e s u l t s  wide r  ’p p I l e n t  Ion i n  g e n e r a l  t e rms .
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V -

Lund (1974) e s t i m a t e d  a v a i l a b l e  s o i l  r e s o u r c e s  f o r  t he  a l t e r n a t i v e  

e a r t h f  i l l  embankment  a t  v a r i o u s  d i s t a n c e s  from the  s i c e  a s

f o l l o w s : -

Less  t h a n  1525 m 

1525 to 1830 m 

1830 to 2135 m 

2135 to 2-440 m

150 000 m 

190 000 m3 

340 000 m] 

450 000 m"

The s o i l  c l o s e r  t o  the  s i t e  was r e l a t i v e l y  s h a l l o w  and s a n d y  

whereas  t h a t  f u r t h e r  away was deepe r  and  more p l a s t i c .

Crushed F e l a i t e  r oc k  was used  as  a g g r e g a t e  f o r  t he  c o n c r e t e  dam 

c o n s t r u c t e d  on t he  s i t e .  A c h a r a c t e r i s t i c  of  f e l s l t e  a g g r e g a t e  i s  

i t s  e x t r e m e  a b r a s i v e n e s s .  B r i n k  (1979) n o t e s  t h a t  a l l  p l a n t  i n  

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

p l a n t ,  s u f f e r s  wear  a t  an  u n u s u a l l y  r a p i d  r a t e " .  T h i s  i s  o f  

r e l e v a n c e  i n  t he  c o n t e x t  of  t he  o b s e r  i.ons i n  s e c t i o n  1.2.

5 . 2  DETAI LS  OF DAM

.V

The b u t t r e s s  dam as  c o n s t r u c t e d  was 34 m h i gh  w i t h  a c r e s t  l e n g t h

of 620 a  ( B r i n k  1979).

The a l t e r n a t i v e  e a r t h f i l l  dam proposed by Lund (197-0 was d e s i g n e d  

f o r  a f u l l  s upp l y  dept h  of 35.4 m w i t h  f r e e b o a r d  5.5 m. F r ee b o a r d  

a t  d e s i g n  f l ood  of  2830 cumecs ,  was 1.4 m. C r e s t  l e n g t h  i n c l u d i n g  

s i d e  s p i l l w a y  of 183 m was 720 m. Slopes  of  2.5:1 and 2:1 u p -  a n d  

downs t r eam were proposed g i v i n g  an embankment  volume of  890 000 

m3 w i t h  84 000 m3 of  r oc k  r i p - r a p ,  m o s t l y  produced f rom the  

s p i l l w a y  e x c a v a t i o n ,  b e i n g  r e q u i r e d .  The volume of  e a r t h f 111 

r e q u i r e d  was such t h a t  i n  view of t he  h a u l  d i s t a n c e s  i n d i c a t e d  

above ,  s c r a p e r  o p e r a t i o n  was no t  c o n s i d e r e d  to be economic .
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5 . 3  W A T E R  ON S I T E

The K l e i n  O l t l . n t .  R i v e r  I s  Impound ed  b ,  t h e  R o n d e b o e c h  Dan and  

c o l l e c t s  i n  a c a t c h m e n t  of  a p p r o x i m a t e l y  1600 k .  . l o c a t e d  l a r g e l y  

on F e l s l t e .  The w a t e r  I s  e x t r e . e t ,  pure ,  t o t a l  s o l i d s  c o n t e n t  

b e i n g  l e s s  t h a n  ISO p a r t s  per  m i l l i o n  and pH l e s s  t h a n  7.1 on 
1946).  Th i s  water  c an  t h e r e f o r e  be c o n s i d e r e d  to be r e . a . l v e  y 

c o r r o s i v e  t o  c o n c r e t e  In  t e rms  of I t s  e b t l t t ,  t o  d i s s o l v e  

O b s e r v a t i o n  o f  t he  s p i l l w a y  on the  o r i g i n a l  dam a t  t he  s i t e  

r e v e a l e d  t h a t  c o r r o s i o n  of  t he  s u r f a c e  had In f a c t  t a k e n  p l a ce  

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

o p e r a t i o n .

5 . 4  COLLECTI ON OF SOIL S AMPLES

From an e x a m i n a t i o n  of  t h e  d r a w i n g s  f o r  t he  e a r t h f l l l  dam (Lund 

1 , 74) .  t he  o r i g i n a l  t r i a l  h o l e s  f rom which sampl es  were t a k e n  were 

i d e n t i f i e d  d u r i n g  a s i t e  v i s i t .  On the  b a s i s  of Lund s d a t a ,  two 

h o l e s  were I d e n t i f i e d  which were c o n s i d e r e d  t o  r e p r e s e n t  tne two 

s o i l ,  on t h e  s i t e .  Approx imat e  h a u l  d i s t a n c e ,  f rom t h e  ho l e s  were 

2 0 0 0  and 6 0 0  » r e s p e c t i v e l y .  P e r m i s s i o n  was o b t a i n e d  i rom t  e 

c o n t r a c t o r  and from the  f a r m e r ,  on whose l a n d  c e r t a i n  t he  h o l e ,  

were  l o c a t e d ,  t o  e x c a v a t e  m a t e r i a l  and a t o t a l  of  7 5 0  kg 

m a t e r i a l  was o b t a i n e d  fo r  use In  t he  p r e l i m i n a r y  t e s t s .
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6 . 1  S O I L  C L A S S I F I C A T I O N

A. noted 1 -  chapter f i v e ,  the . o i l  In the a v a i l a b l e  borrow areas  

could be v i s u a l l y  separated I n to  two groups r e l a t e d  to the degtee  

of  w ea th er in g  and hence  depth of  s o i l .  The red s o i l  f u r t h . r t  f r o .  

the d a ,  s i t e  was c o l l e c t e d  f i r s t  and was thus l a b e l l e d  as - o i l  . 

the y e l lo w  s o l i  was l a b e l l e d  as " S o i l  2 .

The s o i l  samples were a i r  dr ied ,  thoroughly  mixed and s i e v e d  on a 

. . 7 5  „ „  (So 4) s i e v e .  The coarse f r a c t i o n  was bagged and the . m e  

f r a c t i o n  d i v i d e d  by r i f f l i n g  to app rox im ate ly  2  kg batches  which 

were s tored  In s e a l e d  p o ly th e n e  bag,  a f t e r  . o l s t u r e  c o n t e n t

s a a p le s  had been t a k e n .

The standard I n d ic a to r  t e s t ,  were performed In accordance  w ith  »S 

1377 11975) w ith  r e s u l t s  as f o l l o w s : -

Liqu id  Limit  

P l a s t i c i t y  Index  

L in e a r  Shrinkage  

S p e c i f i c  G rav i ty

S o i l  I 5 0 1 1  2

28.7% 23.8%

10.°% 5.3%

6.5% 3.7%

2.7 2.7

wet grad ing  and hydrometer a n a l y s e s  were performed sad the  

r e s u l t ,  are  r e f l e c t e d  In graph 6 .1 .  These r e s u l t ,  were a l l  In good 

agreement w ith  those  reported by Lund ( 1974).
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On the b a s i s  or these  r e s u l t s ,  the s o i l s  wcr - c l a s s i f i e d  as A-4 and 

- 2 - 4  a c c o r d in g  to the ASTM ' n s n ' f : i n 1 ion  s y s t ^ n  (SC and SC-SM 

tccording  to AASIIO).

Soil  c o l o u r s  accord!  nv t o  ' e  i lur L a n d  c.o : ov.: <i. 3k Vur :

d o i l  I - - d a r k  r e d e i s h  orange to dark id when dry; dusky t e n  

in  p a s te .

S o i l  1 —  dark y e l l o w i s h  orange when dry; dark brown to  dark 

y e l lo w  i n  pas te .

6 . 2  E F F E C T S  OF k E P E AT E D COMPACTI ON OF SOIL

In order to  a s s e s s  the r e s i s t a  ce of the m a t e r i a l  to  d eg ra d a t io n  on  

h a n d l i n g  and to  e v a l u a t e  the proposed sample p r e p a r a t io n  t e c h n i ­

ques,  a s e r i e s  of compaction and grad ing  a n a l y s e s  were u n d e r t a k e n .

As g r e a t e r  q u a n t i t i e s  of  a o l l  I had been  o b t a i  .ed a i d  as  i t  was t he  

more weathered m a t e r i a l ,  these  t e s t s  we r e  l i m i t e d  to t h i s  s o i l .  

Samples were compacted at  "Standard Proctor" c o m p a ct iv e  e f f o r t  in  

accordance  w i th  ASTM D698-7C.  In  a d d i t i o n  to  c o m p a c t i o n  at  

-ar lous  mois ture  c o n t e n t s ,  the m a t e r i a l  was recompacted up to

• even  t 4 a  . > and s a mp l e s  t a k e n  f o r  wet  g r a d i n g .

Maximum ir y  d e n s i t y  (MOD) was d e t e r m i n e d  as  1794 kg / m3 w i t h  

optimum mois ture  c o n t e n t  (CMC) of 16.2%. Ai r  v o i d  r a t i o  was 5.1% 

with degree of  s a t u r a t i o n  85.0%. No s i g n i f i c a n t  c h a n g e  i n  

n o i s t u r e - d e n - . i t /  c h a r a c t e r i s t i c s  occurred w ith  repeated  c o u p a c -

• Ion and a l l  r e s u l t s  were lo c a te d  in  the s c a t t e r  band i n d i c a t e d  by 

n d e t a i l e d  error  a n a l y s i s  in  accordance  wi t h  the t e c h n i q u e s  

su gges ted  by brl nkworth (1966).

A d e t a i l e d  s t a t i s t i c a l  a n a l y s i s  of  the  grad ing  r e s u l t s  i n d i c a t e d  

that no p a r t i c l e  degradat ion  occurred  on com pact ion .  A g r e a t e r  

spread of r e s u l t s  was obta ined  fo the  compacted samples .  Other 

c o n c l u s i o n s  from t h i s  a n a l y s i s  were as f o l l o w s : -
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a.  The t ech n iq u e  used for m ix i n g  s o i l  and water I n v o l v e d  tr.e

of a s tandard  d om est ic  food mixer  wi t h dough hook. -■aib ho°  

was an g led  at  the bottom, thus f o r c i n g  m a t e r i a l  to  the bottom

of the m i x i n g  bowl .  This formed a cake of  s o i l  at  the bottom

of  the bowl and led to s i g n i f i c a n t  degrad at ion  of  the m a t e r i a ,  

by the r e s u l t i n g  g r i n d i n g  a c t i o n .  The m i x i n g  hook produced

to overcome t h i s  i s  shown in  p l a t e  6 . 1 .

PLATE 6.1

MIXING HOOK. USED WITH DOMESTIC FOOD MIXER

b. M ater ia l  was d i s p e n se d  i n t o  the s c a l e  pan for i n i t i a l  b a tch ing  

and for a l l o c a t i n g  m a te r ia l  for compaction by pouring i r o n  the  

p o ly t h e n e  bags in  which 1 was s to r e d .  This led  to s i g n i f i ­

can t  s e g r e g a t i o n  w i th  the f i r s t  spec im en s  prepared from a 

p a r t i c u l a r  bag c o n t a i n i n g  s i g n i f i c a n t l y  more coarse  m a t e r i a l .  

Scoops were ob ta in ed  and used for a l l  subsequent  m a t e r i a l

h a n d l in g .
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A d e t a i l e d  s t a t i s t i c a l  a n a l y s i s  of the observed v a r i a t i o n s  in  

specim en m ois tu re  c o n t e n t  was a l s o  conducted .  This  I n d i c a t e d  

th at  s i g n i f i c a n t  v a r i a t i o n s  in the a i r  dry mois ture  c o n t e n t  of the  

m a t e r i a l  was o c c u r r in g  and that  l o s s  of  mois ture  on h a n d l i n g  prior  

to  compaction was of the order of 0.13%. The low m ois ture  l o s s  on  

h a n d l in g  was a c h ie v e d  by k e e p in g  mixed m a te r ia l  in c l o s e d  

p o ly t h e n e  bags and c o v e r i n g  a l l  c o n t a i n e r s  when m i x i n g  or 

b a tch in g  was not  t a k i n g  p lace .  These p r e c a u t io n s  were adopted in  

a l l  e l e m e n t s  of  the t e s t  program.

6 . 3  C O M P A R I S O N  OF COMPACTION T E C H N I Q U E S

A fter  c o n s i d e r a t i o n  of  the proposed t e s t s  to be con du cted ,  i t  was 

decided  to use  c y l i n d r i c a l  spec im ens  75 mm lo n g  and 3 , . 5  mm i n  

diam eter  as the s tandard .  These d im e n s io n s  were d e term ined  by 

the a v a i l a b l e  t r i a x l a l  c e l l s ,  but the spec im ens  were a l s o  s u i t a b l e  

fo r  use in  the m a jo r i ty  of proposed t e s t  programs. A mould was 

fa b r ic a t e d  i n  accordance  with  BS 1924 (1975) w i th  the d im e n s io n s

a d ju sted  a c c o r d i n g l y .

A s e r i e s  of t e s t s  were conducted to e v a l u a t e  d i f f e r e n t  methods of  

spec imen com p act ion .  Compaction methods e v a l u a te d  in c lu d e d  s t a ­

t i c  compact ion  i n  a compress ion  machine i n  accordance  wi t h a » 

1 9 2 4 , s t a t i c  compaction in  a number of l a y e r s  and dynamic  

compact ion u s i n g  a sm a l l  impact rammer ( D i e t e r t  type)  as shown in

p l a t e  6 . 2 .

C a l i b r a t i o n  o f  the impact rammer i n d i c a t e d  a com p act ive  e f f o r t  or 

f i v e  blows per l a y e r  w ith  p lacement  in  three  l a y e r s  as g i v i n g  the  

c l o s e s t  ap prox im at ion  to the s tandard  proctor mois ture  d e n s i t y  

c u r v e .  However the curve  peaked at  an a i r  v o id  r a t i o  ot  

a p p ro x im a te ly  4 % as opposed to  5.1% for proctor com pact ion ,  

l e a d i n g  to a somewhat higher i n d i c a t e d  optimum mois ture  c o n t e n t .  

It  was a l s o  found that  the shape of  the mois ture  d e n s i t y  curve  

produced wi t h  t h i s  apparatus was s e n s i t i v e  to rate  of a p p l i c a t i o n
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of compact ive  e f f o r t ,  a much f l a t t e r  curve  b e in g  o b ta in e d  wi t h  a 

rapid a p p l i c a t i o n .

D e n s i t y  v a r i a t i o n  t e s t s  were performed by d i v i d i n g  the spec im ens  

l o n g i t u d i n a l l y  i n t o  s i x  equal p o r t io n s  by means of  p o ly th e n e  

d i s k s .  Three sp ec im ens  were prepared for  each compact ion  method 

e x a n in e d  and spec im en s  without  d i s k s  were moulded for  c o n t r o l  

purposes.  V o lum etr ic  measurements were made u s in g  a cuei .cm-be 111 

mercury d i s p la c e m e n t  c e l l .  Volumetr ic  s h r in k a g e ,  m ois tu re  c o n ­

t e n t  and dry d e n s l  y for  each spec imen  were compared.

PLATE 6.2

IMPACT RAMMER AND MOULD USED IN PRELIMINARY TESTS
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Compac t i on  i n  a c c o r d a n c e  w i t h  BS 1924 produced t he  na r rowes t ,  

s c . ' t t e r  of r e s u l t s  and  was a l s o  t he  q u i c k e s t  and most  c o n v e n i e n t  

method of  c o m p a c t i o n .  I t  was however  found  n e c e s s a r y  t o  r e d u c e  

t h e  h e i g h t  o f  t he  spa c e r  c o l l a r  i n  o r d e r  to  e n s u . e  e qua l  p l ug  

p r o j e c t i o n  b e f o r e  c o m p a c t i o n .  T h i s  t e c h n i q u e  was used  f o r  t h e  

c o m p a c t i o n  o f  a l l  s t a n d a r d  c y l i n d r i c a l  s p e c i me n s  and  was a d a p t ed  

f o r  use i n  t he  m a j o r i t y  of  o t h e r  t e s t  p r og r a ms .  The o n l y

s p e c i m e n s  i n  t he  ma i n  t e s t  program n o t  p r e p a r e d  u s i n g  s t a t i c  

c o m p a c t i on  were t h o s e  f o r  the  w e t t i n g  and  d r y i n g  t e s t s ,  where t h e  

s t a n d a r d  r e q u i r e s  c o m p ac t i on  u s i n g  t he  s t a n d a r d  p i o c t o r  a p p a r a t u s ,  

and  the  n e a t  of h y d r a t i o n  t e s t s  where ,-he number  c f  s pe c i m e n s  d i d  

n o t  w a r r a n t  t he  f a b r i c a t i o n  of  s p e c i a l  a p p a r a t u s  and  where

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  cou l d  be u s ed .

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

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

m a t e r i a l .  I n  o r d e r  t o  reduce  t h e s e  v a r i a t i o n s ,  a d i s c a r d e d  o v en  

was r e b u i l t  and c o n v e r t e d  b'y t he  i n s t a l l a t i o n  of  a t a n  f o r  a i r

c i r c u l a t i o n  to  p e r m i t  d r y i n g  of a l l  s o i l  a t  50°C.  A l l  s o i l  used i n

t he  main t e s t  p rogram,  w i t h  the  e x c e p t i o n  of  t he  l a r g e  q u a n t i t i e s  

r e q u i r e d  f o r  t he  d i r e c t  s h e a r  t e s t s ,  was d r i e d  i n  t h i s  o v e n  t o  

c o n s t a n t  mass and t h e n  s t o r e d  i n  s e a l e d  p o l y t h e n e  bags  p l a c e d  i n  

s e a l e d  drums.  A r e c o r d  was k e p t  of bag masses  and  i t  was found  

t h a t  no s i g n i f i c a n t  a b s o r p t i o n  of  mol cure o c c u r r e d  i n  t h e  

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

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

m o i s t u r e  c o n t e n t  t h ro ug ho u t  t he  main t e s t  program.

6 . 4  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

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  were c o n d u c t ed  on s o i l s  1 and  

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

I n d i c a t i o n  o f  which s o i l  shou ld  be used i n  t he  main t e s t  program.

The t e s t s  wen  pe r f o r me d  i n  a c c o r d a n c e  w i t h  AST M D559 as  

d e s c r i b e d  i n  t he  PCA b o o k l e t  " S o i l - C e m e n t  f o r  Water  C o n t r o l :
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L a b o r a t o r y  T e s t s "  (PGA iy76c ) .  S i n c e  t he  l e a c h i n g  and  o t h e r  t e s t s  

were t o  be pe r fo r me d  on s ampl es  c o n t a i n i n g  o n l y  t he  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 ,  i t  was d e c i de d  to  c o n d u c t  w e t '  ' .-y t e s t s  

b o t h  on s p e c i m e n s  c o n t a i n i n g  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  

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

S t a n d a r d  P r o c t o r  comp a c t i on  t e s t s  were c o n du c t e d  on a l l  f ou r  s o i l  

t y p e s  c o n t a i n i n g  t he  cemen t  c o n t e n t s  i n d i c a t e d  by t h e  PGA 

b o o k l e t .  For  s o i l  I ,  t e s t s  were c o n d uc t e d  a t  c eme n t  c o n t e n t s  of  

9% and  12% f o r  the  m a t e r i a l  p a s s i n g  t h e  4.75 mm s i e v e .  The 

m o i s t u r e  -  d e n s i t y  c u r v e s  f o r  bo th  c a s e s  were i d e n t i c a l  g i v i n g  a 

maximum dry  d e n s i t y  of  1770 k g / m j and opt imum m o i s t u r e  c o n t e n t  of  

17.2%. For  s o i l  I i n c l u d i n g  t h e  c o a r s e  f r a c t i o n ,  t e s t s  were 

c o n du c t e d  a t  7% and  9% c e men t  g i v i n g  MOD of 1828 and  id 15 Kg/m 

an d  OMC of  15.3 and  16% r e s p e c t i v e l y .  In  the c a s e  of soi-L 2, r. e s t s  

were  c o n d u c t e d  a t  c e men t  c o n t e n t s  of  3% and  7% f o r  t he  f i n e  

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

s i t y  c u r v e s  w i t h  MOD of kg/m and  OMC of  14.8%. T e s t s  were

o n l y  c o n d u c t e d  a t  a ceme - n t e n t  of  6% for  s o i l  2 i n c l u d i n g  the

c o a r s e  f r a c t i o n ,  w i t h  MI ) f 1886 k g / m 3 and OMC of 13.7%.

On the  b a s i s  of  t h e s e  r e s u l t s ,  a l l  s p e c i me n s  which I n c l u d e d  o n l y  

the  f r a c t i o n  p a s s i n g  the  4.75 mm s i e v e  were moulded a t  t he  same 

n o m i n a l  MOD and  OMC f o r  a p a r t i c u l a r  s o i l  t y p e .

Cement  c o n t e n t s  f o r  the  w e t - d r y  t e s t s  were e s t i m a t e d  on t he  b a s i s  

of  t he  t e c h n i q u e s  p r e s e n t e d  i n  the  PC A b o o k l e t  and a t o t a l  of  18 

t e s t  and 10 c o n t r o l  s pe c i m e n s  were p r o c e s s e d .  The r e s u l t i n g  mass 

l o s s  d a t a  i s  r e f l e c t e d  i n  g r aph  6.2.

C o r r e c t i o n  f o r  cemen t  w a t e r  of  h y d r a t i o n  was pe r f o r me d  on t h e  

b a c l s  of 1/4 o f  the  cement  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  as  

i n d i c a t e d  by t he  PGA. However ,  as  s e e n  in  the g r aph ,  t he  c o n t r o l  

s p e c i me n s  r e f l e c t e d  a mass l o s 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 .  

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

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

r educe  the  o r i g i n a l  c o r r e c t i o n .  I t  w i l l  be n o t e d  from the  gr aph
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L a b o r a t o r y  T e s t s "  (PGA 1976c) .  S i n c e  t he  l e a c h i n g  a n d  o t h e r  t e s t s  

were  to be pe r fo r me d  on sampl es  c o n t a i n i n g  o n l y  t h e  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 ,  i t  was d e c i d e d  t o  c o n du c t  w e t - d r y  t e s t s  

b o t h  on s p e c i m e n s  c o n t a i n i n g  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 / e  

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

S t a n d a r d  P r o c t o r  c o m p ac t i on  t e s t s  were c o n du c t e d  on a l l  f o u r  s o i l  

t y p e s  c o n t a i n i n g  t he  cemen t  c o n t e n t s  i n d i c a t e d  by t h e  PCA 

b o o k l e t .  For  s o i l  1, t e s t s  were c o n d uc t e d  a t  c e m e n t  c o n t e n t s  of 

9% and 125 f o r  t he  m a t e r i a l  p a s s i n g  t he  4.75 mm s i e v e .  The 

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

maximum d r y  d e n s i t y  of  1770 k g / m 3 and opt imum m o i s t u r e  c o n t e n t  of 

17 .25 .  For  s o i l  1 i n c l u d i n g  t h e  c o a r s e  f r a c t i o n ,  t e s t s  were 

c o n d u c t e d  a t  75 and  95 c e m e n t  g i v i n g  MOD of 1828 a n d  1815 kg/m 

a n d  OMC o f  15.3 and  165 r e s p e c t i v e l y .  In  t h e  case  of  s o i l  - ,  t e s t y  

were  c o n d u c t e d  a t  c e m e n t  c o n t e n t s  of 35 and 7 f or  t o e  f i n e  

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

s i t y  c u r v e s  w i t h  HDD of 1870 k g / a 3 and OMC of 14 . 85 .  T e s t s  were 

o n l v  c o n d u c t e d  a t  a ceme n t  c o n t e n t  of  65 f o r  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 ,  w i t h  HDD of 1886 k g / n 3 and  OMC of  13.771.

On the b a s i s  of  t h e s e  r e s u l t s ,  a l l  s p e c i m e n s  which i n c l u d e d  o n l y  

t he  f r a c t i o n  p a s s i n g  the  4.75 mm s i e v e  were moulded a t  t h e  same 

n o m i n a l  HDD and OMC f o r  a p a r t i c u l a r  s o i l  t - p e .

Cement  c o n t e n t s  f o r  t he  w e t - d r y  r e s t s  were e s t i m a t e d  on t h e  basis ,  

o f  t he  t e c h n i q u e s  p r e s e n t e d  i n  t he  PCA b o o k l e t  a n d  a t o t a l  >*'. 18 

t e s t  and 10 c o n t r o l  s p e c i me n s  were p r o c e s s e d .  The r e s u l t l n ;  mass 

l o s s  d a t a  i s  r e f l e c t e d  i n  graph 6 .2 .

C o r r e c t i o n  f o r  c e m e n t  w a t e r  of  h y d r a t i o n  was pe r f o r me d  on t he  

b a s i s  of  1/4 of  t he  cemen 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  as 

i n d i c a t e d  by the  PCA. However ,  as  s ee n  I n  the  g r ap h ,  the  c o n t r o l  

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

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

r e n r e a s l o n  o n  t he  combined  d a t a  f o r  t he  c o n t r o l  s p e c i m e n s  to  

reduce  t h e  o r i g i n a l  c o r r e c t i o n .  I t  w i l l  be no t e d  from the  gr aph
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t h a t  t he  mass l o s s e s  o b s e r ve d  were c o n s i d e r a b l y  l e s s  t h a n  t he  

maxima of  10 and  14% p r e s c r i b e d  f o r  t he  two s o l i  t y p e s .  T h i s  was 

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

s t a b i l i z a t i o n  w i t h  c e m e n t .

O b s e r v i n g  t h a t  the form of the  d a t a  was a p p r o x i m a t e l y  h y p e r b o l i c  

and  t h a t  t he  c h a r a c t e r i s t . c s  of  a h y p e r b o l i c  c u r v e  were c o n s i s t e n t  

w i t h  t he  l i k e l y  b e h a v i o u r  of s o l 1 - c e m e  r t  s u b j e c t  to t he  v e t - d r y  

t e s t ,  h y p e r b o l l : r e g r e s s i o n s  were  pe r f o r me d  on each group of  d a t a .  

R e g r e s s i o n  c o e f f i c i e n t s  ( r “ ) i n  t he  r a n g e  0.89 t o  0 .98 were 

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

s a t i s f a c t o r y  i n  v i e w of t he  l i m i t e d  number of  r e s u l t s .  These 

r e g r e s s i o n s  were  used  t o  pe r fo rm an e x t r a p o l a t i o n  t o  e s t i m a t e  t he  

minimum c e m e n t  c o n t e n t s  r e q u i r e d  to  s a t i s f y  the maximum mass Loss 

c r i t e r i a .  These  c e m e n t  c o n t e n t s  were  used i n  d e t e r m i n i n g  t h e  

r a n g e  t o  be c o n s i d e r e d  i n  s u b s e q u e n t  t e s t s .  The e s t i m a t e d  cement  

c o n t e n t s  were 1.7% and 2.3% f o r  s o i l  1 w i t h  and w i t h o u t  c o a r s e  

f r a c t i o n  and  1.0% and  2.3% f o r  s o i l  2. I t  shou ld  be n o t e d  t h a t  the 

PCA recommend i n c r e a s i n g  t h e  c e m e n t  c o n t e n t  d e t e r m i n e d  f rom 

t h e s e  t e s t s  by two p e r c e n t a g e  p o i n t s  where the m a t e r i a l  i s  t o  be 

used i n  s l o p e  p r o t e c t i o n  w i t h i n  1.5m of the  w a t e r  l i n e .  I t  s hou l d  

a l s o  be n o t e d  t h a t  2 t o  3% i s  g e n e r a l l y  r eg a r de d  as  t he  minimum 

cemen t  c o n t e n t  t h a t  can  be c o n s i s t e n t l y  mi xed  u n d e r  s i t e  

c o n d i t i o n s .

The p r e s e n c e  of  t he  c o a r s e  f r a c t i o n  p r o v i d e s  a s i g n i f i c a n t  

i n c o a s e  i n  t he  r e s i s t a n c e  of  t he  m a t e r i a l  to  a b r a s i o n  i n  t he  w e t -  

d r y  t e s t .  The r e s u l t s  f o r  t he  s pe c i m e n s  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  were a d j u s t e d  t o  e x p r e s s  t he  cemen t  c o n t e n t  i n  t e r m s  of  

the  f r a c t i o n  p a s s i n g  the  4 . . 5  mm s i e v e  and i t  was found t h a t  the  

mass l o s s  f o r  t h e s e  s pe c i me ns  was s t i l l  l ower  t h a n  t h a t  f o r  t he  

s pe c i me n s  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 .  Whi le t he  number  of  

s p e c i m e n s  was no t  s u f f i c i e n t  t o  be a b l e  t o  a t t a c h  a g r e a t  d e g r ee  of  

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

t ed  t h a t  t he  g r e a t e r  a b r a s i o n  r e s i s t a n c e  of  the  c o a r s e  p a r t i c l e s  

p r o v i d e s  a de g r e e  of  p r o t e c t i o n  to  t he  m a t r i x  of  the s o i l - c e m e n t .



On the  b a s i s  of  t h e s e  p r e l i m i n a r y  t e s t s ,  t he  f o l l o w i n g  o b s e r v a t ­

i o n s  were  made: -

a .  Both s o i l s ,  which r e p r e s e n t e d  t h e  e x t r e m e s  of  t he  m a t e r i a l

a v a i l a b l e  on the  Rondebosch Dam s i t e ,  a r e  s u i t a b l e  f o r  

s t a b i l i z a t i o n  w i t h  c e men t  and c o u l i  s a f e l y  a n d  e c o n o m i c a l l y  

be used f o r  s l o p e  p r o t e c t i o n .  S o i l  2 p r o v i d e d  a g r e a t  r 

d e n s i t y  and  b e t t e r  d u r a b i l i t y .

b.  For  s o i l s  f rom t h i s  s i t e ,  a l l  s p e c i m e n s  cou l d  r e a s o n a b l y  oe 

compac ted  a t  t he  same n o m i n a l  opt imum m o i s t u r e  c o n t e n t  and  

maximum d r '  d e n s i t y ,  i r r e s p e c t i v e  of  cemen t  c o n t e n t .

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

e n a b l i n g  t he  c o m p l e t e  s e t  of  o b s e r v a t i o n s  t o  be u s ed  i n  

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

t a k i n g  a c c o u n t  of t he  two o b s e r v a t i o n s  b r a c k e t i n g  the  s p e c i ­

f i e d  mass l o s s .  Note however  t h a t  t h i s  t e c h n i q u e  s hou l d  o n l y  

be used f o r  i n t e r p o l a t i o n  in  p r a c t i c e .

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

t he  c o a r s e  f r a c t i o n  by e x p r e s s i n g  the  c e m e n t  c o n t e n t  as  a

p e r c e n t a g e  of  the  mi nus  4.7 5 mm f r a c t i o n  s t i l l  shows a lower

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

used i n  f o r m i n g  the  s pe c i m e n s .  T e s t s  pe r fo rme d  on s p e c i me n s  

c o n t a i n i n g  o n l y  t he  minus  4.7 5 mm f r a c t i o n  a r e  t h e r e f o r e  

c o n s e r v a t i v e  i n  t e r m s  of  t he  s o i l  t o  be used i n  t he  f i e l d .  

These  t e s t s  i n d i c a t e  a d i f f e r e n c e  i n  cemen t  c o n t e n t  of  t he  

o r d e r  of  IX.  I t  was t h e r e f o r e  d e c i de d  t h a t  t he  ma in  t e s t  

s e r i e s  c ou l d  be r e s t r i c t e d  t o  t e s t s  u s i n g  t he  minus  4.75 mm 

f r a c t i o n ,  as  a p r i m a r y  o b j e c t i v e  was t o  p r o v i d e  a c o r r e l a t i o n  

w i t h  the  l e a c h i n g  t e s t  p rogram.

e .  The cemen t  c o n t e n t s  used i n  t h e s e  t e s t s  r e s u l t e d  i n  mass 

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

q u e n t l y ,  t he  s p e c i m e n s  t e s t e d  i n  t he  l i n a l  program should  

i n c l u d e  c e m e n t  c o n t e n t s  from 1% upwards  i n  o r d e r  t o  e n s u r e
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b r a c k e t i n g  of  t he  r e q u i r e d  mass l o s s .  I t  was a c c e p t e d  t h a t  t he  

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

t h a n  t h e  minimum p r a c t i c a l  c e m e n t  c o n t e n t  and t h a t  h i g h e r  

c o n t e n t s  would p r o b a b l y  be d i c t a t e d  by o t h e r  c o n s i d e r a t i o n s .

6 . 5  F I N A L  S E L E C T I O N  OF S O I L

The r e s u l t s  of  the w e t - d r y  t e s t s  i n d i c a t e d  t h a t  s o i l  2 was b e t t e r  

s u i t e d  to use  i n  s o t l - c e o e n t  t h a n  s e l l  I .  The s o i l  2 bor row a r e a  

a s  i d e n t i f i e d  by Lund (1974) e x t e n d s  be t we e n  hau l  d i s . a n c . e s  of  400 

a n i  1130 o and c o n s t i t u t e s  t he  150 000 q 3 of  a v a i l a b l e  m a t e r i a l  

i n d i c a t e d  a s  b e i n g  w i t h i n  a hau l  d i s t a n c e  o f  j25 m. Because of 

t he  r e l a t i v e l y  s a n d y  n a t u r e  of  t h i s  s o i l  which was u n s u i t e d  f o r  

use  In  t he  i mpermeab l e  zone  of an e a r t h  embankmen t ,  f u r t h e r  t r l a ^  

h o l e s  had n o t  been e x c a v a t e d  be t ween  d i s t a n c e s  of 1130 and  1 525 m. 

However ,  f rom an e x a m i n a t i o n  of t h e  s i t e ,  i t  was a p p a r e n t  t h a t  the 

p o t e n t i a l  t o  e s t a b l i s h  a f u r t h e r  bor row a r e a  of  s i m i l a r  e x t e n t  

w i t h i n  a h a u l  d i s t a n c e  of  1220 m e x i s t e d .  A l l  t h i s  m a t e r i a l  was 

l o c a t e d  w i t h i n  the  r e s e r v o i r  a r e a  of  t he  c o m p l e t e d  dam so t h a t  no 

a d d i t i o n a l  e x p r o p r i a t i o n  was r e q u i r e d .  The proposed  bo r row a r e a s  

f o r  s o i l  1 a l l  l a y  o u t s i d e  the  r e s e r v o i r  a r e a .

S u f f i c i e n t  ma t er i a l  s i m i l a r  t o  s o i l  2 was t h e r e f o r e  a v a i l a b l e  at  

r e l a t  v e l y  short  h au l  d i s t a n c e s  f o r  the  c o n s t r u c t i o n  of  a c o mp l e t e  

s o i l - c e n e n t  emb a n k me n t .  I t  was a c c o r d i n g l y  de c i de d  t o  r e s t r i c t  

t h e  l a b o r a t o r y  program to  the  use  of  a s i n g l e  s o i l  b l e n d  

r e p r e s e n t a t i v e  of  t h e  proposed bor row a r e a .  Th i s  d a c l s l o n  was 

r e i n f o r c e d  by t he  l arge  number  of v a r i a b l e s  t o  be e x a m i n e d  i n  the  

t e s t  program and the l i m i t a t i o n s  Imposed by a v a i l a b l e  l a b o r a t o r y

e q u i p m e n t .

A f u r t h e r  three  v i s i t s  were made t o  t he  s i t e  t o  c o l l e c t  m a t e r i a l  

and a t o t a l  of  approximate ,  y 2300 kg of  s o l i  was c o l l e c t e d  f rom 

s i x  a d d i t i o n a l  ho l e s  spread over  the proposed borrow a r e a .  The 

ma j or i t y  of  these  samples  we e y e l l o w  in colour  and  g e n e r a l l y  

s i m i l a r  to the o r i g i n a l  s o i l  2, one sample,  from a more d e e p l y
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wea Lite r ed  z o n e ,  was more s i m i l a r  Lo s o i l  1. Each s ampl e  was 

mi xed ,  t he  c o a r s e  g r a d i n g  d e t e r m i n e d ,  and  s amp l e s  of  t he  mi nus  

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

s e l l  was b l e n o  d and  r i f f l e d  i n t o  s u b - s a m p l e s  f o r  s t o r a g e .  A 

p o r t i o n  was s i e v e d  t o  remove the  p l u s  4.75 mm f r a c t i o n  a n d  t h e s e  

f i n e s  were f u r t h e r  d i v i d e d  i n t o  a p p r o x i m a t e l y  3 kg l o t s  to  p e r m i t  

oven  d r y i n g  f o r  use  i n  t he  v a r i o u s  programs  r e q u i r i n g  o n l y  f i n e  

m a t e r i a l .

Compar i son  of  t he  i n d i c a t o r  t e s t  r e s u l t s  f o r  s o i l s  1 and  2 showed 

good a g r e e m e n t  w i t h  L u n d ' s  r e s u l t s  o v e r  t he  a r e a  i n  q u e s t i o n  and  

a c c o r d i n g l y  i t  was de c i de d  t h a t  t he  r e s u l t s  f o r  s o i l  2 cou l d  be 

c o n s i d e r e d  t o  be r e p r e s e n t a t i v e  of  t he  b l e nd  and no f u r t h e r  

i n d i c a t o r  t e s t s  were pe r fo rmed .

6 . 6  FI NAL H O I S T U R E - D E N S I T Y  TES TS

M o i s t u r e - d e n s i t y  t e s t s  were c o n d u c t e d  on the  f i n e  f r a c t  on of the  

b l e n d  s o i l  c o n t a i n i n g  2, 7 and  12? c e m e n t .  In a l l  c a s e s  t he  pea* 

and wet  of  opt imum p o r t i o n s  of  the  o o i s t u r e - d e n s i t y  c u r v e s  were 

s i m i l a r  w h i l e  t he  c u r v e  d r y  of  opt imum became f l a t t e r  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 .  Maximum d r y  d e n s i t y  was 1903 *g.m 

w i t h  opt imum m o i s t u r e  c o n t e n t  of  13.75? i n  a l l  c a s e s  a n d  t h e s e  

f i g u r e a  were used t h ro u g h o u t  t he  e x p e r i m e n t a l  program.

On t h e  b a s i s  of  t h i s  r e s u l t ,  and  a p p l y i ^  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, the  H a l t i n g  s l o p e  f o r  g r a v i t y  s t a b i l i t y  

fo r  t he  Rondebosch Dam 1 0.43 h o r i z o n t a l  t o  I v e r t i c a l .  T h i s

i n d i c a t e s  a 78% r e d u c t i o n  i n  e mb ankmen t  volume t o  194 000 m 

which i s  r e a d i l y  a v a i l a b l e  f rom the  p roposed  bor row a r e a .

6 . 7  P R E L I M I N A R Y  U NCONFI NED COMPRESSI ON T E S T S

Ur.conf lned . ompress i on  t e s t s  were conducted on t he  b l e n d  s o i l  

s t a b i l i z e d  wi t h  cement  c o n t e n t s  of 2, 5, 8 and 17 . .  S ix  s p e c i me n s
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were compac ted  a t  each  c e men t  c o n t e n t  and cured  f o r  28 daya  i n  a 

humid chamber  a t  25°C.  From each  s e t  of  s i x  s p e c i m e n s ,  t h r e e  were 

t e s t e d  a f t e r  I mme r s i on  i n  w a t e r  f o r  a p p r o x i m a t e l y  f ou r  h ou r s  i n  

a c c o r d a n c e  w i t h  t he  PCA r e c o m me n d a t i o n s  (PCA 1976c) a n d  the  

r e m a i n d e r  were t e s t e d  u n s o a k e d .

I n  a l l  c a s e s ,  e x c e p t  t he  s p e c i m e n s  s t a b i l i z e d  w i t h  2% c e m e n t ,  

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

was g e n e r a l l y  a t  an a n g l e  of b e t wee n  55 and  65° ro t he  base .  Mass 

g a i n  on s o a k i n g  d e c r e a s e d  p r o g r e s s i v e l y  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 .

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 en d e d  to  i n c r  se w i t h i n  a s e t  

of s p e c i me n s  w i t h  s pec i men  numoer ,  s u g g e s t i n g  t h a t  a s h o r t  d e l a y  

be t we e n  m i x i n g  a n d  c o m p a c t i n g  the  m a t e r i a l  cou l d  be b e n e f i c i a l .  

I t  l a  however  p o s s i b l e  t h a t  o t h e r  f a c t  «rs such as  l o c a t i o n  i n  

c u r i n g  chamber  c o u l d  have  had a b e a r i n g  on t h i s  r e s u l t .

Averages  and s t a n d a r d  d e v i a t i o n s  were c a l c u l a t e d  f o r  each  c e m e n t  

c o n t e n t  a r d  used t o  e s t i m a t e  the  97.5* c o n f i d e n c e  l i m i t  ( a v e - a g e  

mi nus  two s t a n d a r d  d e v i a t i o n s ) .  L i n e a r  r e g r e s s i o n s  pe r f o r me d  on  

t h e s e  d a t a  p o i n t s  r e t u r n e d  r e g r e s s i o n  c o e f f i c i e n t s  of  0.98 and  0.99 

r e s p e c t i v e l y  f o r  s pe c i me n s  soaked  and u n e o a k e d .  R e g r e s s i o n  l i n e s  

were e f f e c t i v e l y  p a r a l l e l  w i t h  s l o p e s  of  0.443 and  0.440 and 

I n t e r c e p t  o f f s e t  of  0.542 MPa.  L i n e a r  r e g r e s s i o n s  on the  i n d i v i ­

d u a l  d a t a  p o i n t s  r e t u r n e d  c o e f f i c i e n t s  of  0.98 and s l o p e s  of  0.551 

l r  each ca s e  w i t h  o f f s e t  0.658.  The i n d i v i d u a l  d a t a  p o i n t s  and  

c o n f i d e n c e  l i m i t  r e g r e s s i o n  l i n e s  a r e  shown i n  gr aph  6 . ' .

• he p a r a l l e l  s l o p e s  r e f e r r e d  to  above  s u g g e s t  a c o n s t a n t  luf.s 

• t r a n g t h  due to  s o a k i n g ,  i r r e s p e c t i v e  of  cemen t  c o n t e n t .
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C H A P T E R  7

D E SI GN OF LABORATORY PROGRAM

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

t he  l a b o r a t o r y  t e s t  program.  Tw t g n  of  I n d i v i d u a l  e l e m e n t s  of

the  program i s  d i s c u s s e d  i n  chapv - d to  1**.

Each of  t h e s e  c h a p t e r s  c o n c e n t r a t e s  on one  t e s t  t y p e .  The c h a p t e r  

s e q u e n c e  has  been chos en  i n  an  a t t e m p t  t o  m i n i m i s e  f o r w a r d  

r e f e r e n c i n g .  Where f o rw a r d  r e f e r e n c i n g  has  been n e c e s s a r y ,  t h i s  

has  been l i m i t e d  to  a n o t e  a t  t he  a p p r o p r i a t e  p o i n t  w i t h  d i s c u s s i o n  

p l a c e d  i n  t h e  l a s t  r e l e v a n t  c h a p t e r .  For  e x ampl e ,  c e r t a i n  s p e c i ­

mens were s u b j e c t  t o  w e t t i n g  and d r y i n g  c y c l e s  as  a form of  

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

c o m p r e s s i o n  or  s u b j e c t  to  l e a c h i n g ,  t h e  d i s c u s s i o n  of  t he  e f f e c t s  

of  w e t t i n g  a n d  d r y i n g  on t h e s e  p r o p e r t i e s  a r e  d i s c u s s e d  i n  t he  

r e l e v a n t  c h a p t e r s  and  n o t  i n  t he  c h a p t e r  on t he  w e t t i n g  and  d r y i n g

t e s t s .

T h i s  c h a p t e r  d i s c u s s e s  t h o s e  i t e m s  which have  a b e a r i n g  on the  

e n t i r e  t e s t  p rogram.

7 . 1  C H O I C E  0  ? C E M E N T  C O N T E N T S

The a n a l y s i s  p r e s e n t e d  i n  c n a p t e r  3. w i t h  a s s u m p t i o n  of  e q u a l  

s l o p e s ,  was used i n  d e t e r m i n i n g  the s t r e s s e s  for  use i n  t h e  d e s i g n  

of  the  l a b o r a t o r y  program.  As I n d i c a t e d  i n  s e c t i o n  6 . 6 ,  t h e  

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

t he  b l e nd  s o i l  used i n  the  t e s t  program was e s t i m a t e d  as  0.43 t o  I.  

In t e rms  o f  t h i s  a n a l y s i s ,  and a p p l y i n g  t he  p r i n c i p l e s  d i s c u s s e d



i n  c h a p t e r  3 t o  t h e  97.5% c o n f i d e n c e  l i m i t  e s t i m a t e  o f  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  p r e s e n t e d  i n  c h a p t e r  6,  the 

f o l l o w i n g  cemen t  c o n t e n t s  a r e  i n d i c a t 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 : -

a .  Us i ng  the  f o r mu l a  f o r  s l i d i n g  s t a b i l i t y  r e f e r r e d  to  i n  c h a p t e r  

3, e q u a t i o n  3. w i t h  Q -  5, i n d i c a t e s  a ceme n t  c o n t e n t  of  11.22 

f o r  s i l o i n g  s t a b i l i t y  on the  base .

b .  U s i n g  the USBR f o r mu l a  (USBR 1976a) d i s c u s s e d  i n  s e c t i o n  3.2.d 

w i t h  Qe 3 i n d i c a t e s  a c e men t  c o n t e n t  of  5.6% f o r  s l i d i n g  

s t a b i l i t y .

c .  From a c o n s i d e r a t i o n  of  t he  maximum p r i n c i p a l  s t r e s s  a t  the 

toe  of  t he  embankmen t  w i t h  S c - 4 ,  a c e men t  c o n t e n t  of  8.9% i s

i n d i c a t e d .

d .  From the  r e s u l t s  of  the  p r e l i m i n a r y  w e t - d r y  t e s t  r e s u l t s  and 

a p p l y i n g  the  PGA c r i t e r i a  (PGA 1976c) ,  a cement  c o n t e n t  of  the  

o r d e r  of  5% i s  i n d i c a t e d  f o r  s l op e  p r o t e c t i o n .

From t he  above ,  i t  can  be seen  t h a t  a ceme n t  c o n t e n t  of  5% cou l d  be 

c o n s i d e r e d  a c c e p t a b l e  f o r  most  of  t he  Rondebosch Dam i f  t he  i-ess 

c o n s e r v a t i v e  a n a l y s e s  were to  be a p p l i e d .

A r e v i e w  of  a s e l e c t i o n  of  t h e s e s  and  paper s  t h e n  on hand 

i n d i c a t e d  t h a t  c e m e n t  c o n t e n t s  commonly used i n  s o l  1 - c e m e n t  In 

p r a c t i c e  g e n e r r l l y  r an g e d  be t we e n  5 and  15% w i t h  o c c a s i o n a l  

I n s t a n c e s  of  t tu use  of  c e men t  c o n t e n t s  as  h i g h  as  30% when 

d e a l i n g  w i t h  c l a y  s o i l s .

The c o s t  c o m p a r i s o n  w i t h  M e r r i t t  Dam p r e s e n t e d  i n  c h a p t e r  3 

I n d i c a t e d  a 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  a l t h o u g h  based  on a 

u n i f o r m  cemen t  c o n t e n t  of 14%.

From c o n s i d e r a t i o n  of  the  abo v e ,  and s i n c e  i t  was f e l t  t h a t  a 

r e a s o n a b l y  c o n s e r v a t i v e  a n a l y s i s  was i n  o r d e r  f o r  t he  s o i l - c e m e n t
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i n  c h a p t e r  3 to  t h e  97.5% c o n f i d e n c e  l i m i t  e s t i m a t e  of  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  p r e s e n t e d  i n  c h a p t e r  6,  t he

f o l l o w i n g  cemen t  c o n t e n t s  a r e  i n d i c a t 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 : -

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

3. e q u a t i o n  3, w i t h  Q -  5, i n d i c a t e s  a ceme n t  c o n t e n t  of 1U2X 

f o r  s l i d i n g  s t a b i l i t y  on the  base .

b .  Us i ng  the  USSR f o r mu l a  (USBR 1976a) d i s c u s s e d  i n  s e c t i o n  3.2 .d

w i t h  Q*3 i n d i c a t e s  a cemen t  c o n t e n t  of  5.6% f o r  s l i d i n g

s t a b i l i t y .

c .  From a c o n s i d e r a t i o n  of  the maximum p r i n c i p a l  s t r e s s  a t  the 

toe  of  t he  e mb ankmen t  w i t h  S c - 4 ,  a c e m e n t  c o n t e n t  of  8.9% i s

i n d i c a t e d .

d .  From t he  r e s u l t s  of the  p r e l i m i n a r y  w e t - d r y  t e s t  r e s u l t s  and 

a p p l y i n g  the PCA c r i t e r i a  (PCA 1976c) .  a cemen t  c o n t e n t  of  t he  

o r d e r  of  5% i s  i n d i c a t e d  f o r  s l op e  p r o t e c t i o n .

From the above ,  i t  can  be s e e n  t h a t  a cemen t  c o n t e n t  of  5* c ou l d  be 

c o n s i d e r e d  a c c e p t a b l e  f o r  most  of  t h e  Rondebosch Dam i f  t he  l e s s  

c o n s e r v a t i v e  a n a l y s e s  were t o  be a p p l i e d .

A r e v i e w  of  a s e l e c t i o n  of  t h e s e s  and  paper s  t h e n  on hand 

I n d i c a t e d  t h a t  c e m e n t  c o n t e n t s  commonly used  i n  s o l  I - c e m e n t  i n  

p r a c t i c e  g e n e r a l l y  r an g e d  b e t wee n  5 and  15% w i t  o c c a s i o n a l  

i n s t a n c e s  of  t he  use  of  cemen t  c o n t e n t s  as  h i gh  as  30% when 

d e a l i n g  w i t h  c l a y  s o i l s .

The c o s t  c o m p ar i s on  w i t h  M e r r i t t  Dam p r e s e n t e d  i n  c h a p t e r  3 

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

u n i f o r m  cemen t  c o n t e n t  of  14%.

From c o n s i d e r a t i o n  of  t he  above ,  and  s i n c e  i t  was f e l t  t h a t  a 

r e a s o n a b l y  c o n s e r v a t i v e  a n a l y s i s  was i n  o r d e r  for  t he  s o l l - c e m e n t
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e m b a n k me n t ,  a cemen t  c o n t e n t  of  10% was s e l e c t e d  as  t h e  s t a n d a r d  

c a s e  f o r  a l l  t e s t  p rograms .  As w i t h  the a n a l y s i s  p r e s e n t e d  i n  

c h a p t e r  3, a s t a n d a r d  c o n d i t i o n  was s e l e c t e d  i n  o r d e r  t o  p r o v i d e  a 

u n i f o r m  r e f e r e n c e  f o r  c o m p ar i s on  of a l l  t e s t  r e s u l t s .  ' b r a n c h i n g  

of  t e s t  c o n d i t i o n s  abou t  t h i s  s t a n d a r d  was used t o  I n v e s t i g a t e  a s  

many c o n d i t i o n s  as p o s s i b l e .  S ec o n da r y  s t a n d a r d  c e m e n t  c o n t e n t s  

were  s e l e c t e d  as  0,  5, 15 and  20%, i n t e r m e d i a t e  v a l u e s  b e i n g

a p p l i e d  where  n e c e s s a r y .

D u r i n g  s e l e c t i o n  of  t he  s t a n d a r d  c e m e n t  c o n t e n t s ,  i t  was a p p a r e n t  

i .hat z o n i n g  of  t he  embankmen t  to  s a t i s f y  the  r i o u s  d e s i g n  

c r i t e r i a  i n  t he  most  e c o n o m i c a l  way shou ld  be g i v e n  s e r i o u s  

c o n s i d e r a t i o n  a t  t he  d e s i g n  s t a g e .

7 . 2  C U RI N G  CONDI TI O NS

The s t a n d a r d  c u r i n g  c o n d i t i o n  f o r  t he  m a j o r i t y  of t e s t s  was chosen  

as  be inf ,  s e v e n  days  i n  a humid t a n k ,  w i t h  r e l a t i v e  h u m i d i t y  o f  

about  95%, f o l l o w e d  by s e a l i n g  of  the s pe c i m e n s  f o r  a f u r t h e r  t n r « e  

weeks  t o  g i v e  a s t a n d a r d  age a t  t e s t  of  t w e n t y  e i g h t  d r y s .  This  

c o n d i t i o n  was ch o s e n  to  a l l o w  some l o s s  o f  m o i s t u r e  : rom the  

s pec i men  i n  t he  f i r s t  few d a y s  a f t e r  c o m p a c t i o n ,  a s  would be 

e x p e c t e d  t o  occur  on s i t e .  A r e p r o d u c i b l e  e n v i r o n m e n t  was 

h owever  r e q u i r e d .  In p r a c t i c e ,  a l a y e r  of m a t e r i a l  i n  an embank­

ment  shou l d  be c o v e r e d  by s e v e r a l  l a y e r s  of m a t e r i a l  a f t e r  s e v e n  

d a y s ,  rhui  r e d u c i n g  the  l i k e l i h o o d  of  f u r t h e r  m o i s t u r e  l o s s .

Othe r  c u r i n g  c o n d i t i o n s  were a p p l i e d  i n  c e r t a i n  t e s t s  and a 

v a r i e t y  of o t h e r  c o n d i t i o n s  were e x a m i n ed  i n  t hos e  t e s t s  which

used  t he  above  as s t a n d a r d .

7 . 3  S P E C I M E N  N U M B E R I N G

In  v i ew of  t he  l a r g e  number  of v a r i a b l e s  c o n s i d e r e d  f o r  many of  

t he  t e s t  p r o g r a m s ,  a s y s t e m  of  s pe c i m e n  c o d i n g  was a dop t ed  which
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u n i q u e l y  i d e n t i f i e d  i n d i v i d u a l  s p e c i m e n s  and s e t s  of s p e c i m e n s .

T h i s  code c o n t a i n e d  the  s pec i men  number i n  s e q u e n c e  f o r  t h e  d a t e  

p r e p a r e d ,  the d a t e  as  a t h r e e  d i g i t  J u l i a n  number a d j u s t e d  t o  t he  

s t a r t  of  t he  t e s t  program,  the  cemen t  c o n t e n t  and codes  i n d i c a t i n g  

c u r i n g  c o n d i t i o n s ,  e t c .  A s y s t e m  of d e f a u l t  codes  was e s t a b l i ­

shed .  T h i s  s y s t e m  p e r m i t t e d  r e f e r e n c e  t o  the  t w e n t y  f i f t h  37.5 mm 

d i a m e t e r  c y l i n d r i c a l  s p e c i m e n ,  c o n t a i n i n g  i0% c e men t  and  p r e p a r e d  

on Monday 8 December 1980 (day number  343),  s u b j e c t  to  s e v e n  days  

humid c u r e  f o l l o w e d  by t w e n t y  one  d a y s  s e a l e d  c e r e ,  l e a c h e d  f o r  

t h i r t y  two weeks  a t  a g r a d i e n t  of 50:1 w i t h  d e - a i r e d  d i s t i l l e d  

w a t e r ,  t he  s t a n d a r d  t e s t  c o n d i t i o n s ,  as  s pec i men  2 5 - 1 0 / 3 4 3 L ,  T h i s  

u n i q u e l y  d i s t i n g u i s h e d  the  s pec i men  f rom a l l  o t h e r s  i n  t h e  t e s t  

program and  i d e n t i f i e d  a l l  a s p e c t s  of  t h e  s p e c i m e n s  h i s t o r y .  The 

need  f o r  c o n t i n u a l  r e f e r e n c e  t o  d e t a i l e d  I n s t r u c t i o n s  as  t o  t he  

f u t u r e  of  t he  s pe c i m e n  was t h u s  e l i m i n a t e d .  The code c o u l d  oe 

e a s i l y  p l a c e d  on l a b e l s  on l e a c h i n g  c e l l s  e t c ,  where space  was 

l i m i t e d ,  and  cou l d  be e n t e r e d  on  d a t a  s h e e t s  w i t h o u t  d i f f i c u l t y .  

Because of  t he  s y s t e m  of  d e f a u l t s ,  t he  l e n g t h  of  t h e  code i n c l u d i n g  

spec i men  number  and  d a t e ,  seldom e x ce e d e d  16 c h a r a c t e r s .

7 . 4  S P E C I M E N  D I S T R I B U T I O N

For  t h e  s t a n d a r d  s pe c i m e n s  used I n  many of  t he  t e s t s ,  s i .  

s p e c i m e n s  were p r e p a r e d  from each  b a t c h  of  m a t e r i a l  and  up t o  4 2  

n o m i n a l l y  i d e n t i c a l  s pe c i m e n s  were compacted on a n y  one  day .  

For  the  m a j o r i t y  of  t e s t s  u t i l i s i n g  t h e s e  s p e c i m e n s ,  s i x  s p e c i m e n s  

wer« us ed .  On t h e  b a s i s  of  p r e v i o u s  e x p e r i e n c e  ( Mc L a r en ,  Reid  and  

n o e r t s o n  1976) i t  was dec i ded  t h a t  a s e t  of  s i x  n o m i n a l l y  

I d e n t i c a l  spec im ens  was the minimum that  would a l l o w  f o r  t he  

o c c a s i o n a l  spec i men  l o s s  due t o  e x p e r i m e n t a l  p rob l ems  and  a t  t h e  

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

c o n f i d e n c e .  In view of  t he o b s e r v a t i o n  i n  c h a p t e r  6.7 t h a t  an  

i n c r e a s e  i n  s t r e n g t h  a p p a r e n t l y  occurred b e t wee n  s p e c i m e n s  com­

p ac t ed  wi t h i n c r e a s i n g  de lay  a f t e r  m i x i n g ,  a s y s t e m  of a l l o c a t i n g  

s pe c i me n s  to s e t s  was deve loped .
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T h i s  s y s t e m  e n s u r e d  t h a t  a l l  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  

compacted on  a p a r t i c u l a r  day were u n i f o r m l y  d i s t r i b u t e d  be t we e n  

the  s e t s  f o r  t e s t i n g  and t h a t  the a v e r a g e  d e l a y  b e t wee n  m i x i n g  a n d  

c o m p a c t i o n  f o r  each  s e t  was s i m i l a r .  Th i s  s y s t e m  was used i n  a l l  

t e s t  programs  where more t h a n  one  s p e c i me n  was p r ep a r ed  from one  

b a t c h  of  m a t e r i a l .

I n  o r d e r  t o  m a i n t a i n  t he  a v e r a g e  d e l a y  be t wee n  m i x i n g  and 

c o m p a c t i o n ,  the  b a t c h i n g ,  m i x i n g  and  comp a c t i on  p r oc e d u r e s  fo r  a l l  

s pec i men  t y p e s  were s p e c i f i e d  i n  d e t a i l  w i t h  t i me  a l l o c a t i o n s  f o r  

each  s t a g e .  These o p e r a t i o n s  were t h e n  c o n du c t e d  a g a i n s t  a s t o p  

wa t c h  and  t i me  t o  c o m p l e t i o n  r e c o r d e d  f o r  each ba t ch .

7 . 5  DETERIORATION OF CEMENT

The c e m e n t  used i n  the t e s t  program was o r d i n a r y  por t  l a n d  c e m e n t .  

One b a t c h  was used f o r  t he  p r e l i m i n a r y  t e s t s  and  a new b a t c h  was 

o b t a i n e d  i m m e d i a t e l y  p r i o r  t o  commencement  of t he  ma in  t e s t

program.

A f t e r  d i s c u s s i o n  w i t h  Prof  B l i g h t ,  Dr J .  Rousseau of  P r e t o r i a  

P o r t l a n d  Cement  and  Mr J .  Lane of  t h e  P o r t l a n d  Cement  I n s t i t u t e ,  

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

drums ,  no s i g n i f i c a n t  d e t e r i o r a t i o n  would occur  d u r i n g  t he  

a p p r o x i m a t e l y  one  and a h a l f  y e a r  p e r i o d  of  t he  main  t e s t  program.  

Less  v a r i a t i o n  i n  r e s u l t s  was e x p e c t e d  f rom the  same b a t c h ,  

p r o p e r l y  s t o r e d ,  t h a n  would occur  be t wee n  b a t c h e s  m a n u f a c t u r e d  a t  

i n t e r v a l s  of  s i x  mont hs  or  l o n g e r .

The c e m e n t  used was o b t a i n e d  i n  s t a n d a r d  paper  s a c k s .  These were 

p l a c e d  i n  p o l y t h e n e  bags and  s t o r e d  i n  s e a l e d  d rums .  Bags of  

d e s i c c a n t  were p l a c e d  i n  t he  drums and cemen t  for  use i n  t he  t e s t  

program was drawn as  r e q u i r e d  and s t o r e d  i n  a s m a l l e r  drum b e t we e n

b a t c h e s .
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On c o m p l e t i o n  of  t h e  t e s t  p rogram,  a s ample  of  t he  c e m e n t  *as  

s u b m i t t e d  t o  t he  T e c h n i c a l  S e r v i c e  and Deve l opme n t  D ep a r t m e n t  of  

P r e t o r i a  P o r t l a n d  Cement  f o r  t e s t i n g .  The r e s u l t s  of  t h e s e  t e s t s  

were  compared w i t h  t he  d a t a  f rom r o u t i n e  t e s t i n g  a t  t he  p l a n t  

c o n c e r n e d  o v e r  t he  p e r i o d  when the  cemen t  was p roduced  a n d  

c o n d u c t e d  by t he  same l a b o r a t o r y .  An n c r e a s e  of  s t a n d a r d  

c o n s i s t e n c y  from an  a v e r a g e  of 25.0 (maximum 26.0)  t o  27.6 cm / g  

a n d  i n c r e a s e s  of  i n i t i a l  and f i n a l  s e t t i n g  t i m e s  f rom 158 

(maximum 180) to  210 and  205 (maximum 2J5)  to 305 m i n u t e s  were t h e  

o n l y  v a l u e s  no t  w i t h i n  t h e  r a n g e  f u r  the o r i g i n a l  m a t e r i a l .  

V i b r a t e d  m o r t a r  cube s t r e n g t h s  were c l o s e  to t he  maxima f o r  t h e  

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

r e p o r t e d  by Makovy (1975) .  Tt  was t h e r e f o r e  c o n s i d e r e d  t h a t  no  

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  cemen t  had o c c u r r e d .
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C H A P T E R  8

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

8 . 1  I N T R O D U C T I O N

The o b j e c t i v e s  of  the  w e t - d r y  t e s t s  were as  f o l l o w s : -

a.  To c o n f i r m  the  cemen t  c o n t e n t s  r e q u i r e d  fo r  s o i l - c e m e n t  to  be 

used  as  s l o p e  p r o t e c t i o n ,  d e t e r m i n e d  I n  the p r e l i m i n a r y  t e s t s .

b.  To p r o v i d e  d a t a  f o r  c o v . e l a t i o n  wi t h  the r e s u l t s  o f  t he  

l e a c h i n g  t e s t s  wi t h  a view t o  p r o v i d i n g  a s h o r t e r  t e rm  

l a b o r a t o r y  t e s t  to  be u.-ed i n  d e t e r m i n i n g  c e m e n t  c o n t e n t s  f o r  

l e a c h i n g  p r o t e c t i o n  should t h i s  be found t o  be a c r i t i c a l  

d e s i g n  c o n s i d e r a t i o n .  The major  a d v a n t a g e  of  t he  w e t - d r y  

t e s t  was c o n s i d e r e d  t o  be t he  s i m p l i c i t y  of  t h e  a p p a r a t u s  a n d  

t h e  f a c t  t h a t  I t  Is a t e s t  i n  w i d e s p r ea d  use  In  m a t e r i a l s

l a b o r a t o r i e s .

c .  To e x a m i n e  the e f f e c t  of  w e t t i n g  and  d r y i n g  c y c l e s  on t he  

p r o p e r t i e s  of  the  m a t e r i a l  t o  be e x a m i n e d  In o t h e r  p a r t s  of t he  

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

t e n s i o n  e^ d  t r l a x i a l  t e s t s .

d.  To e x a m i n e  the  p o t e n t i a l  f o r  use  of  the  s t a n d a r d  c y l i n d e r s

( U .5  mm d i a m e t e r  by 75 ram l o n g )  used i n  o t h e r  c o m p o n e n t s  of  

t he  t e s t  program,  as  s u b s t i t u t e s  f '  s t a n d a r d  ASTM

s p e c i me n s  with  a view to r e d u c i n g  t he  t .  q u l r ed  t o  c o n d u c t

t he  we t - dr y  t e s t s .  Owing t o  d e l a y s  In o p a r t s  of  the t e s t

program,  I t  p roved  ne c e s s a r y  t o  c u r t a i l  t h i s  a s p e c t  of  t he  

I n v e s t i g a t i o n .
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Based on t h e  r e s u l t s  of  t he  p r e l i m l n a r >  t e s t s ,  t h i s  program was 

c o n d u c t e d  u s i n g  o n l y  s pe c i m e n s  moulded w i t h  t he  s o l i  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 .  Cement  c o n t e n t s  e x a m i n e d  were 5, 10,

15 and 20% cemenr  t o  c o r r e s p o n d  t o  o t h e r  e l e m e n t s  of  t he  t e s t  

p rogram a n d  I ,  2, 3 and 7.5% to p r o v i d e  a d d i t i o n a l  p o i n t s  f o r  

i n t e r p o l a t i o n  as I n d i c a t e d  by the p r e l i m i n a r y  t e s t s .  A d d i t i o n s ]  

s p e c i m e n s  were moulded t o  e x am i n e  t h e  e f f e c t  of s m a l l  d e v i a t i o n s  

i n  c o mp ac t i o n  p a r a m e t e r s ,  t he se  s p e c i m e n s  were compac ted  a t  

m o i s t u r e  c o n t e n t s  1% above and below opt imum m o i s t u r e  c o n t e n t  a n d  

a t  a p p r o x i m a t e l y  2% above  s t a n d a r d  p r o c t o r  d ry  d e n s i t y .  Tn each 

c a s e ,  two t e s t  s p e c i m e n s  were produced and i n  the  c a s e  of t he  f ou r  

s t a n d a r d  c e m e n t  c o n t e n t s ,  an  a d d i t i o n a l  spec imen was p r e p a r e d  t o r  

c o n t r o l  p u r p o s e s .  The t o t a l  number  of  s pe c i m e n s  t e s t e d  was 

l i m i t e d  by the  a v a i l a b l e  o ve n  c a p a c i t y .

i n  t e rms  of  the  o b j e c t i v e  of  p r o v i d i n g  r e s u l t s  t o  compare  w i t h  

t h o s e  of  t he  l e a c h i n g  t e s t s ,  i t  was dec i ded  t h a t  more s e v e r e  t e s t  

c o n d i t i o n s  cou l d  be produced  by e x t e n d i n g  the  d u r a t i o n  of  the

t e s t .  The p r op o sa l  was t o  s u b j e c t  t he  t e s t  s p e c i m e n s  to t h r e e  

c o mp l e t e  s e r i e s  of  t w e l v e  w e t t i n g  and d r y i n g  c y c l e s  each  i . e .  

t h r e e  t i m e s  the  d u r a t i o n  o f  the s t a n d a r d  t e s t .  A f t e r  each s e r i e s  

of  t w e l v e  c y c l e s ,  t he  s pe c i m e n s  were  d r i e d  a t  110 °C t o  p r o v i d e  

d a t a  f o r  c o m p a r i s on  w i t h  the s t a n d a r d  t e s t  as r e p r e s e n t e d  by the 

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

d r y i n g  o v e n  d u r i n g  the  d r y i n g  phase of  the 25th c y c l e  r e s u l t i n g  i n  

t e m p e r a t u r e s  i n  e x c e s s  of 180 °C b e f o r e  t he  o ve n  was t u r n e d  o f f .  

The r e s u l t s  a r e  t h e r e f o r e  r e s t r i c t e d  to 24 c y c l e s  ( t wo  s e r i e s ) .

I n  c o m p a c t i ng  the  ASTM s t a n d a r d  s pe c i m e n s  f o r  t h i s  p rogram,  t he  

same mould and hammer used i n  c o n d u c t i n g  the  p r o c t o r  c o m p a c t i o n  

t e s t s  a t  t he  s t a r t  of t he  program were us ed .  However ,  i t  was

o b s e r v e d  t h a t  w h i l e  the  m o i s t u r e  c o n t e n t s  of  t he  s p e c i m e n s ,  as

c ompac t e d ,  were g e n e r a l l y  w i t h i n  one  s t a n d a r d  d e v i a t i o n  (0.1 

p e r c e n t a g e  p o i n t )  of t he  s p e c i f i e d  op t i mi  ,  m o i s t u r e  c o n t e n t  of  

13.75%, t he  o b s e r v e d  s pec i men  masses  were a l l  i n  t h e  r ange  of O.b 

t o  1.2% below the  n o m i n a l  d r y  d e n s i t y  of  1905 kg/m . Th i s

c o n s i s t e n t  d e v i a t i o n  was no t  c o n s i d e r e d  s e r i o u s  and  was a t t r l -
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buted  to Che l i k e l i h o o d  t h a t  d e s p i t e  a l l  e f f o r t s  t o  e n s u r e  

u n i f o r m i t y  of  the  s o i l  used ,  soma s e g r e g a t i o n  may h a v e  o c c u r r e d .  

I t  i s  a l s o  p o s s i b l e  t h a t  the i n c r e a s e d  s e t t i n g  r i m e s  f o r  t he  c e men t  

n o t e d  i n  s e c t i o n  7.5 l ed  t o  a s l i g h t  change  i n  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 .

I n  o r d e r  t o  p r ov i d e  s p e c i me n s  f o r  use  i n  o t h e r  p a r t s  o f  the  t e s t  

program and  f o r  use i n  an  i n i t i a l  ex  t m i n a t i o n  of  the  b e h a v i o u r  o f  

s m a l l e r  s p e c i me n s  s u b j e c t  to the  s t a n d a r d  w e t - d r y  t e s t  c o n d i t i o n s  

w i t h o u t  b r u s h i n g ,  t w e l v e  s e t s ,  each  c o n s i s t i n g  of s i x  of  t h e  

s t a n d a r d  37.5 mm d i a m e t e r  c y l i n d e r s ,  were p r e p a r e d .  A l l  s p e c i m e n ,  

were compac ted  a t  t he  s t a n d a r d  101 c e m e n t  c o n t e n t  ana  c o r r e s p o n d ­

i n g  m o i s t u r e  c o n t e n t  and d r y  d e n s i t y  used i n  t he  r e s t  of t he  

p rogram.  Four  s e t s  were s u b j e c t  to  t h e  s t a n d a r d  w e t - d r y  t e s -  a n d  

t h e n  t r a n s f e r r e d  t o  the  l e a c h i n g  program as  t e s t  and  c o n t r o l  

s p e c i m e n s .  F i v e  s e t s  were s u b j e c t  t o  v a r y i n g  w e t - d r y  c o n d i t i o n s  

and  t h e n  t e s t e d  a s  p a r t  of t he  program of  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 .  Three  s e t s  were  r e t a i n e d  as  pare  of  the  we - d r y  t e s t  

program w i t h  d e t a i l e d  d a t a  be ng r e c o r d e d  and were f i n a l l y  t e s t e d  

as  p a r t  of  t he  u n c o n f i n e d  c o m p re s s i o n  program on c o m p l e t i o n  of  t h e  

w e t - d r v  Lesuz.

8 . 2  A P P A R A T U S

The a p p a r a t u s  used compl i ed  w i t h  t he  ASTM s t a n d a r d  a s  d e t a i l e d  i n  

the  PCA (1976c)  b o o k l e t  " S o i l - C e m e n t  f o r  Water  C o n t r o l :  L a b o r a ­

t o r y  T e s t s " .  For  c o n v e n i e n c e  of  h a n d l i n g ,  s pec i men  c a r r i e r s  were 

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

An ASTM s t a n d a r d  w i r e  b rush ,  I mpor t ed  from t he  USA, was us ed .

8 . 3  T E S T  P R O C E D U R E S

The t e s t  p r o c e d u r es  d e t a i l e d  i n  t he  above  m e n t i o n e d  PCA b o o k l e t  

were f o l l o w e d  i n  c o n d u c t i n g  t h e s e  t e s t s .  In the a b s e n c e  of  a 

humid room, humid c u r i n g  was (" a c t e d  by p l a c i n g  the s p e c i me n s  i n
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r a c k s  above  t he  w a t e r  s u r f a c e  of  a c u r i n g  b a t h .  A t e n t  was for.ned 

from o v e r l a p p i n g  p o l y t h e n e  bags which c o v e r e d  the  raLics w i t h o u t  

t o u c h i n g  the  s pe c i m e n s  and w i t h  t h e  edges  l o c a t e d  below the  wa t e r  

l i n e .  T h i s  s y s t e m  produced an a t mo s p h e r e  of  n e a r  U'OX h u m i d i t y  

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

On c o m p l e t i o n  o f  t he  s t a n d a r d  t w e l v e  c y c l e  t e s t ,  t he  s pe c i m e n s  

were d r i e d  a t  110 °C i n  a c c o r d a n c e  w i t h  t he  s t a n d a r d .  C e r t a i n  of  

t h e  s e t s  of  37.5 mm d i a m e t e r  c y l i n d e r s  were no t  s u b j e c t  to  t h i s  

d r y i n g  s t a g e  a s  a c o n t r o l  me a s u r e .  The second s e r i e s  of  t w e l v e  

c y c l e s  f o l l ow e d  e x a c t l y  the  same p r oc e du r e  a* the  f i r s t .  As no t e d  

above ,  o v e n  f a i l u r e  t e r m i n a t e d  t he  t e s t s  p r e m a t u r e l y  a t  t he  s t a r t  

o f  the  t h i r d  s e r i e s  of  t w e l v e  c y c l e s .

Masses  of  a l l  s p e c i me n s  were r e c o r d e d  a f t e r  e v e r y  w e t t i n g  and  

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

c o n t r o l  s pe c i me n s  and the  t h r e e  s e t s  of  37.5 mm d i a m e t e r  c y l i n d e r s  

were a l s o  r e c o r d e d .  These o b s e r v a t i o n s  were t a k e n  w i t h  a v i ew t o  

e x a m i n i n g  a n y  c y c l i c a l  t r e n d s  t h a t  mi gh t  be e v i d e n t  i n  t he  d a t a .

8 . 4  T E S T  RES U LTS

E x a m i n a t i o n  of  t h e  c y c l i c a l  d a t a  f o r  the t e s t  and  c o n t r o l  

s p e c i me n s  and s m a l l  c y l i n d e r s ,  I n d i c a t e d  no p a r t i c u l a r  t r e n d s  

o t h e r  t h a n  a p o s s i b l e  t e n d e n c y  f o r  the  mass to  d e c r e a s e  • l i g h t l y  

i n  t he  f i r s t  few c y c l e s  and i n c r e a s e  s l i g h t l y  t h e r e a f t e r  i n  t h o s e  

s p ec i m e n s  where mass l o s s  due to  b r u s h i n g  was n o t  g r e a t .  As t he  

d a t a  a t  the  s t a r t  and end  of a t w e l v e  c y c l e  s e r i e s  e f f e c t i v e l y  

summar i sed  the  o v e r a l l  r e n d ,  no f u r t h e r  p r o c e s s i n g  of  t h e  c y c l i c  

o b s e r v a t i o n s  was u n d e r t a k e n .

8 . 4 . 1  R e s u l t s  f o r  AST M S t a n d a r d  T e s t  S p e c i m e n s

The t e s t  r e s u l t s  f o r  t he  ASTM s t a n d a r d  s pe c i m e n s  a r e  shown i n  

graph  8.1 which r e f l e c t s  the s o l l - c e m e n t  l o s s  a t  t he  end of  the
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s t a n d a r d  t e s t  p r o c e d u r e . Th i s  g r aph  a l s o  shows the  d a t a  p o i n t s  f o r  

t h e  p r e l i m i n a r y  t e s t s  shown i n  graph 6.2 f o r  c o m p a r i s o n .  A l l  

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

o f  U.25 x ceme n t  c o n t e n t  i n  p e r c e n t ,  s ug g e s t e d  i n  t he  PCA b o o k l e t  

as  a r u l e  of  thumb c o r r e c t i o n  where c o n t r o l  s p e c i m e n s  a r e  n o t  

t e s t e d .

As o b s e r v e d  i n  t he  d i s c u s s i o n  of  t he  p r e l i m i n a r y  t e s t s ,  t he  PCA 

c o r r e c t i o n  a p p e a r s  to be e x c e s s i v e  and  t h i s  i s  b o r n e  ou t  by the  

i n c r e f j e  i n  I n d i c a t e d  l o s s  be t we e n  s pe c i m e n s  w i t h  lb and 20% 

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

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

r e s u l t s  r e f l e c t  somewhat  lower  l o s s e s  t h a n  t hos e  f o r  t he  main  t e s t  

s e r i e s ,  bo th  f o r  t he  t e s t  and c o n t r o l  s p e c i m e n s .  Th i s  i s  e x p l a i n ­

ed on t he  b a s i s  t h a t  t he  t e s t s  were c o n d u c t e d  w i t h  an i n t e r v a l  of  

a p p r o x i m a t e l y  e i g h t e e n  months  be t we e n  t he  p r e l i m i n a r y  and  f i n a l  

t e s t s  and  t h a t  a s i m i l a r  I n t e r v a l  b e t we e n  d a t e  of  m a n u f a c t u r e  or  

t h e  c e men t  used i n  each t e s t  a p p l i e d .  Smal l  d i f f e r e n c e s  i n  cemen t  

p r o p e r t i e s  were  t h e r e f o r e  t o  be e x p e c t e d .  A l l o w i n g  f o r  t h i s  

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

d i f f e r e n c e  be t we e n  the  s o i l s  u s e d ,  t he  r e s u l t s  a r e  c o n s i d e r e d  t o  be 

d i r e c t l y  c o mp a r ab l e .  A l l o w i n g  f o r  t h e  u p t u r n  a t  h i g h  c e m e n t  

c o n t e n t  caused by t he  h i gh  h y d r a t i o n  c o r r e c t i o n ,  t he  h y p e r b o l i c  

n a t u r e  of  the  r e s u l t s  i s  e v i d e n t .  I t  s hou l d  be n o t e d  t h a t  t he  use 

of  t he  PCA c o r r e c t i o n  would a g a i n  produce  c o n s e r v a t i v e  r e s u l t s .

I n  v i ew of t he  d i s t o r t i o n  r e s u l t i n g  f rom the e x c e s s i v e  h y d r a t i o n  

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

d e t e r m i n e  a more a p p r o p r i a t e  e r e c t i o n .  Graph 8.2 shows the  

u n c o r r e c t e d  s o l l - c e m e n t  " l o s s "  f. r t he  c o n t r o l  s p e c i m e n s .  The 

d a t a  r e f l e c t s  a n e g a t i v e  l o s s  i . e .  a g a i n  i n  mass .  The PCA 

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

Thu f i r s t  t h r e e  data p o i n t s ,  c o r r e s p o n d i n g  t o  c e men t  c o n t e n t s  of  

5, 10 and  15% r e f l e c t  a l i n e a r  t r e n d ,  t he  r e g r e s s i o n  l i n e  f o r  t h i s  

t r e n d  i s  shown and has  a c o e f f i c i e n t  ( r  ) of  0.998.  The d a t a  i o r  

t h e  spec imen  w i t h  2 0 % cement  shows a s i g n i f i c a n t  d e v i a t i o n  f rom
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G?9t-H 8.2
WE T - D R T  T E S T  R L 3 U u T S  - O *  CCN R ' -  S P E C : ' ! ' . ' ' " )

a
. J

c
a4#

•wI

9
V

T T T

I o n

3

v\x

Cement Content  i -'

COCPMT*l  # L ?  • -  o s / i 2 / e s - e e i o i s - v  t i



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

r e p r e s e n t e d  by the  p o s i t i v e  l o s s  I n t e r c e p t .  Th i s  i s  e x p l a i n e d  on 

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

w e t t i n g  and  d r y i n g  s t a g e s  of  the  c y c l e  when t h e y  were weighed  and  

measured .  Me a s u r eme n t s  were pe r f o r me d  u s i n g  d i a l  c a l i p e r s  w i t h  

s i x  me a s u r eme n t s  of  d i a m e t e r  and four  of  l e n g t h  b e i ng  t a k e n .  The 

s p e c i me n s  were  a l s o  d r i e d  w i t h  an a b s o r b e n t  c l o t h  a f t e r  s o a k i n g  so 

t h a t  t h e y  c ou l d  be weighed i n  a s u r f a c e  dry  c o n d i t i o n .  These  

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

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

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

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

c o n t e n t  c ou l d  have  c o n t r i b u t e d  to  a l o s s  of  m a t e r i a l .  T h i s  l o s s  o t  

m a t e r i a l  due t o  h a n d l i n g  i s  a l o s s  t h a t  would a p p l y  t o  t he  t e s t  

s p e c i me n s  a s  w e l l  and  should  t h e r e f o r e  be e x c l u d e d  f rom a 

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

S i n c e  t h e r e  i s  no r e a s o n  t o  e x p e c t  t he  h y d r a t i o n  m o i s t u r e  c o n c e n t  

t o  v a r y  n o n - l i n e a r l y  w i t h  c e men t  c o n t e n t ,  a s t r a i g h t  l i n e  t h r ough  

t he  o r i g i n ,  as  used by the  PCA, i s  i n d i c a t e d .  As t h e  s u r f a c e  of  

t h e  s p e c i me n s  w i t h  10% cemen t  and  above  appea r ed  u n a f f e c t e d  by 

s o a k i n g  i n  t h a t  t h e y  d id  n o t  t e n d  t o  become muddy o r  u n e v e n ,  i t

was d e c i d e d  t h a t  t he  d e v i a t i o n  of  t he  s p e c i me n  w i t h  20% c e m e n t

r e p r e s e n t e d  a r e a l  d e v i a t i o n .  A s t r a i g h t  l i n e  d r awn  by e y e  

t h r ou g h  t he  o r i g i n  and the  p o i n t s  f o r  s p e c i m e n s  w i t h  10, 15 and  20% 

c e m e n t ,  y i e l d e d  a s l op e  of  - 0 . 1 2 5 .  A l i n e a r  r e g r e s s i o n  on t h e  

same four  p o i n t s  y i e l d e d  a r e g r e s s i o n  c o e f f i c i e n t  of  U.9b2,  s l o p e  

of  - 0 . 125  and i n t e r c e p t  of 0.03 which i s  n o t  c o n s i d e r e d  t o  d i f f e r  

s i g n i f i c a n t l y  f rom ze ro .  A c o r r e c t i o n  f o r  h y d r a t i o n  m o i s t u r e  

c o n t e n t  of  0.125 x cemen t  c o n t e n t  was t hus  a p p l i e d  and i s  shown on

t h e  graph .

T h i s  c o r r e c t i o n  i s  h a l f  t h a t  recommended by the  PCA. P o s s i b l e  

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

p r o p e r t i e s  be t ween  US and South A f r i c a n  c e m e n t s ,  d i f f e r e n c e s  i n  

e x p e r i m e n t a l  p r oc e d u r e  and the f a c t  t h a t  the  e f f e c t  of  t he  

d i f f e r e n c e  i s  s m a l l  a t  low cement  c o n t e n t s  and i n  t e rms  of  t he
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c r i t i c a l  l o s s  c r i t e r i a .  I t  s hou l d  be n o t e d  t h a t  i n  p r o p o s i n g  a 

g e n e r a l l y  a p p l i c a b l e  " r u l e  of  thumb such as the  PCA s,  

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

f o r  the  h y d r a t i o n  c o r r e c t i o n  to  be a p p l i e d  on the  b a s U  ~>t c o n t r o l  

s pe c i m e n s  as  an  a l t e r n a t i v e  t e c h n i q u e .  Cons equen t  1 / ,  s i n c e  i t  

c o n s i d e r e d  t h a t  t he  t e s t  p ro c e d u r es  used  were i n  a g r e e m e n t  w i t h  

t hos e  l a i d  down,  i t  i s  f e l t  t h a t  t he  above  d i f f e r e n c e  i n  h y d r a t i o n  

a d j u s t m e n t s  i s  n o t  s i g n i f i c a n t .

The c u m u l a t i v e  mass l o s s  d a t a  f o r  the  two s e t . e s  a r e  r e f l e c t e d  i n  

graph ti.3 on which  cemen t  c o n t e n t  i s  p l o t t e d  on a r e c i p r o c a l  s c a l e  

i n  o r d e r  t o  l i n e a r i z e  t he  d a t a  and  p r o v i d e  s e p a r a t i o n  b e t we e n  the  

c u r v e s .  Each p l o t t e d  p o i n t  r e p r e s e n t s  t ne  a v e r a g e  of  two o b s e r ­

v a t i o n s .  This  p l o t  i l l u s t r a t e s  t he  s e m i - h y p e r b o l i c  n a t u r e  of  tne  

d a t a .  The c u r v e s  c o n v e . g e  a t  a c e men t  c o n t e n t  of 154 c e m e n t ,  

i n d i c a t i n g  t h a t  no s i g n i f i c a n t  l o s s  o cc u r s  a f t e r  t w e l v e  c y c i s s  t o r  

s pe c i m e n s  w i t h  cemen t  c o n t e n t s  above  t h i s .  The s l i g h t  u p t u r n  

f rom 15 t o  205 p o s s i b l y  i n d i c a t e s  t h a t  t he  h y d r a t i o n  c o r r e c t i o n  i s  

s t i l l  s l i g h t l y  h i g h  but  t he  d i f f e r e n c e  of  0.08 i s  w i t h i n  t h e  bounds  

o f  e x p e r i m e n t a l  e r r o r .

The i n d i c a t e d  c r i t i c a l  mass l o s s  f o r  t h i s  s o i l  i s  145,  a s  f o r  the 

o r i g i n a l  s o i l  2, and from g raph  8.3 i t  can be s ee n  t h a t  t h e  

I n d i c a t e d  ceme n t  c o n t e n t  i s  a p p r o x i m a t e l y  2 . 45 .  Thi s  a g r e e s  w i t h  

t he  2.35 i n d i c a t e d  t o :  s o i l  2 w i t h o u t  c o a r s e  f r a c t i o n  i n  t h e

p r e l i m i n a r y  t e s t s .

The r e s u l t s  f o r  the two s e r i e s  of  t w e l v e  w e t - d r y  c y c l e s  a r e  

summar i s ed  in  t a b l e  8 .1 .

Graph 8.4 shows the  r a t i o  of  the  s o i l  cemen t  l o s s  i n  t he  s e co n d  

s e r i e s  t o  t h a t  i n  the  f i r s t .  The graph as  p l o t t e d  has  two a p p a r e n t  

p o r t i o n s ,  but  p r oba b l y  has  a h y p e r b o l i c  c h a r a c t e r i s t i c .  Above a 

r a t i o  of  o n e ,  t he  r a t e  of  m a t e r i a l  l o s s  i s  I n c r e a s i n g ,  t h u s  

i n d i c a t i n g  an u n s t a b l e  s i t u a t i o n ,  the  s pe c i m e n s  w i t h  25 c e men t  

f a i l e d  d u r i n g  the  second s e r i e s .  Below a r a t i o  of o n e ,  t he  r a t e  of 

m a t e r i a l  l o s s  d e c r e a s e s ,  i n d i c a t i n g  c o n v e r g e n c e  on a s t a b l e ,  no
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l e a s ,  c o n d i t i o n .  At a cemen t  c o n t e n t  of  abou t  16%, t he  r a t i o  

becomes  n e g a t i v e  I n d i c a t i n g  a g a i n  of  m a t e r i a l  i n  the  s econd  

c y c l e .  S i n c e  t he  h y d r a t i o n  c o r r e c t i o n  I s  a p p l i e d  as  a f a c t o r  of  

c e m e n t  c o n t e n t  o n l y ,  the  r a t i o  i s  u n a f f e c t e d  by a c ha nge  In  t he  

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

o c c u r r i n g  d u r i n g  e v e r y  w e t t i n g  c y c l e ,  p r e sumab l y  l e a d i n g  t o  a 

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

a n d  a b r a s i o n .

The t e n d e n c y  of the m a t e r i a l  t o  c o n t i n u e  h y d r a t i n g  w i t h  e v e r y  

w e t t i n g  cy l e  i s  c o n f i r m e d  by the mass l o s s  i n c r e m e n t s  f o r  t he  

c o n t r o l  s p e c i m e n s  i n  the  second  s e r i e s  as  shown i n  t a b l e  8.1.  The 

s p e c i m e n s  w i t h  cemen t  c o n t e n t s  of 10, 15 and 20% show mass g a i n s  

of  0 .21,  0.24 and  0.24% r e s p e c t i v e l y  w h i l e  t h o s e  w i t h  5% cemen t  

show a l ous  of  0.13%. The c o n s i s t e n c y  of  t he  r e s u l t s  f o r  t he  

s pe c i m e n s  w i t h  Higher  cemen t  c o n t e n t s  i n d i c a t e s  t h a t  f u r t h e r  

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

t h i s  i s  bo r ne  ou t  by the r e s u l t s  f o r  t he  37.5 mm d i a m e t e r  c y l i n d e r s  

d i s c u s s e d  i n  s e c t i o n  8 . 4 .2 ,  be low.

The n o n - s t a n d a r d  t e s t  s pe c i m e n s  a r e  a t s u  p l o t t e d  on the  g r aphs  

d i s c u s s e d  above  and show a d i s t r i b u t i o n  about  t he  r e s u l t s  f o r  t h e  

s t a n d a r d  s p e c i m e n s .  On l y  one s pec i men  compacted wet  of  opt imum 

I s  i n c l u d e d  as  the o t h e r  b r o k e  d u r i n g  h a n d l i n g ,  s h o r t l y  a f t e r  

c o m p a c t i o n .  The s pe c i m e n s  compacted d ry  of  opt imum show t h e  

g r e a t e s t  l o s s ,  t h a t  wet  of opt imum shows a l o s s  s l i g h t l y  g r e a t e r  

t h a n  f o r  t he  s t a n d a r d  s pe c i m e n s  and t h o s e  p r ep a r e d  a t  a h i g h e r  

d e n s i t y  show a l o s s  s l i g h t l y  below t h a t  t o r  t h e  s t a n d a r d  

s p e c i m e n s .  Whi le t h e se  r e s u l t s  a p p e a r  to a g r ee  r e a s o n a b l y  w i t h  

what  mi gh t  be i n t u i t i v e l y  e x p e c t e d ,  i t  would be n e c e s s a r y  Co 

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

t i o n s  i n  b e h a v i o u r  be t ween  t h e s e  s p e c i me n s  a r e  n o t  l#.rge i n  t e r m s  

of  t he  s p e c i f i e d  mass l o s s  c r i t e r i a  and would have  v e r y  l i t t l e  

e f f e c t  on t he  r e s u l t s  o b t a i n e d  in  t he  f a i l u r e  zone  u n l e s s  t he  

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

which  i s  c o n s i d e r e d  u n l i k e l y .



j . 4 . 2  R e s u l t s  f o r  3 7 . 5  mm D i a m e t e r  T e s t  S p e c i m e n s

The t e s t  1^ s u l t s  for the smal l  c y l i n d e r s  are summarised i n  t ab l e

8 . 2  without  a hy dr a t i o n  c o r r e c t i o n .

The spec imens  s ubj e c t  to d r y i n g  at 110 C show mass g a i n s  cf  1.77 

and 1.94% for the two s e t s  in the f i r s t  s e r i e s  whereas the g a i n s  i n  

the second s e r i e s  d i f f e r  by o n l y  0.04%. These spec imens  were

prepared s e v e n  days  apart  and so were cured s e p a r a t e l y ,  the  

d i f f e r e n c e  i n  behaviour in the f i r s t  s e r i e s  thus i n d i c a t e s  a

v a r i a t i o n  in c u r i ng  c o n d i t i o n s .

The spec imens  not  s ubj ec t  to d r y i n g  at  110 C show a gr e a t e r  g a i n ,  

r e f l e c t i n g  mois ture  not d r i v e n  o f f  at  72 C. The l o s e  i n c r e m e n t  

for  the second s e r i e s  i s  s l i g h t l y  l e s s  than for  the other  spec imens  

but the d i f f e r e n c e  of 0.03% cannot  be c o n s i d e r e d  s i g n i f i c a n t .  The 

mass g a i n s  i n  the f i r s t  s e r i e s  should be compared wi t h  that  of

1.09% for the s tandard c o n t r o l  s pec imens  wi th 1 0 % cement ,  t h i s  

i n d i c a t e s  a s u b s t a n t i a l  I ncrease  i n  h yd r a t io n  moi s ture  c o n t e n t  

for  the s mal l  s p e c i m e n s .  L i k e w i s e ,  the g a i n s  of  0.43 to 0.47% i n  

the second s e r i e s  should be compared wi th the 0 . 2 1 % shown i n  t ab l e  

8. 1 .  S ince  s e t s  P and S of the smal l  c y l i n d e r s  were cured and

t e s t e d  together  wi th the c o n t r o l  s pec i mens ,  i t  would appear that  

the r e l a t i v e l y  greater  surface  area of t u'. s m a l l e r  spec i mens  

permi t ted  a greater  i n t a k e  of mois ture  during c u r i ng  and t e s t i n g .

As the s mal l  c y l i n d e r s  show a mass ga in  for  both f i r s t  and second  

s e r i e s ,  the r a t i o  i s  p o s i t i v e ,  t h i s  s ug g e s t s  that  the curve  shown 

in  graph 8.4 may return above the zero r a t io  l i n e  at  cement  

c o n t e n t s  In e x c e s s  of  30'  f j r  the s t a n d a r d  w e t - d r y  s pec i mens .

8 . 4 . 3  C o r r e l a t i o n  w i t h  L e a c h i n g  T e s t  R e s u l t s

In  v i e w of t he  s t i t i ' d  o b j e c t i v e  of p r o v i d i n g  some c o r r e l a t i o n  

be t ween  the  r e s u l t s  o i  the w e t - d r y  and l e a c h i n g  t e s t s ,  the  

con e r g e n c e  ;hown i n  graph 8.3 and t he  co r r e s po n d i ng  l e v e l l i n g
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TABLE 8 . 2  
WET-DRY T E S T  RESULTS FOR 

SMALL CYLINDERS WITHOUT H Y iRA T IO N  CORRECTION

Specimen
No

I n i t i a l  j 
Dry 

Mass 
(6)

FIRST
s-c

loss
%

SERIES
A v g

loss
X

SECOND 
s - c  loss  
1ncrera ' t  

1

SERIES| Rat io  
Avg | l o s s  (2)  
l o s s  | to  
% j l o s s  (  1)

Avg
r a t i o

%

C u m m u l -
a t l v e

s - c
l o s s

Avg
l o s s

X

SET P - 10/100

01-10/100 157.891 - 1 . 3 6 - 0 . 4 3 0.31 - 1 . 79
08-10/100 157.273 -2 . 12 - 0 . 43 0.20 - 2 . 5 5
15-10/100 157.774 - 1 . 73 - 0 . 44 0.25 -2 . 17
22-10/100 157.424 - 2 . 0 8 - 0 . 4 3 0.21 - 2 . 52
29-10/100 157.773 -1 .54 - 0 . 4 0 0.26 - 1 . 9 3
36-10/100 158.035 - 1 . 7 8 -1.77 -0 .47 - 0 . 43 0.26 0.25 - 2 . 24 - 2 . 2 0

SET 0-10/108

07-10/109 157.826 - 1 . 6 5 - 0 . 4 8 0.26 - 2 .3 4
14-10/108 157.452 - 2 . 16 - 0 . 48 0.22 - 2 . 6 4
21-10/108 157.763 I -1 . 73 - 0 . 4 3 0.25 - 2 . 1 5
28-10/108 157.308 | -2 .14 - 0 . 49 0.23 - 2 . 6 2
35-10/108 157.910 | - 1 . 7 8 - 0 . 46 0.26 -2 . 1 4
06=10/108 157.655 | -2.01 -1 .94 - 0 . 5 0 -0 .47 | 0.25 0.24 -2 . 51 - 2 . 42

SET S - I 0/100 (not  s ub j e c t  to dry In, a t 110 °C, max 72 °C)

19-10/100 157.311 1 - 2 . 19 -0 . 46 | 0.21 - 2 . 6 4
26-10/100 157.672 | - 2 . 1 0 -0.41 | 0 .20 -2 . 51
33-10/100 157.906 i - 1 . 99 -0 . 4 5 | 0.23 - 2 . 4 4
11-10/100 157.270 | -2 .17 -0 .47 | 0.21 - 2 . 6 3
18-10/100 157.848 | - 2 . 09 -2.11 - 0 . 38 - 0 . 4 3 I 0.18 0.21 -2 . 47 -2 .54

Cement fon t  viV of a l l  spec t mens 10% of  d ry  macs of  s o i l .



/  /

orf  shown In graph 8.4 i n d i c a t e  p o s s i b l y  c h a r a c t e r i s t i c  behaviour  

of  the e x t e nde d  w e t - d r y  t e s t s  which n i g h t  provide  a ba s t s  for such 

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

8 . 4 . 4  A l t e r n a t i v e  T e s t  P r o c e d u r e s

The s c a l e  e f f e c t  d i s c u s se d  above i n d i c a t e s  j u s t  how e m p i r i c a l  the  

w e t - d r y  t e s t  i s  in terms of  s p e c i f i e d  c r i t i c a l  mass l o s s  c r i t e r i a .  

This  s ug g e s t s  that  any attempt to deve l op  an a l t e r n a t i v e  l a b or a ­

tory  t e s t  that  can be conducted in l e s s  t ime,  wi th  l e s s  e f f o r t  w i l l  

require  a s u b s t a n t i a l  program of i n v e s t i g a t i o n  to prov i de  c o r r e ­

l a t i o n .  In v i e w of  the widespread acce ptance  of  the s tandard  t e s t  

procedure and the v a s t  amount of  s uppor t i ng  e x p e r i e n c e ,  any  

a l t e r n a t i v e  t e s t  w i l l  have to prov ide  s u b s t a n t i a l  s a v i n g s  of  t ime  

and e f f o r t  in order to gain a cce pt ance .

The o b s e r v a t i o n  that  mass gain  wi th  p r o g r e s s i v e  w e t t i n g  c y c l e s  

appears to be r e l a t e d  to r e l a t i v e  s ur face  area,  s ugges t s  a p o s s i b l e  

b a s i s  for  an a l t e r n a t  ve t e s t .  Assuming that the rate of  d e t e r i o ­

r a t i o n  of  the s tandard t e s t  specimen i s  l a r g e l y  a f u n c t i o n  of  the  

degree of  surface  abs orot l on  and d r y i n g ,  i t  l e  p os s i b l e  t hat  where 

spec imens  wi th r e l a t i v  l y  high cement  c o n t e n t s  show a c c e l e r a t e d  

mass g a i n s ,  those  wi th  low cement  c o n t e n t s  may show a c c e l e r a t e d  

d e t e r i o r a t i o n .  This  sugges t s  the p o s s i b i l i t y  of reduc i ng  the  

s o a k i n g  period for s mal l  specimens  s ubj ec t  to o th e r w i s e  s tandard  

c o n d i t i o n s ,  a doubt ful  b e n e f i t .  A l t e r n a t i v e l y ,  the number of  

w e t t i n g  and d r y i n g  c y c l e s  might be reduced thus reduc i ng  the  

o v e r a l l  t e s t  per i cd .

If  the d e t e r i o r a t i o n  i s  l a r g e l y  a s ur f ac e  e f f e c t ,  i t  i s  p o s s i b l e  

that  the removal  of  weakened ma t er i a l  from the s u r f ac e  of  the  

specimen by brushing,  i s  not e s s e n t i a l  to  the conduct  of  the t e s t  

cs the weakened mat e r i a l  i s  a lmost  c e r t a i n l y  r e l a t i v e l y  perme­

able .  This  s ug g e s t s  that  s tandard soec imens  might be s u b j e c t  to  

the s tandard t e s t  procedure wi thout  c r ush i ng ,  thus reduc i ng  the  

t ime required on a d a i l y  b a , l s .  Specimens  thus t reated  might then
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be a n a l y s e d  pure ly  on mass change during Che t e s t  or subj ec t  to  a 

modi f i e d  brushing procedure at  the c o n c l u s i o n  of  the w e t - d r y  

c y c l e s .

E x t e n d i n g  t h i s  proposal  to the s ma l l  c y l i n d e r s  used here,  the  

s c a l e  e f f e c t  could be e x p l o i t e d  to a l l ow  s horter  w e t t i n g  and 

d r y i n g  periods  l e a d i n g  to a 24 hour c y c l e  i n s t e a d  of the p r e s e n t  48 

hours .  Mass change data could then again  be c o n s id e r e d  wi thout  

ab r a s i o n  or abras i on  could be a p p l i ed  at  the end of  the w e t - d r y  

c y c l e s .  The s mal l  s i z e  of  the t e s t  specimen would then l end  

i t s e l f  to  the conduct  of  an a b r a s i o i  t e s t  u s i n g  the tyoe  of  

v i b r a t i n g  tumbler used by B l i g h t  in the des i gn  o f  s t a b i l i z e d  

b r i q u e t t e s  of  c o a l  and ores  for m e t a l l u r g i c a l  use and des cr i bed  i n  

appendi x  B. This  would e l i m i n a t e  the p o t e n t i a l  for  error  i n h e ­

r e n t  in the a p p l i c a t i o n  of  the manual brushi ng t echnique  w h i l e  at  

the same t ime f ur ther  reducing the t ime required to conduct  the  

t e s t .  A t e s t  based on the above proposal s  could be conducted i n  19 

days  i n s t e a d  of 31 and would permit  c o n s i d e r a b l y  more spec imens  to  

be t e s t e d  wi th e x i s t i n g  f a c i l i t i e s  and manpower. I t  i s  c o n s i d e r e d  

that  i n v e s t i g a t i o n  of t h i s  t echnique  could be warranted in terms  

of  the p o t e n t i a l  s a v i n g s .

The use of  u n c o n f i n e d  compres s i ve  s t r e n g t h  as a measure of

d e t e r i o r a t i o n  might a l s o  be c o n s i d e r e d .

8 . 5  CONCLUSIONS

The s u i t a b i l i t y  of  the s o i l  from the Rondebosch Dca s i t e  for use as 

s l o p e  p r o t e c t i o n  i s  conf i rmed.  A cement  c o nv e nt  of  2.4% i s  

i n d i c a t e d  to s a t i s f y  the s tandard mass l o s s  c r i t e r i a  for  the  

m a t e r i a l  wi thout  f i n e s .  On the b as i s  of  the p r e l i m i n a r y  t e s t

r e s u l t s ,  a cement c o n t e n t  of  2 % for the complete  s o i l  wi th coars e  

f r a c t i o n  i s  cons i derad  c o n s e r v a t i v e .  In accordance wi th the PC', 

recommendat ions ,  a cement c o n t e n t  of 4:  i s  i n d i c a t e d  for s o l l -  

cement  s l ope  p r o t e c t i o n  to be used over  the expe c t e d  range of

r e s e r v o i r  l e v e l s .
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D e t a i l e d  caass and d i m e n s i o n a l  o b s e r v a t i o n s  for e v e r y  c y c l e  do not  

prov i de  data of  any s i g n i f i c a n c e  and the c o n v e n t i o n a l  mass 

o b s e r v a t i o n s  at  the s t a r t  and end of the s tandard t e s t  procedure  

are s u f f i c i e n t .

The e x t e n s i o n  of  the t e s t  procedure to  i nc l ude  a second s e r i e s  of  

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

the long  term behaviour of  s o l 1 - c e m e n t  subjec t  to w e t t i n g  and 

d r y i n g  c y c l e s .  For the s o i l  in q u e s t i o n ,  no s i g n i f i c a n t  f ur t he r  

l o s s  of  ma t er i a l  occurs  a f t e r  the f i r s t  s e r i e s  of  t w e l v e  c y c l e s  for  

s o i l - c e r a e n t  c o n t a i n i n g  more than 15% cement .  Above a cement  

c o n t e n t  of  16% s pec imens  show an i n c r e a s e  i n  mass due to  

c o n t i n u i n g  h yd r a t io n  dur ing  the w e t t i n g  s tage  of the  t e s t .  

Specimens wi th  a cement  c o n t e n t  above 6 % show a d i m i n i s h i n g  rate  

of  m a t e r i a l  l o s s  which s ug g e s t s  c o n v e r g e nc e  on a s t a b l e  no l o s s ,  

s i t u a t i o n .  I t  i s  c o ns i d er e d  that  these  t rends  have p o t e n t i a l  for  

c o r r e l a t i o n  wi th the r e s u l t s  of  the l e ac h i n g  t e s t s .

The e f f e c t  of  w e t t i n g  and d r y i n g  c y c l e s  on other p r o pe r t i e s  of  thr 

ma t e r i a l  are d i s cu s se d  in the r e l e v a n t  s e c t i o n s .

The standard 37.5 mm diameter  c y l i n d e r s  e x h i b i t  pronounced s c a l e  

e f f e c t s  which conf i rm c e r t a i n  t rends  observed wi th the s tandard  

ASTM t e s t  spec i mens .  A t e n t a t i v e  procedure which could s i g n i f i ­

c a n t l y  shorten  the t ime required to conduct  w e t -d r y  t e s t s ,  as w e l l  

as I n c r e a s i n g  the number of  spec imens  that  could be t e s t e d  at  one  

t i m e ,  i s  proposed.  This  makes use of  the observed s c a l e  e f f e c t s  t o  

shor t en  the t ime required for  one cycl».  and sugges t s  mechani ca l  

abras i on  on c ompl e t i on  of the w e t t i n g  and d ry i n g  c y c l e s .  C o n s i ­

derable  further  research i s  required to conf i rm these o b s e r v a t i o n s  

and to de ve l op  a s imple  and reproduci bl e  l aboratory  t e s t  which  

must prov ide  a s imple  c o r r e l a t i o n  wi th  the e x i s t i n g  t e c h n i q u e .
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C H A P T E R  9

L E ACHI NG T E S T S

9 . 1  I NT RODUCT I ON

The o b j e c t i v e s  of  the l e a c h i n g  t e s t s  were: -

a.  To examine  t e e f f e c t  on p e r m e a b i l i t y  of  prolonged seepage.

b.  To de t ermi ne  to -hat  e x t e n t  cement  was leached from the s o i l -  

cement  by p e r c o l a t i n g  water and thus whether l e a c h i n g  was 

l i k e l y  to  be a c r i t i c a l  f ac t or  in  des i gn  over  the i n t e n d e d  

l i f e  of  the s o i l - c e m e n t  dam and i f  so ,  what p r o v i s i o n  should  

be made for  l e a c h i n g  in d e s i g n .

c .  To determi ne  to what e x t e n t  p er m e a b i l i t y  and l e a c h i n g  were 

i n f l u e n c e d  by f a c t o r s  such as d i f f e r e n t  compact ion and c u r i ng  

c o n d i t i o n s  and d i f f e r e n c e s  in p e r c o l a t i n g  water.

d. To I n v e s t i g a t e  whether a s i mpl e r  t e s t  i n  the form of  a 

" l e a c h i n g  bath" could be used to ob t a i n  comparable r e s u l t s  at  

l ower c o s t .

e .  To e s t a b l i s h  whether the ASTM standard w e t t i n g  and d r y i n g  

t e s t  descr i bed  in chapter 8  could be used as an i n d i c a t o r  of  

the r e s i s t a n c e  of  s o l 1 - cemeut  to l e a c h i n g .

As noted in chapter  4,  e x p e r i e n c e  wi th  s o i l - c e m e n t  in s l o p e  

p r o t e c t i o n  and other  a p p l i c a t i o n s  in the Uni ted  S t a t e s  i n d i c a t e d  

that  l e a c h i n g  was not  a s i g n i f i c a n t  problem.  Hansen (19 9a) no t e s  

that  "in the range of  cement  c o n t e n t s  u s u a l l y  used for s o i l - c e m e n t

L E A C H I N G  T E S T S



s l ope  p r o t e c t i o n  (> 1 0 % by weight  of  dry s o l i )  we have n o t i c e d  no 

e v i d e n c e  of  l e a c h i n g  of c e m e n t i t i o u s  m a te r i a l " .  However,  the 

r e s u l t s  of  Jackson ( I9b5) toge ther  wi th the v i e ws  e x p r e s s e d  by a 

number of p r a c t i s i n g  e n g i n e e r s  i n d i c a t e d  that  concern  about the 

p o s s i b l e  e f f e c t s  of  l e a c h i n g  was l i k e l y  to be a major o b s t a c l e  to  

the acce ptance  of  the concept  o f  the s o i l - c e m e n t  dam. i t  was 

a c c o r d i n g l y  dec i ded that  a major p or t i on  of  the research  e f f o r t  

should be devoted to i n v e s t i g a t i n g  th„s a s pe c t .

As wi th other e l em e n t s  of  toe t e s t  program, a s e t  of  s tandard  

c o n d i t i o n s  were d e f in e d  and the e f f e c t  of  v a r y i n g  t hese  c o n d i ­

t i o n s  was then I n v e s t i g a t e d .

The 7<: x 37.5 mm specimen was used as s tandard wi t h  t w e l v e  d i s k  

spec imens  from the l o n g - t e r m c o n s o l i d a t i o n  program, de s c r i be d  i n  

chapter  13, used to i n v e s t i g a t e  the e f f e c t  of  a d i f f e r e n t  l e n g t h  to

diameter  r a t i o  for s i m i l a r  vo l ume .

Standard c o n d i t i o n s  of compact ion at  optimum mois ture  c o n t e n t  and 

maximum dry d e n s i t y  wi th 10% cement  were adopted.  A d d i t i o na l  

spec i mens  were compacted 1 % wet i nd dry of  optimum mois ture  

c o n t e n t  and 2 % above standard proctor  maximum dry d e n s i t y ,  o t he r s  

were compacted at cement c o n t e n t s  of  0, 5, 15 and 20%.

Two batches  of c o n c r e t e  mortar ( mi c r o c o n c r e t e )  were d es i g n e d  by Mr 

C. Thompson of the Port l and Cement I n s t i t u t e  to s i m u l a t e  the 

mortar that  might be expected  in a low q u a l i t y  h e a r t i n g  c o n c r e t e .  

The mi xes  were des i gned  to g i v e  cement  c o n t e n t s ,  p e r m e a b i l i t y  and 

s t r e n g t h  v>. ues of  s i m i l a r  magnitude to that  of s o i l - c e m e n t .  This  

was done to permit  a reas onabl e  comparison wi t h  one of  the 

m a t e r i a l s  that t h i s  resear h proposes  to repl ace  wi th s o i l - c e m e n t .  

The mi c r oconcre t e  was cas t  in beam moulds by the PCI and t e s t  

spec imens  were prepared by t a k i n g  cores  from the beams.

A number of  specimen were s p l i t  a x i a l l y  to  exam. ne the behaviour

of t e n s i o n  crac ks  under f l ow.
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The 9 tani_ard cure of  7 days humid and 21 days  s ea l ed  was adopted  

wi t h  furt l i er spec imens  subjec t  to v a r i a t i o n s .  These i n c l ud e d  28 

day humid cure ,  7 day hum id cure f o l l ow e d  by 21 days  in  the  

l e a c h i n g  bath and spec imens  s ubj ec t  to the s tandard w e t t i n g  and 

d r y i n g  t e s t  as des cr i bed  in chapter  8  but wi thout  the f i n a l  d r y i n g  

at  1 10°C, Other spec imens  were s ubj e c t  to e x t e nde d  per i ods  of  

s e a l e d  cure of  77 and 343 days .

In order to  at tempt  to s i mu l a t e  the e f f e c t  of  l e a c h i n g  on a

s t r u c t u r e  wi t h  a des i  n l i f e  of  at  l e a s t  f i f t y  y ears  i n  a

r easonabl e  t ime in the l abora t ory ,  i t  was decided to a t t empt  to

a c c e l e r a t e  the l e a c h i n g  process  by i n c r e a s i n g  the h y d r a u l i c  

g r a d i e n t  and thus the f low of  water through the specimen i n  u n i t  

t i m e .  This i s  the same approach adopted by Jackson (1965) who used 

a g ra d i e nt  of  187. I t  was however f e l t  that  i n  v iew of  the t ime  

dependent  nature  of  the c ur i ng  of cement ,  the g ra d i e n t  should be 

l i m i t e d  to one that  could be r e l a t e d  to a p r a c t i c a l  s i t u a t i o n .

The s t r uc t ur e  ana l ysed  in chapter  3 i s  a homogeneous embankment  

wi thout  d r a i n s  and the g r a d i e nt  through the embankment would 

a c c o r d i n g l y  be approx i mate l y  I m/m. The l i m i t i n g  case  f or  s o i l -  

cement  as a water r e t a i n i n g  membrane was c o ns i dered  to be that  of  

c o n v e n t i o n a l  s o i 1 - c e m e n t  s lope  p r o t e c t i o n  backed by d r a i n s .  In 

the extreme i se ,  t h i s  might have a normal t h i c k n e s s  of  1 m at  a 

depth of 50 m below the water s u r f a c e .  It  was t he r e f or e  dec i ded  

t ha t  a g r a d i e nt  of 50 was vhe upper l i m i t  of c o n c e i v a b l e  s i t u a t i o n s  

and t h i s  g r a d i e n t  was adopted as the s tandard.  This  i s  e q u i v a l e n t  

to o n l y  ha l f  the width of  one p lacement  s t r i p  across  the f u l l  width  

of  a 50 m so L-cement embankment r e t a i n i n g  the f u l l  r e s e r v o i r

head.

In order ro come somewhat c l o s e r  to the proposed u n i t  g r a d i e n t ,  

t w e l v e  spec imens  were t e s t e d  a t  a gr a d i e n t  of  10. A f ur t he r  

e i g h t e e n  s pec imens  were t e s t e d  at a g r a d i e n t  of 136 i n  order to  

ccrae c l o s e r  to Jacksons  t e s t  c o n d i t i o n s  is w, is to exami ne  the  

e f f e c t  of  i n c r e a s i n g  gradient  on the t e s t  r e s u l t s .  The as sumpt ion  

i n  Jacksons  r e s e a r c h  i s  that  it  the g ra d i e nt  i n  the f i e l d  i s  u n i t y .



then Che use of  a g ra d i e n t  of 50 in a l aoor a tor y  t e s t  run for  one  

year  w i l l  s i m u l a t e  the degree of  d e t e r i o r a t i o n  that  would be 

e x p e c t e d  in f i f t y  years  in the f i e l d .  The spread of  g r a d i e n t s  was 

chosen wi th a v i e w to e x a mi n i n g  t h i s  as sumpt ion .

Standard l e a c h i n g  medium was d e - a i r e d  d i s t i l l e d  water which was 

s e l e c t e d  as i t  was r e a d i l y  a v a i l a b l e  and was i n t e r n a t i o n a l l y  

r eproduc i b l e .  The d e - a i r i n g  and s torage  apparatus was de s i g n e d  to  

k«»ep r e - a b s o r p t i o n  of  a i r  by water in s t orage  to a minimum. Since  

many r e s e r v o i r s  c o n t a i n  ac id water as a r e s u l t  of  d i s s o l v e d  carbon  

d i o x i d e ,  18 spec imens  were t e s t e d  with carbonated water produced 

by bubbl ing  CÔ  through d e - a i r e d  d i s t i l l e d  water .  A f ur t he r  15 

sp ec i mens  were t e s t ed  wi th water drawn from the r e s e r v o i r  formed 

by the Rondebosch Dam, Middelburg,  on the s i t e  from which the s o i l  

samples  were t a k e n .  This  water was f i l t e r e d  hrough a 5 micron  

f i l t e r  to remove spores  which might  c o n t ami n a t e  the apparatus but 

was o th e r w i s e  unt re a t ed  in order to  s i mul a t e  as c l o s e l y  as  

p o s s i b l e  the water that  would p e r c o l a t e  through the rea l  s t r u c t u r e .

Standard l e a c h i n g  period was 2bb days  (38 weeks)  wi th  a d d i t i o n a l

spec imens  s ubj ec t  to periods  of  587 and 904 days .  I t  was proposed  

to t e s t  spec imens  a t  s orter  l e a c h l n  per i ods  of  28, 56 and 1 1 2

d a y s .  The s e t s  for  t e s t i n g  it 112 days  were placed In the l e a c h i n g

c e l l s  but owing to problems wi th the t r i a x i a l  equipment ,  i t  was 

not  p o s s i b l e  to t e s t  them at the s p e c i f i e d  age and they  were 

a l l o w e d  to run f u l l  term, the t e s t s  at  28 and 52 days  were 

t h e r e f or e  not p o s s i b l e .  Problems wi th the t r i a x i a l  equipment  a l s o  

r e s u l t e d  in the e x t e n s i o n  of the o r i g i n a l l y  proposed 224 day 

l e a c h i n g  period to the 266 day period f i n a l l y  used.  The s tandard  

period was a compromise  between the t eed o ise i s  l ong  a per iod as 

p o s s i b l e  i n  order to o b t a i n  meanin f u l  r e s u l t s  and the need to  

complete  the l aborat  ry program n i reasonable  t ime.

S t a n d a r d  s e t  s i z e  was s i x  s pe c i me n s  w i t h  s e t s  of t h r e e  sp ec i mens  

used  i n  c e r t a i n  I n s t a n c e s  f o r  purposes  >t n t e r p o l a t i o n .  Two 

s p e c i me n  s e t s  were used fo r  d i s k  s p e c i me n s  where i p p a r a t u s  f o r  

f i n a l  t e s t i n g  was l i m i t e d .

L E A C H I N G  T E S T S 9 . 4



A t o t a i  o t  192 s pe c i m e n s  were s u b j e c t  t o  l ong  terra p e r c o l a t i o n  and  

an  a d d i t i o n a l  90 s p e c i me n s  were t e s t e d  i n  the l e a c h i n g  b a t h .  The 

c o n t r o l  s p e c i me n s  used i n  I n t e r p r e t i n g  t h i s  d a t a  were p r e p a r e d  

t o g e t h e r  w i t h  t he  t e s t  s pe c i me n s  and  a t  t he  a p p r o p r i a t e  age were 

s u b j e c t  t o  t r i a x i a l  o r  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 ,  a t o t a l  of  59 

s e t s  of c o n t r o l  s pe c i m e n s  were t e s t e d .  The r e s u l t s  of  t h e s e  t e s t s  

a r e  d i s c u s s e d  i n  c h a p t e r s  10 and 11.

9 . 1 . 1  C o n s i d e r a t i o n  o f  T MS W a t e r

. lie D epa r t men t  of  Water  A f f a i r s  r e q u e s t e d  t h a t  t he  r e s e a r c h  

program be expande d  to i n c l u d e  a v e r y  pure w a t e r  ( low d i s s o l v e d  

s o l i d s )  r i c h  i n  humic a c i d  from the  Ta b l e  Mo u n t a i n  S a n d s t o n e  ( IMS)  

r e g i o n  o f  the  Cape P r o v i n c e ,  an a r e a  i n  which p r ob l ems  w i t h  

c o r r o s i o n  of  c o n c r e t e  ir.  w a t e r  r e t a i n i n g  s t r u c t u r e s  had been  

e x p e r i e n c e d .  A d e t a i l e d  r e v i e w  of  l i t e r a t u r e  i i u n d e r t a k e n  and 

the  f o l l o w i n g  i n f o r m a t i o n  o b t a i n e r i : -

i .  Bond v 1946) c l a s s i f i e s  wa t e r  f rom both the  IMS and  Mi dde l bur g

r e g i o n s  as  pu r e ,  h a v i n g  d i s s o l v e d  s o l i d s  l e s s  t h a n  150 p a r t s  

per  m i l l i o n  and  pH l e s s  t h a n  7.1.  Data i n  Bond i n d i c a t e s  t h a t  

a l t h o u g h  the  " d a r k  brown c o l ou r e d  a c i d  w a t e r s  f rom TMS i n  Cape 

P r o v i n c e "  have  v e r y  low pH v a l u e s  when compared w i t h  o t h e r  

w a t e r s  o c c u r r i n g  i n  South A f r i c a ,  t he  f r e e  CP, i n  TMS w a t e r  i s  

no h i g h e r  t h a n  t h a t  of  o t h e r  l e s s  a c i d  w a t e r s .  Bond s t a t e s  

than " t h e  h i gh  a c i d i t y  i s  m a i n l y  due t o  o r g a n i c  a c i d s ,  and 

o n l y  i n  s m a l l  p a r t ,  due to  f r e e  CO,."

b.  I t  i s  w l d e . y  a c c e p t e d  ( M u l l e r  1973, F u l t o n  1977, and o t h e r s )  

t h a t  t he  p r i n c i p a l  mechanism f o r  the c o r r o s i o n  of  c o n c r e t e  

t h rough  a t t a c h  on the cement  p a s t e  i s  by the  c o n v e r s i o n  of

c a l c i u m  h y d r o x i d e  i n t o  c a l c i u m b i c a r b o n a t e  t h rough  the  a c t i o n

>t a g g r e s s i v e  CO, , Ttv- p r oces s  i s  summar ized by M u l l e r  (1978) 
as f o l l r w s : -

"Ln the f i r s t  i n s t a n c e ,  c a l c i u m  h y d r o x i d e  i s
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i emoved,  be i ng  d i s s o l v e d  in the water .  If  the water  
o n t a i n s  carbon d i o x i d e  as w e l l ,  i t s  a g g r e s s i v e n e s s  

Is i n cr eas e d  and both cal c ium hydrox i de  and c a l c i um  
carbonate  go i n t o  s o l u t i o n  as ca l c ium b i c ar bonat e .  
Furthermore,  the hydrated ca l c ium s i l i c a t e s  are
s t a b l e  o n l y  in  h i g h l y  a l k a l i n e  c o n d i t i o n s ;  i f
ca l c ium hydrox i de  i s  removed,  the pH i s  lowered and 
decompos i t i on  of  some more hydrated ca l c ium s i l i ­
c a t e s  t akes  plao-  wi t h  the l i b e r a t i o n  of  more
ca l c i um hydroxide  which in turn i s  removed by
l e a c h i n g  or c o nv er t e d  to  CaCO, which can remain or  
*190 be removed by f l o w i n g  s o f t  water a ,  ca l c i um  
bi carbonate  i f  the water c o n t a i n s  CO i n  e x c e s s  o f  
that  required to  react  wi th a l l  the Ca(OH)n to form 
C&COy  Under favourable  c o n d i t i o n s  these  r e a c t i o n s  
u.:n c o n t i n u e  u n t i l  most of  the hydrated ca l c ium  
s i l i c a t e s  are decomposed.  This l e ac h i n g  a c t i o n  can  
proceed u n t i l  f i n a l l y  no c e m e n t l t i o u s  mat e r i a l  
remains  to bind the aggregates  t oge ther . "

It  i s  t h e r e f or e  apparent  that  the water from the IMS i s  not

n e c e s s a r i l y  more a g g r e s s i v e  than the water from the Ronde-

bosch R es er v o i r .  This  i s  supported by Ful ton (1977)  who 
s t a t e s : -

m \

"aany pure mountain waters  such as those of the 
Western Cape c o a s t a l  b e l t ,  c o n t a i n  weak ac i ds  i n  
s o l u t i o - .  Due to t he low s o l u b i l i t y  of  humic ac i d  
i n  wat er ,  the ac t u a l  q u a n t i t y  of  ac id  c o nt a i n e d  i n  
rhem i s  s mal l .  In s p i ce  of  t he i r  low PK they have  
t he r e f or e  o n l y  a s l i g h t  a c t i o n  on c o n c r e t e ,  aven  
over  mauy ye ar s .  In ge ne r a l  they are far l e s s  
a g g r e s s i v e  than are very  pure waters  c o n t a i n i n g  
a g g r e s s i v e  c a r bon  d i o x i d e . "

f u l t o n  s upport ,  t h i s  s t s t e n e n t  by r . f e r e n c .  to a research  

report  e n t i t l e d  "Corrosion of  Sewer," by J . L.  Barnard,  (CSIR 
research report  250,  1967).

On t he  b a s i s  o f  t he  above ,  It was c o nc l ud e d  t h a t  the d e - a l r e d  

d i s t i l l e d  w a t e r  c o n s t i t u t e d  a r e a s o n a b l y  a g g r e s s i v e  water  bv 

V i r t u e  of  U s  h i g h  p u r i t y  and t h a t  the w a t e r  from Mlddelburg was
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l i k e l y  Co be as a g g r e s s i v e  as chat from the IMS in terras of  both

p u r i t y  and d i s s o l v e d  CO .
2

Bond f urther  i n d i c a t e s  that  the f ree  CO; c o n t e n t  of n a t u r a l l y  

o c c u r r i n g  waters  i n  South Afr i ca  i s  g e n e r a l l y  s i g n i f i c a n t l y  l e s s  

than 55 ppm whereas the maximum s o l u b i l i t y  of CO i i n  water at  25 C 

i s  a p p r o x i ma t e l y  1450 ppm (Lange 1967).  The d e - a i r e d  d i s t i l l e d  

water s a turated  wi th C0  ̂ was the r e f or e  c o n s i d e r e d  1 1 k l y  to be as  

a g g r e s s i v e  as any natur l l y  occ ur r i ng  water  as w e l l  as h a v i n g  the  

advant age  of  be i ng  i n t e r n a t i o n a l l y  reproduc i bl e .

It was thus concluded that  the a l t e r a t i o n  of  the t e r,c program and  

apparatus to i ncorporate  water from the IMS would not  g r e a t l y  

improve the va l ue  of  the r e s u l t s .

9 . 2  A P P A R A T U S

9 . 2 . 1  L e a c h i n g  C e l l s

In  o r d e r  t o  i n v e s t i g a t e  the l a r g e  number  of v a r i a b l e s  a d e q u a t e l y ,  

i t  was n e c e s s a r y  to  d e s i g n  the  a p p a r a t u s  to  p e r m i t  as  many t e s t s  

as p o s s i b l e  t o  run  s i m u l t a n e o u s l y  and  the  d e s i g n  was t h e r e f o r e  

o p t i m i s e d  f o r  mlninuiv c o s t  and  s^ace  r e q u i r e m e n t .  The f i n a l  

a p p a r a t u s  p e r m i t t e d  the s i m u l t a n e o u s  t e s t i n g  of 192 s pe c i m e n s  w i t h  

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

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

c e l l s  used by the  RCA (1978b) and the  l e a c h i n g  c e l l s  used by

Jacks on (1965) were cons i dered  together  wi th a v a r i e t y  of  other  

permeameter c e l l s ,  i t  was however concluded that  these  c e l l s  were 

too complex to be mass produced c h e a p l y .  The d e s i g n  f i n a l l y  

adopted i s  shown in p l a t e  9.1 and a p a r t i a l l y  assembled c e l l  i n  

p la t e  9.8,  the barre l  was manut tctured from 50 mm nomina l  bore 

UPVC ( u n p l a s t i c i z e d  p o l y v i n y l  c h l o r i d e )  pressure pipe (rated  at  

700 kPu) wi t h  the ends  faced to provide  a s e a l i n g  s ur f ac e  wi th a 

radius to p r ev e  t damage t o  g a s k e t s .  The end p l a t e s  were
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m a n u f a c t u r e d  f r om s q u a r e s  of 10 mm UPVC s h e e t  c u t  t o  s i z e .

fhe c e l l s  f o r  t he  d i s k  s p ec i m e n s  were m a n u f a c t u r e d  f rom 75 mm 

p h o s p h o r - b r o n z e  t u b i n g  v 1 th  b r a s s  end p l a t e s  bu t  were o t h e r w i s e  

s r m i l a r  to the  c e l l s  f o r  c y l i n d r i c a l  s p e c i m e n s .  These mate  * * a l s  

were used f o r  p r o t o t y p e  c e l l s  of  both t y p e s  but  were  found  t o  be 

too h e a vy  and e x p e n s i v e  f o r  mass p r o d u c t i o n .  A c c e l e r a t e d  d e t e r ­

i o r a t i o n  of  t he  l a t e x  membranes  i n  c o n t a c t  w i t h  the  p h o s p h o r -  

b r onze  was a l s o  o b s e r v e d .

PLATE 9.1 

LEACHING CELL

G a s k e t s  were produced from 1 mm "gum r ubbe r "  s h e e t i n g  ( s u p p l i e d  by 

che T r a n s v a a l  Rubber Co), c u t  I n t o  s qua r e s  and  p u n : ) e d  as r e q u i r e d .  

The a s s emb l y  was he ld  t o g e t h e r  by t h r e e  e qua l  l e n g t h  b o l t s  

i n s e r t e d  so t h a t  t h e y  p r ov i d ed  a t h r e e  p o i n t  base on which t he  c e l l  

r e s t e d  on the s u p p o r t i n g  r a c k s  t hus  e n s u r i n g  a c o n s t a n t  h e i g h t  f o r  

t he  top of t he  c e l l  above the  r a c k s .  The o u t l e t  e lbow on t on  of
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uu- c e i l  was screwed i n t o  u tapped hole  . 0  g i v e  a co l e  ranee of  + / “ 

•),5 mm on cht he i ght  )f Che i n v e r t  above Che cop p l a t e .

Ihe bas i c  c e l l  d e s i g n  ot p l a s t i c  c y l i n d e r ,  end p l a c e s  wi th  gum 

rubber g a s k e t s  and c l ampi ng  b o l t s  was used for many i t ems  of  

m c i l l a r y  equipment  i n c l u d i n g  h yd r a u l i c  a c c u mu l a t or s , d e - a i r i n g  

f low i n d i c a t o r s ,  e t c  as the components  did not  require  

e x a c t i n g  t o l e r a n c e s , were i n t e r c ha ng e a b l e  between d i f f e r e n t  i t ems  

tnd could be q u i c k l y  manufactured.

:'he sys t em of s e a l i n g  to prevent  f low around the s i d e s  of  t he  

specimen i n v o l v e d  the use of two l a t e x  membranes of t he  t y p e  used 

in t r i a x i a i  t e s t s  toge ther  wi th a s e a l i n g  c e l l  p r e s s u r e  a p p l i e d  

i s i n g  d e - a l r e d  d i s t i l l e d  water as the c e l l  t l u i d .  Thi s  was a dop t ed  

in pr e f e r e nc e  to the s ys t em of b e n t o n i t e  used by the PCA (1978b)  

is i t  was f e l t  that  c o n f i n i n g  pressure  would be unknown and c ou l d  

e f f e c t  p e r m e a b i l i t y  m d  that  l e a c h i n g  of  the b e n t o n i t e  c o u l d  

rcur.

order to reduce Cne c o s t  ot c o n d u c t i n g  the t e s t s  at  high  

g r a d i e n t ,  i t  was however decided to use b e n t o n i t e ,  separated from 

he specimen by a l a t e x  membrane ana f looded wi th the s tandard  

e l l  water .  A s e t  of  c o n t r o l  spec imens  at  s tandard g r a d i e n t  was 

i l s o  scheduled.  However,  t r i a l  as sembl y  wi th  sodium b e n t o n i t e  

prior to c on d u c t in g  these  t a s t s  r e v e a l e d  that  It was d i f f i c u l t  to  

•nsure thorough f i l l i n g  of  the annul us  wi th b e n t o n i t e  and to wet 

the b e n t o n i t e .  About t we nt y  tour hours was required b e f o r e  a s e a l  

was o bt a i ned .  It was then found that  the c o n f i n i n g  p r e s s u r e  

generated was such that  the specimen could not  be removed from the  

: v i l  without  damage to the c e l l  a n a  specimen u n l e s s  the a s s e mb l y  

was J . . e d  for s ev e r a l  d a y s .  It was thus not  p os s i b l e  t o  t e s t  t he  

specimen f u r t h e r  o". c o m p l e t i o n  < f l e a c h i n g  and the t e c h n i q u e  was 

1 bandnnen.

w i.ug uo 1 1 me c o n s t r a i n t s ,  compressed a i r  was used i n  place  of  

Caconi te  tor the c a l l  f l u i d  in the high g ra d i e n t  c e l l s  and t h e i r

is  1 ranchrd g rad i e nt .  The p r e s s u r e  used was s e l e c t e d  to
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8lVe  t h “ “ “  *“ • « « «  * « • • »  a t  t h e  iiaae „  *  h t y .  g r a d i e u  
s p e c i m e n s  a s  a p p l i e d  In  t he  s t a n d a r d c a s e .

membrane ,  were cus tom man i fac tu red  by t he  Latex P r o d u c t s  

of  Adcock ingram Ltd .  S i x  m a n d r e l s  were p roduced  f rom 

a l u m i n u m  t u t . n s  c l o s e d  a t  each end w i t h  a l u mi n i um p lugs  d r i l l e d  

-apptd f o r  m o u n t i n g  s t u d s .  The membranes  were produced by 

r e p e a t e d  e n d - o v e r - e n d  d i p p i n g  of  t he  m a n d r e l s  I n  l a t e x  s o l u t i o n  

Wi t h  i n t e r v a l s  f o r  d r y i n g .  Membranes were 36 mm n o m i n a l  ID and 

0.311 mm n o m i n a l  t h i c k n e s s  I n  a c c o r d a n c e  w i t h  t he  r e c o m m e n d a t i o n s  

o t  b i shop  and  H e n k e l  (1962, .  Membranes  were 60U mm l o n g  and  were  

produced a t  a r a t e  of  s i x  per  week .  These  were t h e n  c u t  I n t o  t h r e e  

o r  tour  . e n g t h s  to g i v e  membranes  of 200 and 150 mm f o r  use I n  the  

t e a c h i n g  program.  One membrane of  each  l e n g t h  was used In  eac h  

w e n ,  t h e  s h o r t e r  membrane In  c o n t a c t  w i t h  t he  s pe c i m e n  where 

damage d u r i n g  a s s e mb l y  and t e s t i n g  was c o n s i d e r e d  more l i k e l y ,  

•he double  t h i c k n e s s  was adop t ed  a g a i n s t  damage d u r i n g  h a n d l i n g ,  

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

t e s t s .  Th i s  s y s t e m  p roved  e f f e c t i v e  w i t h  o n l y  one  membrane 
. a l l u r e , on i n i t i a l  p r e s s u r i s a t i o n .

To e n s u r e  e v e n  f l ow through the  s p e c i m e n ,  s p a c i n g  d i s k s  were  made 

■ rom F11 cram U e odr a l n  (produced by I C t ) .  Thi s  c o n s i s t s  o f  a l a y e r  

Of P l a s t i c  mesh ( n . t l o n )  c o v e r e d  on bo t h  s i d e s  w i t h  g e o f a b r l c  

( T a r r a m , .  The mesh I .  d e s i gn e d  t o  p e r m i t  f low w i t h i n  t he  p l a n e  of  

t h e  d r a i n  w i t h  t he  f a b r i c  used  as  a f i l t e r .  For t h i s  a p p l i c a t i o n ,  

t he  g e o f a b r l c  was s t r i p p e d  f rom one  f a c e  o f  the F i l t r a m  and  d i s k s  

punched from the  s h e e t .  In use .  a d i s k  o f  g e o f a b r l c  was p l a c e d  

a g a i n s t  the end  cap o f  t he  c e l l ,  a d i s k  o f  F i l t r a m  was p l a c e d  w i t h  

t he  f a b r i c  s i d e  a d j a c e n t  t o  t he  end cap a n d  the open mesh a g a i n , t  

the s p e c i m e n .  Th i s  a r r a n g e m e n t  l o c a t e d  the  spec i men  a x i a l l y  1„ 

t he  c e l l ,  p r o v i d e d  a c o l l e c t i o n  gone a t  e i t h e r  end o f  t he  s pec i men  

t o  p e r m i t  u n i f o r m  f low a n d ,  a t  the same t i me ,  a l l o w e d  m a t e r i a l  

l o s s  and l o o s e n i n g  t o  occur  I f  d e t e r i o r a t i o n  was p r o n ou nc e d .  The 

g e o f a b r l c  p r e v e n t e d  p a r t i c l e s  from the  s pe c i m e n s  movi ng  i n t o  the  

a d j a c e n t  p i p e s  and m a n i f o l d s  wh i l e  p e r m i t t i n g  f r e e  f l o w  o f  w a t e r



Leaching water  was suppl ied  to the bottom of the l e a c h i n g  c e l l ,  

p erco la ted  through the specimen and f low ed  out through the top  

p l a t e  of the c e l l .  As mentioned above,  the he ight  of  the i n v e r t  

above the su p p or t in g  racks  was c o n t r o l l e d  to m in im ise  er r o r s  in  

the g r a d ie n t  app l ied  to the s p ec im en s .  The o u t l e t  elbow was 

c o n n ec ted  to a Y p iece  con nected  so that  the the o v e r f l o w  passed  

through the lower arm of the Y and out of  the leg  of  the Y w hi le  the  

upper arm acted  as a siphon breaker v e n t .  A l e n g th  of  6 mm OD 

tu b in g  was c o n n e c te d  to the siphon breaker  arm in  order  to  

m in im ise  l o s s  through e v a p o r a t i o n . This arrangement in trod u ced  a 

g r e a t e r  v a r i a t i o n  in  i n v e r t  l e v e l  than Intended but was n e c e s s a r y  

as s u i t a b l e  t e e  p i e c e s  for use on the c e l l  o u t l e t  were not  

a v a i l a b l e  a t  the t ime the c e l l s  were f a b r ic a t e d .  Observed error  in  

i n v e r t  l e v e l  did not exceed  minus 10 mm p lu s  zero.  This error  was 

c o n s id e r e d  a c ce p ta b le  as i t  rep resented  a maximum error o f  0.27% 

on the head of 3.75 m used for the s tandard g r a d i e n t .

The o u t f lo w  from the c e l l s  dra ined  through c l e a r  p l a s t i c  tub ing  

and was c o l l e c t e d  in p o ly th en e  b o t t l e s  ( p l a t e  9.2) .  The tubes were  

s e a l e d  to the necks  of  the b o t t l e s  u s i n g  " P araf i lm  M" a s e l f  

s e a l i n g  mouldable laboratory  f i l m  with  good a ir  p e r m e a b i l i t y  but 

low orolsture p e r m e a b i l i t y .  These p r o p e r t i e s  a l lowed the n eck s  of  

the c o l l e c t i o n  b o t . l e s  to be sea led  a g a i n s t  l o s s  by e v a p o r a t io n  

w h i le  p e r m i t t i n g  a i r  to d i f f u s e  out as the b o t t l e  f i l l e d .  Back 

pressure  development  was not ob served .  The e f f e c t i v e n e s s  of the  

s e a l  was demonstrated in  a number of low f low  ca s es  where the f i l m  

was not properly  ap p l ied  or was damaged In use and measurable  

ev a p o r a t io n  occurred.  Where the f i lm  was undamaged, and no f low  

was recorded over  s e v e r a l  months,  no s i g n i f i c a n t  change in the  

mass of  water a lready  in  the c o l l e c t i o n  b o t t l e  was recorded.

9 . 2 . 3  L a b o r a t o r y ,  R a c k s  a n d  M a n i f o l d s

To accommodate the apparatus,  two s tore  rooms were c o n v e r te d  for
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use i n  t h i s  research  program. The upper room was c o n v e r t e d  to  

operate at  a c o n s t a n t  temperature of  3U C and was used to  

accommodate the d e - a i r i n g  apparatus,  water r e s e r v o i r s  and c o n ­

s t a n t  head ta n k s  to provide  the n eces sa ry  s t a t i c  heads.

P L A T E  9 . 2  

L E A C H A T E  C O L L E C T I O N

The lower room was c o n v er te d  to a c o n s t a n t  temperature la b o ra to ry  

m ainta ined  at 25 + / -  1 \  with fan s  to ensure  uniform temperature  

throughout and recorders  to monitor temperature.  I n s u l a t e d  com­

partments were I n s t a l l e d  tor use in  the i n v e s t i g a t i o n  i n t o  heat of  

hydrat ion  d i s c u s se d  in chapter 14 and o e d o r e te r s  were i n s t a l l e d  

for use in the long  term s e t t l e m e n t  t e s t s  d iscu sse d  in chap ter  13. 

A mezzanine  f l o o r  was I n s t a l l  , and p a n e l l i n g  f a s t e n e d  to the 

upper w a l l s  to f a c i l i t a t e  the f i x i n g  of  the b r a c k e t s ,  p i p i n g ,  e t c  

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

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

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

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

a n g l e s .

Three t i e r s  of  l e a c h i n g  c e l l s  were accommodated above the  

mezzanine  ( p l a t e  9 . 3 )  w ith  three t i e r s  of  s h e l v e s  to s u p p o r t  

c o l l e c t i o n  b o t t l e s  below (p la te  9.2) .

L e a c h i n g  c e l l ,  for  c y l i n d r i c a l  spec im ens  were grouped In th r e e s  

w i t h  d is k  c e l l s  In twos,  to correspond to the minimum number 

s p e c im e n .  In a s e t .  The c e l l  f l u i d  and l e a c h in g  f l u i d  c o n n e c t i o n s  

of each group were c o n n ec ted  toge th er  w ith  c l e a r  t h i c k  w a l le d  

p l a s t i c  cubing  and p u s h - f i t  f i t t i n g ,  before  the c e l l s  were p laced  

on the r a c k s .  C lear  cubing was used to  f . c t l l c . c ,  the  d e - a l r l n g  

procedure dur ing  a s s a o b l y .

The major c e l l  f l u i d  and l e a c h i n g  f l u i d  m a n i fo ld s  were lo c a te d  

below the racks  w ith  s top  cocks  to which each group of c e l l ,  was 

c o n n ec ted .  Each m an ifo ld  Incorporated  a perspek a i r  trap be fore  

the c e l l s  as an I n d ic a to r  of  m a l fu n c t io n  and to f a c i l i t a t e  d e -  

a l r l n g  dur ing  i n i t i a l  a s sem bly .  Ou Ing o p e r a t io n ,  the m a n i fo ld s  

were f lu sh ed  p e r i o d i c a l l y  and samples tak en  for a n a l y s t s  a .  a 

p recaut ion  a g a i n s t  d i f f u s i o n  of l e a c h in g  products In to  the s u p p ly .

Further m a n i fo ld s  above the top and bottom racks  were I n s t a l l e d  t o  

prov ide  vacuum c o n n e c t i o n ,  for d e - a l r l n g  of  c e l l s  on commence­

ment of t e s t i n g .  P l« t e  1.1 g i v e s  a g e n e r a l  v iew  of the l e a c h i n g  

c e ' i s  r a c k ,  and m anifo lds  on the w a l l  of the l a b o r a t o r y .  A 

g u t te r  was I n s t a l l e d  around the w a l l  below the c e l l s  to c o l l e c t  

leakage  dur ing  c e l l  I n i ' t a l l a t l o n  and removal and f o -  r u n n in g  f low  

to waste i n  th ose  c a s e s  where f l o w ,  were so great  th a t  perm eabi­

l i t y  re a d in g s  were not taken  c o n t i n u o u s l y .
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PLATE 9.3 

LEACHING CELLS AND MANIFOLDS

9 . 2 . 4  C e l l  P r e s s u r e  S u p p l y

As noted above ,  c e l l  pressure for the high g r a d ie n t  c e l l s  was 

suppl ied  by means of  -Depressed a i r  drawn from the c e n t r a l  

compressor a p p l ied  d i r e c t l y  to the membranes. The c e l l  pressure  

for a l l  o ther  c e l l s  was a l s o  supplied  u s in g  compressed a i r  but In 

t h i s  case d e - a l r e d  d i s t i l l e d  water was used for  the c e l l  f l u i d  with  

the i n t e r f a c e  provided  by two two s tage  h y d ra u l ic  accumulators  

( p la t e  9 .4 ) .  An overp ressu re  r e l i e f  v a l v e  was Incorporated  on the 

c e l l  s id e  of  the accumulators  to provide  p r o t e c t i o n  in the e v e n t  of  

regulator  f a i l u r e .  Two stage  r e g u la t io n  was adopted as a furth er  

s a f e t y  measure.  The d e - a l r e d  d i s t i l l e d  water used as c e l l  f l u i d  

for  t he  standard  c e l l s  was a l s o  used as l e a c h in g  f l u i d  In the high  

g ra d ie n t  t e s t s .

The two s t a g e  h y d r a u l i c  a c c u m u l a t o r s  c o n s i s t e d  of  a primary s tage  

a i r - w a t e r  i n t e r f a c e  c e l l  i n  which uhe a i r  was appl ied  d i r e c t l y  to

u E A C H I N G  T E S T S 9 .  14



the water su r fa ce  to g e th er  with  a secondary  s ta g e  in  which the  

p r e s s u r i s e d  water t r a n s f e r r e d  the pressure to the d e - a i r e d  c e l l  

f l u i d  through a membrane formed u s in g  a 250 micron p o ly t h e n e  bag 

to  m in im ise  t r a n s f e r  of  d i s s o l v e d  a i r .  The accumula tors  were 

co nn ected  in  p a r a l l e l  so that one could be d i s c o n n e c t e d  from the 

system for  recharg ing  or m a intenance .  The water in  both s ta g e s  

was r e g u l a r ly  f lu sh ed  out and replaced with  f r e s h  d e - a i r e d  

d i s t i l l e d  water as an added precaut ion  a g a i n s t  c o n t a m i n a t i o n  of  

the c e l l  f l u i d  w i th  a i r .

P L A T E  9 . 4  

A C C U M U L A T O R S  F OR C E L L  P R E S S U R E

The c y l i n d e r s  of the primary s tage  accumulators  were fa b r ic a t e d  

trom 150 mm UPVC pressure pipe w h i le  those  of the secondary  stage  

accumulators  were ‘fabricated  from t r a n s p a r e n t  perspex so that  the  

s t a t e  of  the membrane could be monitored and any a i r  a c c i d e n t a l l y  

in troduced could be d e t e c t e d .  End p la t e s  were f a b r ic a te d  from 6mm 

mild s t e e l  p la te  l i n e d  with 3 mm UPVC, gum rubber g a s k e t s  were



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

s e a l .  The p o l y t h e n e  membrane i n  t he  s ec o n d a r y  a c c u m u l a t o r s  was 

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

g a s k e t s  on e i t h e r  s i d e .  A l i g h t  c o a t i n g  of  s i l i c o n e  r u b b e r  

a d h e s i v e  on the  membrane , where i t  was f o l d e d  o v e r  t he  c y l i n d t 1' ,  

was u ed t o  c o m p l e t e  the s e a l  by p r e v e n t i n g  f l ow th rough  c r e a s e s  
i n  the  membrane .

A r e s e r v e  of  compressed  a i r  a g a i n s t  compre s s o r  or  e l e c t r i c i t y  

f a i l u r e  was p r o v i d e d  by means of  a r e s e r v o i r  of  a p p r o x i m a t e l y  30 

l i t r e s  c a p a c i t y  i s o l a t e d  f rom the  compressed  a i r  s up p l y  by a 

s e n s i t i v e  check  v a l v e .  F u r t h e r  b a c k - u p  of  t he  s t a n d a r d  c e l l  

p r e s s u r e  s u p p l y  was p ro v i d e d  by means  of  r e g u l a t e d  ma i ns  w a t e r  

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

t he  second  s t a g e  a c c u m u l a t o r s  d i s c u s s e d  above .  A l l  a c c u m u l a t o r s  

were c o n n e c t e d  to  the  c e l l  f l u i d  s y s t e m  th rougn  s e n s i t i v e  check  

v a l v e s  t o  p r e v e n t  p r e s s u r e  l o s s  i n  th*. v e n t  of a c c u m u l a t o r  
f a i l u r e .

T o t a l  c e l l  p r e s s u r e  head on the  middle  t i e r  c e l l s  and  d r i v i n g  head 

f o r  the  h i g h  g r a d i e n t  s pec i mens  d e r i v e d  from the  a c c u m u l a t o r s  was 

10.25 o g i v i n g  an e f f e c t i v e  s t r e s s  a t  t he  base of  the mi dd le  t i e r  

s t a n d a r d  s p e c i me n s  of  64 kPa and a g r a d i e n t  of 136 m/m on the  h i g h  

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

3 o was s u f f i c i e n t  t o  s e a l  the membranes  on a b r a s s  b l a n k  the  same 

s i z e  as  the  s p e c i m e n s .  The d e s i g n  c e l l  p r e s s u r e  was s e l e c t e d  t o  

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

e f f e c t i v e  s t r e s s  on the  spec imen  as  low as p o s s i b l e  and  i t  was 

found t h a t  t h i s  head wau of s i m i l a r  ma g n i t ude  to  t h a t  r e q u i r e d  f o r  

t he  g r a d i e n t  f o r  t he  h igh g r a d i e n t  s p e c i m e n s .  The same p r e s s u r e  

s upp l y  was t hus  used f o r  both a p p l l c r t i o n s .

9 . 2 . 5  V a c u u m  S u p p l y

Vacuum was r e q u i r e d  f o r  d e - a i r i n g  of  l e a c h i n g  c e l l s  and s pe c i m e n s ,  

d e - a i r i n g  o f  wa t e r  f o r  use i n  the  t e s t  p rogram,  d r a i n i n g  and d e -
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v a l v e s  a d j u s t e d  as  n e c e s s a r y . A 5 l i t r e  c o n s t a n t  head t a n k  and 

i n d i c a t o r  a r e  i l l u s t r a t e d  i n  the l ower  p o r t i o n  of  p l a t e  9 .5 .

Th i s  s y s t e m  was used f o r  the l e a c h i n g  s upp l y  f o r  a l l  e l e m e n t s  of  

rhe  program o t h e r  t h a n  the h igh  g r a d i e n t  s u p p l y .  O v e r f l o w  from 

t he  c a r b o n a t e d  w a t e r  s y s t e m  was run  t o  was t e  wh i l e  t h a t  f rom the  

Middel 'ourg w a t e r  s y s t e m  was c o l l e c t e d  f o r  r e - u s e .  The d e - a i r e d  

d i s t i l l e d  w a t e r  o v e r f l o w  was c o l l e c t e d  and  p e r i o d i c a l l y  used  to 

f l u s h  t he  l e a c h i n g  b a t h  d e s c r i b e d  i n  s e c t i o n  9 . 2 .10,  be low.

PLATE 9.5

DE-AIRING AND CARBONATING VESSEL, WATER 

RESERVOIRS, CONSTANT HEAD TANK AND FLOW INDICATOR



Once the  c o n s t a n t  head t a n k s  were c ommi s s i oned  and the  Lea ch i ng  

c e l l  r a c k s  c o m p l e t e ,  f i n a l  a d j u s t m e n t  of  the a p p l i e d  head was made 

by i n s e r t i o n  of  p a c k i n g  u n d e r  the  c o n s t a n t  head t a n k s .  An a i r  

p r e s s u r i s e d  n a n o m e t e r  i n  which the  a p p l i e d  p r e s s u r e  was m o n i t o r e d  

by means of  e i t h e r  a wa t e r  of mercury  manomete r ,  a g a i n s t  

a t m o s p h e r i c  p r e s s u r e ,  d ep e n d i n g  on head b e i n g  measured,  was used 

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

t i o n  a l s o  a l l o w e d  an a d j u s t m e n t  t o  be made f o r  the Y p i e c e  e r r o r  

r e f e r r e d  to i n  s e c t i o n  9 . 2 .2 .  Thi s  c a l i b r a t i o n  r e v e a l e d  an  e r r o r  

i n  the p r e s s u r e  gauge used t o  c o n t r o l  the c e l l  p r e s s u r e  and  h i gh  

g r a d i e n t  head .  As c o m p l e t i o n  of  t he  manometer  s y s t e m  had been  

d e l a y e d  beyond  the  s t a r t  of  t e s t i n g ,  i t  was dec i ded  n o t  t o  make an  

a d j u s t m e n t  of  t h i s  ma g n i t ude  and the  g r a d i e n t  i n  the  h i gh  g r a d i e n t  

t e s t s  was t hus  136 as  opposed to the  130 i n t e n d e d .

9 . 2 . 7  M i n i m i s i n g  Gas A b s o r p t i o n  i n  L e a c h i n g  S u p p l y

Large  volumes  of  d e - a l r e d  d i s t i l l e d  wa t e r  were r e q u i r e d  to  p r o v i d e  

f o r  peak demand d u r i n g  c e l l  I n s t a l l a t i o n  as w e l l  as to  p r o v i d e  a 

r e s e r v e  o v e r  weekends  and a l l o w  f or  p o s s i b l e  s t i l l  f a i l u r e ,  t h i s  

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

In  a d d i t i o n ,  a f r e e  s u r f a c e  was a l s o  p r e s e n t  i n  the c o n s t a n t  head 

t a n k s .

In  a l l  phases  of  the  l ong  t e rm p e r c o l a t i o n  t e s t s  c o n s i d e r a b l e  c a r e  

was t a k e n  t o  e n s u r e  t h a t  n e i t h e r  the  p e r c o l a t i n g  w a t e r  n o r  t he  

c a l l  f l u i d  abso r bed  a i r  a f t e r  b e i n g  d e - a i r e d .  The p r e c a u t i o n s  

a p p l i e d  t o  t he  c e l l  f l u i d  have been d e s c r i b e d  above .  E x c e p t i o n s  

t o  the above  were t he  h i gh  g r a d i e n t  c e l l s  and c o n t r o l s  where 

compressed  a i r  was used fo r  c e l l  f l u i d ,  the c a r b o n a t e d  w a t e r  s y s t e m  

where d e - a i r e d  d i s t i l l e d  wa t e r  was s a t u r a t e d  w i t h  CO an(j t he  

Mi dde l burg  w a t e r  s ys t em where t he  w a t e r  from the r e s e r v o i r  was 

us ed  w i t h o u t  d e - a i r i n g .



In view of t he  f r e e  s u r f a c e s  p r e s e n t , a number  of  s t e p s  were t a k e n  

t o  m i n i mi s e  the  gas absorbed  by wa t e r  i n  the  t a n k s : -

a .  A l l  c o n n e c t i o n s  t ' 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  t h r ough  

which d e - a i - ' e d  w a t e r  was i n t r o d u c e d  o r  t apped f o r  use  were  

p l a c e d  a t  the  base of  t he  c o n t a i n e r .  These t a p p i n g s  were 

l o c a t e d  to  m i n i m i s e  m i x i n g  and i n  the case  of  the c o n s t a n t  

head t a n k s  to a t t e m p t  to e n s u r e  t h a t  the o u t f l o w drawn f o r  the  

c e l l s  was drawn from the i n f l o w i n g  w a t e r  so t h a t  t h e r e  was 

a l w a y s  an  upf low of s u r p l u s  w a t e r  towards  t he  f r e e  s u r f a c e  

c a u s i n g  t he  w a t e r  w i t h  the  h i g h e s t  gas c o n t e n t  to be c o n t i ­

n u a l l y  skimmed o f f  t he  s u r f a c e .  The c o n s t a n t  head t a n k s  were 

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

v a l v e s  i n  o r d e r  to remove s u r f a c e  wa t e r .

b.  The c a p a c i t y  of  w a t e r  t o  d i s s o l v e  gases  i n c r e a s e s  w i t h

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

m a i n t a i n e d  a t  a n o m i n a l  t e m p e r a t u r e  of  30 C w h i l e  t h a t  c f  the
o

l e a c h i n g  l a b o r a t o r y  was m a i n t a i n e d  a t  25 C. Th u s , a s  t h e

w a t e r  c o o l ed  as i t  passed  i n t o  the s p e c i me n s ,  a n y  t e n d e n c y  f o r  

gas to  be r e l e a s e d  i n  the  s pec i men  was i n h i b i t e d .

c .  The s o l u b i l i t y  of  d i f f e r e n t  gases  i n  w a t e r  v a r i e s  c o n s i d e r ­

a b l y ,  the  o xy g e n  c o n t e n t  of  d i s s o l v e d  a i r  i s  33.8% as  opposed 

t o  21% i n  a t mo s p h e r i c  a i r  (Lange  1967).  Thi s  s u g g e s t e d  t h a t  

the  use of  a r e l a t i v e l y  i n s o l u b l e  gas f o r  the a t mos phe r e  i n  t h e  

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  would reduce the  amount  of  

gas  t h a t  cou l d  be d i s s o l v e d .

The s o l u b i l i t i e s  of  the major  componen t s  of  a i r  in  w a t e r  were 

e s t i m a t e d  from f i g u r e s  p r ov i d e d  i n  Hodgman, Weast  and  Se lby  

(1955) as  f o l l o w s : -

Gas He Me N H 0 Ar CO
2

m l / 1 8 . 20  9.69 14.4 16.8 27.7 32.0 730

Hel ium and neon a r e  both r a r e  gas es  and r e l a t i v e l y  e x p e n s i v e
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i.id h yd r og e n  p ve s e r un  uhu r i s k  o i  e x p l o s i o n  whereas  n i t r o g e n  

o n o r i s e s  78% of  a t mo s p h e r i c  a i r  and  i s  r e a d i l y  a i t l a b l e  a t  

^ow c o s t .  High p u r i t y  n i t r o g e n  was thus  used to  p r o v i d e  t he  

i t mos phe r e  t o r  the  c o n s t a n t  head t a n k s  and  wa t e r  r e s e r v o i r s .

«. r e s e r v e  v e s s e l  was c o n n e c t e d  i n  the l i n e  from the  r e g u l a t o r  

on the  n i t r o g e n  c y l i n d e r  fo r  use when the c y l i n d e r  was b e i n g  

cha nge d .  The o u t p u t  from t h i s  r e s e r v e  v e s s e l  was t h e n  f u r t h e r  

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

r e g u l a t o r  which produced a f i n a l  p r e s s u r e  of 150 mm of w a t e r  i n  

t he  c o n s t a n t  head t a n k s  and r e s e r v o i r s .  The o u t p u t  f rom t he  

r e g u l a t o r  was passed  t h rough  w a t e r  i n  a f low i n d i c a t o r  ^nd was 

r ou t e d  t o  the v a r i o u s  r e s e r v o .  -> and  c o n s t a n t  head t a n k s  i n  

t u r n .  The 150 mm head was the  s m a l l e s t  head t h a t  c ou i d  be 

c o n s i s t e n t l y  m a i n t a i n e d  wh i l e  a t  t he  same t i me  a l l o w i n g  f o r  

r a p i d  r e s p o n s e  a s  the s y s t e m  d r a i n e d  and was r e f i l l e d .

The p r e s s u r e  was f i n a l l y  c o n t r o l l e d  by - e l i e f  v e n t s ,  c o n t a i n ­

i n g  a head of  150 mm of  w a t e r  above  the o u t l e t , t h r ough  which 

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

e v e n t  of  the r e g u l a t o r  a d j u s t m e n t  v a r y i n g .  Under  no r ma l  

o p e r a t i o n ,  the r e g u l a t o r  was a d j u s t e d  so t h a t  v e r y  s l i g h t  

v e n t i n g  was o c c u r r i n g  a t  a l l  t i me s  i n  o r d e r  to o b t a i n  maximum 

r e g u l a t o r  s e n s i t i v i t y . „ P r e s s u r e  i n  the s y s t em was f u r t h e r  

m o n i t o r e d  by a manomete r .  The l e v e l s  of  the c o n s t a n t  head 

t a n k s  i ! l o w e d  f o r  the a d d i t i o n a l  a t m o s p h e r i c  head.

The n i t r o g e n  a t mos phe r e  was no t  employed  on t he  Mi dde l bu r g  

w a t e r  s y s t e m  which r ema i n e d  open to  t he  a t mo s p h e r e .  The 

n i t r o g e n  a t mos phe r e  was a l s o  used f o r  t he  c a r b o n a t e d  w a t e r  

s y s t e m  but  was c o m p l e t e l y  i s o l a t e d  to e l i m i n a t e  t he  r i s k  of  

(;q ,. r e a c h i n g  the  r e s t  of the  s y s t e m .

y.Z.W D i s t i l l e d  W a t e r  S u p p l y

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 Depa r t men t  of  C n em i s t r y  i n



juLk and l i t t e d  to  t he  top of  the b u i l d i n g  u s i n g  a compres sed  a i r  

pumping v e s s e l .  Lt was s t o r e d  in  drums and f i l t e r e d  th rough  a 5 

mi i . ron f i l t e r  t o  remove s pore s  and suspended  m a t t e r .  The d i s t i l ­

l e d  wa t e r  was d e - a i r e d  u n d e r  vacuum u s i n g  the d e - a i r i n g  and  

c a r b o n a t i n g  v e s s e l  shown i n  p l a t e  9.5.  A f t e r  d e - a i r i n g ,  the w a t e r  

was pumped t o  the  s t o r a g e  r e s e r v o i r s , some of  which a r e  shown a t  

t he  top l e f t  of  t he  p l a t e .  D e t a i l s  of  the  o p e r a t i o n  of  t h i s  

e q u i p m e n t  a r e  p r o v i d e d  in  a p p e n d i x  C.

9 . 2 . 9  C a r b o n a t e d  Wa t e r  S u p p l y

C a r bo n a t e d  w a t e r  was produced by s a t u r a t i n g  d e - a i  red w a t e r  w i t h  

c a r b on  d i o x i d e  i n  the  d e - a i r i n g  and c a r b o n a t i n g  v e s s e l .  The gas  

was s l o w l y  i n t r o d u c e d  th rough  n o z z l e s  a t  the  bot tom of  the  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  a p p r o x i m a t e l y  

100 kpa was d e v e l o p e d .  Thi s  p r e s s u r e  was m a i n t a i n e d  f o r  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  and  then  reduced t o  a t m o s p h e r i c .  The 

w a t * r  was a l l o w e d  to  s t a n d  o v e r n i g h t  to a l l o w  e x c e s s  CO co 

d i s s i p a t e  and  t h e n  pumped to the  s t o r a g e  r e s e r v o i r .

9 . 2 . 1 0  M i d d e l b u r g  Wat e r  S u p p l y

As p r e v i o u s l y  n o t e d ,  the w a t e r  from Midde l burg  was n o t  d e - a i r e d .  

I t  was s t o r e d  V the  heavy p l a s t i c  c o n t a i n e r s  i n  which i t  was 

o r i g i n a l l y  c o l l e c t e d  and was pumped t hrough a 5 m i c r o n  w a t e r  

f i l t e r  and i n t o  a r e s e r v o i r  on the same l e v e l  as t he  r e s e r v o i r *  f o r  

o t h e r  w a t e r s  as  r e q u i r e d .  F i l t r a t i o n  was u n d e r t a k e n  t o  remove 

a l g a l  s po r e s  and  suspended  s o l i d s  as  i t  was f e l t  t h a t  w h i l e  t h e s e  

mi gh t  he l p  t o  reduce  the p e r m e a b i l i t y  of  the s p e c i m e n s ,  t h e v  

r e p r e s e n t e d  an unknown q u a n t i t y  , ' h i ch  was be s t  o m i t t e d .  No d e ­

a i r i n g  o r  o t h e r  t r e a t m e n t  of  the  w a t e r  was employed as  i t  was 

i n t e n d e d  t o  use  t he  wa t e r  i n  i t s  n a t u r a l  s t a t e  as  n e a r l y  as  
p o s s i b l e .
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As o n l y  150 l i t r e s  of  wa t e r  was c o l l e c t e d ,  p r o v i s i o n  was made t o  

r e c y c l e  t h e  o v e r f l o w  from the c o n s t a n t  head t a n k s ,  h o w e v e r , v e r y  

l i t t l e  r euse  was r e q u i r e d .

9 . 2 . 1 1  L e a c h i n g  B a t h  a n d  H u mi d  C u r i n g  C h a m b e r

As p r e v i o u s l y  m e n t i o n e d ,  the  s t a n d a r d  cure  employed i n  t he  t e s t  

program i n v o l v e d  c u r i n g  f o r  7 days  i n  an a t mosphe r e  w i t h  a 

r e l a t i v e  h u m i d i t y  of  about  95%. Spec i mens  cu r ed  f o r  o t h e r  p e r i o d s  

i n  t h i s  e n v i r o n m e n t  were a l s o  t e s t e d .  A l e a c h i n g  b a t h  was a l s o  

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

The l e a c h i n g  ba t h  r e q u i r e d  to  be r e g u l a r l y  f l u s h e d  w i t h  d i s t i l l e d  

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

t h a t  would o c c u r  i n  an  open r e s e r v o i r .  Th i s  was a c h i e v e d ,  a s  

d e s c r i b e d  i n  s e c t i o n  9.2.6 by c o l l e c t i n g  the  o v e r f l o w  from t h e  

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

l e a c h i n g  b a t h .  Th i s  was done a t  l e a s t  w e e k l y  but  f o r  much of  t h e  

t e s t  program o c c u r r e d  much more f r e q u e n t l y  as a d j u s t m e n t s  were 

made to  compensa t e  f o r  a d d i t i o n  and  r e mova l  of  l e a c h i n g  c e l l s .

An a s b e s t o s  cemen t  t r ough  0.9 x 0.3 x 0.3 m l i n e d  w i t h  p o l y t h e n e  

s h e e t i n g  was used f o r  the l e a c h i n g  b a t h .  The s p e c i m e n s  s t o od  

v e r t i c a l l y  on a p l a s t i c  g r i d  i n  the  bot tom of  t he  ba t h  so t h a t  

w a t e r  cou l d  c i r c u l a t e  f r e e l y  a round  t h e n  w i t h  a minimum dep t h  o f  

20 mm above  the s p e d m e  s.  Water  was i n t r o d u c e d  t h r ou g h  a 

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

was d r a i n e d  o f f  t h rough  an o v e r f l o w  we i r .  No s i g n i f i c a n t  scum 

f o r m a t i o n  o c c u r r e d  a t  any  s t a g e  and the  w a t e r  r ema i n e d  c l e a r  a t  

a l l  t i me s .

A second  t r ou g h  was placed a d j a c e n t  t o  the f i r s t  a n d  c o n n e c t e d  to  

i t .  P l a s t i c  r a c k s  were p l aced  above the  w a t e r  s u r f a c e  f o r  t h e  

humid c u r i n g  of  s pe c i me ns .  A h i n g e d  l i d  was p l aced  o v e r  bo th  

t a n k s  ro m a i n t a i n  the  h u m i d i t y . Th i s  l i d  d id  n o t  s e a l  c o m p l e t e l v , 

t hus  p e r m i t t i n g  a l i m i t e d  degree  of  a i r  c i r c u l a t i o n  ; i n c e ,  as
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p r e v i o u s l y  d i s c u s s e d ,  a c o n t r o l l e d  amount of  e v a p o r a t i o n  during  

c u r i ng  was required.  The humidi ty  was monitored d a i l y  and 

g e n e r a l l y  v ar i ed  between 93 and 96%. This  humid chamber was used  

for c u r i ng  a l l  spec imens  for  the l e a c h i n g ,  t r i a x i a l ,  u n c o nf i n ed  

and s e t t l e m e n t  programs.  P l ate  9.6 i l l u s t r a t e s  the l e a c h i n g  bath 

at the l e f t  wi th the humid chamber to the r i g h t .

PLATE 9.6 

LEACHING BATH AND CURING CHAMBER

9 . 2 . 1 2  L e a c h a t e  S t o r a g e  a n d  A n a l y s i s

Light proof racks  were used to s tore  the b o t t l e s  of  l e achate  pr i or  

to a n a l y s i s .  A l l  b o t t l e s  of l eachate  were sealed on compl e t i on  of  

the sampl ing period and s tored for future a n a l y s i s .

A number of  a n a l y s i s  t echniques  were eva l uat ed  wi th the help of  

Prof R.J.  Reddy of  the Nuclear P h ys i c s  Research Uni t  of  t he



U n i v e r s i t y ,  t h e s e  i n c l u d e d  Neut ron  A c t i v a t i o n  i n  a n u c l e a r  

' t o r  and  P a r t i c l e  Induced X-Ray E x c i t a t i o n  i n  an  a c c e l e r a t o r .  

Neut ron  a c t i v a t i o n  was exami ned  i n  some d e t a i l  and  a number  of  
t r i a l s  o f  the  p rocedure  were cond u c t ed .

The p r ocedu r e  adop t ed  i n v o l v e d  f r e e z e  d r y i n g  of  the  l e a c h a t e  i n  

h igh  d e n s i t y  p o l y t h e n e  bags which were t h e n  p l aced  i n  c a r t r i d g e s  

and  pas sed  th rough  the r e s e a r c h  r e a c t o r  a t  B e l i n d a b a  f o r  a c t i v a ­

t i o n .  The ma g n i t ude  of  e m i s s i o n s  c o r r e s p o n d i n g  t o  the r a d i o ­

a c t i v e  i s o t o p e ,  c a l c i u m 47 ( ^ C a 4 ’ ) were t h e n  r eco r ded  a t  de c a y  

p e r i o d s  of  3 and 10 m i n u t e s  and 7 days  and p r o c e s s e d  by comput e r  to 

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

T h i s  t e c h n i q u e ,  a l t h o ug h  a c c u r a t e  p roved to  be v e r y  t i me  c o n s u m i n g  

and  e x p e n s i v e .  The r e s u l t s  of  a n a l y s i s  of  the f i r s t  t r i a l  

l e a c h a t e  s ampl es  i n d i c a t e d  t h a t  the  q u a n t i t i e s  of  c a l c i u m  i n  t he  

s o l u t i o n s  were g r e a t e r  t h a n  i n i t i a l l y  e x p e c t e d  and o t h e r  t e c h ­
n i q u e s  were a c c o r d i n g l y  i n v e s t i g a t e d .

Six  hundred  sampl e s  were u l t i m a t e l y  a n a l y s e d  by the  H y d r o l o g i c a l  

Res ea rch  I n s t i t u t e  of  Live De pa r t me n t  of Water  A f f a i r s  a t  Roode-  

p l a a t .  A model  34000 Appl i ed  Resea r ch  L a b o r a t o r i e s ,  I n d u c t i v e l y  

Coupled P lasma E m i s s i o n  S p e c t r o m e t e r  o p e r a t i n g  on the  315.89 nm 

w a v e l e n g t h  of  Ca l c ium was us ed .  T h i s  a p p a r a t u s  c o n d u c t s  c o n ­

t i n u o u s  m u l t i p l e  s a m p l i n g  o i  1 ml s ampl es  of aqueous s o l u t i o n s  

u n d e r  computer  c o n t r o l  t „  g i v e  a d i r e c t  p r i n t - o u t  i n  mg/1 ( p a r t s  

per  m i l l i o n )  t o g e t h e r  wi t h  s t a n d a r d  d e v i a t i o n  of  the r e s u l t .

pH r e a d i n g s  of c o r r e s p o n d i n g  l e a c h a t e  s a mp l es  f o r  comp a r i s o n  were  
t a k e n  wi t h  a s t a n d a r d  d i g i t a l  pH me t e r .

9 . 2 . 1 3  C o m p a c t i o n  a n d  C u r i n g  o f  S p e c i e e n s

A l l  c y l i n d r i c a l  spe c i me ns  were compacted i n  the  mould r e f e r r e d  t o  

in  c h a p t e r  6.  Disk spec i mens  were compacted I n  a s i m i l a r  mould 

d e s c r i b e d  i n  c h a p t e r  13. Specimens  were t r a n s p o r t e d  t o  the humid 

chamber  d e s c r i b e d  ’n a c l o s e d  c o n t a i n e r  i n  which t h e
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s pe c i m e n s  s t o o d  on a p l a s t i c  r a c k  above a pool  ol w a t e r  t o  

m a i n t a i n  the h u m i d i t y .

The p a r a f f i n  wax used to s e a l  the s pe c i m e n s  on c o m p l e t i o n  or t he  

humid c u r e ,  was m a i n t a i n e d  a t  the  c o r r e c t  t e m p e r a t u r e  i n  a 

d o me s t i c  e l e c t r i c  f r y i n g  pan.

9 . 2 . 1 4  P e n e t r o m e t e r

PLATF. 9.7 

BITUMEN PENETROMETER
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A s t a n d a r d  Bi tumen P e n e t r o m e t e r  w i t h  2U0 g n e e d l e  mass was used 

t o  o b t a i n  an  e s t i m a t e  of  depth  of d e t e r i o r a t i o n  of  s p e c i me n s  on
c o m p l e t i o n  of  l e a c h i n g  ( p l a t e  9 .7) .

9 . 3  TEST PROCEDURES

9 . 3 . 1  S p e c i m e n  P r e p a r a t i o n

the p r oc e d u r es  used f o r  the  b a t c h i n g ,  comp a c t i on  and c u r i n g  of  the 

s t a n d a r d  73 x 37.5 mm c y l i n d e r s  a r e  summar i sed  be low,  t h e s e  

p ro c e d u r e s  were used i n  p r e p a r i n g  a l l  t he  t e s t  s p e c i me n s  of  t h i s  

t y p e  used t h ro u g h o u t  the r e s e a r c h  program.  The p ro c e d u r es  used i n  

p r e p a r i n g  the 20 x 71.4 mm d i s k  s pe c i me ns  used i n  t he  l e a c h i n g  and

oedomete r  t e s t s ,  d i f f e r  o n l y  to the  e x t e n t  t h a t  t he  mould d e s c r i b e d

i n  c h a p t e r  13 was used i n  p lace  of  the  c y l i n d r i c a l  mould t o  BS 1924 
( 1975).

S o i l ,  oven  d r i e d  a t  *>U ^C, cement  and d i s t i l l e d  w a t e r  were we i g h t  

ba t ched  t o  t he  n e a r e s t  0.1 g i n  s u f f i c i e n t  q u a n t i t y  t o  p r e p a r e  s i x  

s p e c i me n s  and  s i x  m o i s t u r e  c o n t e n t  s ampl e s .  M i x i n g  proceeded  i n  

a c c o r d a n c e  w i t h  a s t a n d a r d  t i med  r o u t i n e  t o  e n s u r e  c o n s i s t e n t  

r e s u l t s .  The m a t e r i a l  was mixed i n  a d o me s t i c  food m i x e r  u s i n g  

t he  m i x i n g  hook i l l u s t r a t e d  in  p l a t e  6.1 w i t h  a l t e r n a t e  p e r i o d s  of  

hand  m i x i n g .  The d r y  s o i l  and ceme n t  were mixed u n t i l  u n i f o r m  

and  the w a t e r  added .  The m a t e r i a l  was a l l o we d  t o  s t a n d  n a 

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

o f  m i x i n g ,  m i x i n g  t i me  was four  and a h a l f  m i n u t e s .

On c o m p l e t i o n  of the  s t a n d i n g  p e r i o d ,  the r e q u i r e d  mass of  s o i l -  

c emen t  was weighed out  and poured i n t o  t he  mould,  t a m p i n g  

c o n t i t . u ' u s 1 y w i t h  t he  t a mpi ng  bar  u n t i l  i t  " wa l ke d  ou t "  of  the 

m a t e r i a l .  The f u n n e l  was removed,  the top plug  I n s e r t e d  and t he  

s p a c i n g  c o l l a r  r emoved.  The mould was p l a c e d  i n  a c o m p re s s i o n  

t e s t i n g  mach ine  and compressed u n t i l  f l a n g e  c l o s u r e  which was 

m a i n t a i n e d  w h i l e  a sample of the m i x t u r e  was p l a ced  i n  a s e a l e d  

m o i s t u r e  c o n t e n t  t i n .  The load was t he n  r e l e a s e d  and the spe c i me n
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e x t r u d e d ,  weighed t o  1 mg, marked w i : h  i t s  i d e n t i f y i n g  code and 

p l a ced  i n  the  humid drum. The mould was wiped c l e a n ,  l i g h t l y  

o i l e d  and  r e a s s e m b l e d .  Thi s  p rocedure  was r ep ea t e d  f o r  each of  the  

s i x  s p e c i m e n s .  Time to c o m p l e t i o n  was r eco r ded  and  wa» g e n e r a l l y  

f rom 25 t o  30 m i n u t e s  a f t e r  s t a r t  of  m i x i n g .

On c o m p l e t i o n  of  compa c t i on ,  the m o i s t u r e  c o n t e n t  t i n s  were 

weighed,  opened and placed i n  an o ve n  a t  110 C. The s pe c i m e n s  

were t r a n s f e r r e d  to  the humid chamber  i n  the  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 .

G e n e r a l l y ,  b e t wee n  24 and 36 s pe c i me n s  were p r ep a r ed  on o n e  day 

and  t h e s e  were d i s t r i b u t e d  be t wee n  s e t s  u s i n g  the  s y s t e m r e f e r r e d  

to i n  s e c t i o n  7 .4 .  In p r e p a r i n g  s pe c i m e n s  for  t he  l e a c h i n g  t e s t  

program where s h o r t  s e t s  due t o  damage t o  spe c i me ns  could  n o t  be 

accommodated and where i t  was d i f f i c u l t  t o  r e s ch ed u l e  t e s t i n g ,  an 

a d d i t i o n a l  " r e d u n d a n t "  s e t  was compacted as  a r e s e r v e  i n  c a s e  of  

s p e c i m e n  damage.

M o i s t u r e  c o n t e n t  samples  were weighed t he  f o l l o w i n g  day and  the 

b a t ch  a v e r a g e  m o i s t u r e  c o n t e n t  c a l c u l a t e d  as  a we i gh t ed  a v e r a g e  of  

t he  s i x  r e s u l t s .  Thi s  f i g u r e  was used i n  c a l c u l a t i n g  the  o r i g i n a l  

oven  d r y  s pec i men  masses .  The d e v i a t i o n  f rom the  n o m i n a l  

m o i s t u r e  c o n t e n t  of a l l  b a t c h e s  p r ep a r e d  on a p a r t i c u l a r  day was 

used t o  a d j u s t  t he  a l l o wa n c e  f o r  h y g r o s c o p i c  m o i s t u r e  c o n t e n t  i n  

s ub s e q u e n t  b a t c h es  i f  n e c e s s a r y .  A d j u s tme n t  was however  seldom 

r e q u i r e d .

Spec i mens  s u b j e c t  to the s t a n d a r d  cu r e  were s t o r e d  i n  t he  humid 

chamber  f o r  a p e r i o d  of 7 d a y s .  They were then  weighed and l e n g t h  

and  d i a m e t e r  measuremen t s  t a k e n .  A r e c t a n g l e  of  a l umi n i um f o i l  

and a s t r i p  of p l a s t i c  c o ve r e d  w i r e ,  to  a i d  s t r i p p i n g ,  were wrapped 

a round the  c i r c u m f e r e n c e  of the  spec i men  and he l d  i n  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  wi th  spec imen  and s e t  i d e n t i f i c a t i o n .  Di s ks  

of f o i l  were p l a c e d  on the ends  of  t he  spec imen a-.a the edges  of 

the c y l i n d r i c a l  f o i l  f o l de d  o v e r .  The spec i mens  were d i ppe d  i n  

p a r a f f i n  wax t o  s e a l  them.  A l t e r n a t e  ends  were dipped w i t h  an
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o v e r l a p ,  an  i n t e r v a l  be i ng  a l l o w e d  f o r  c o o l i n g .  Each end was 

d i ppe d  two t i me s  to  a c h i e v e  the d e s i r e d  t h i c k n e s s  of  wax.

The s pe c i me n s  were chen regrouped i n t o  s e t s  f o r  t e s t i n g  a n d  

r e t u r n e d  t o  t he  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  where t h e y  were 

p l a c e d  on r a c k s  fo r  f u r t h e r  c u r i n g .  The s t a n d a r d  cure  p e r i o d  f o r  

s e a l e d  s pe c i m e n s  was 21 days .

S t a n d a r d  c o n t r o l  s pe c i me ns  r ema i ned  s e a l e d  u n t i l  t e s t e d  a t  t he  

same t i me  as  the c o r r e s p o n d i n g  t e s t  s p e c i m e n s .  As f a r  a s  

p o s s i b l e ,  c o n t r o l  s pe c i me n s  were compacted a t  the  same t i me  as  the  

c o r r e s p o n d i n g  t e a .  s p e c i m e n s .

I n  a number  of  c a s e s ,  c o r r o s i o n  of  t he  a l umi n i um f o i l  as  a r e s u l t  

of  the  h i gh  a l k a l i n i t y  of the s t r o n g e r  s o i l - c e r a e n t  m i x t u r e s  was 

o b s e r v e d .  There  was no i n d i c a t i o n  of  a n y  d e t r i m e n t a l  e f f e c t  on 

t h e  s p e c i me n s ,  but  i t  i s  su g g e s t e d  t h a t  the use  of  a l t e r n a t i v e  

s e a l s ,  such as  p l a s t i c  k i t c h e n  wrap,  shou ld  be i n v e s t i g a t e d .

9 . 3 . 2  P r e p a r a t i o n  f o r  T e s t i n g

When ready  f o r  t e s t i n g ,  the  f o i l  was removed and  the s pec i men  

weighed and measured.  Specimens  f o r  t e s t i n g  i n  the  l e a c h i n g  b a t h  

we r e  p l a ced  i n  the l e a c h i n g  ba t h  and t h e i r  g r i d  l o c a t i o n  n o t e d .  

Spec i mens  were p laced wi t h  the top,  a s  compac ted ,  a l t e r n a t e l y  up 

a n d  down.

Spe c i me ns  f o r  t e s t i n g  i n  the l e a c h i n g  c e l l s  were p l aced  i n  t he  

humid drum wh i l e  a l l  spec i mens  i n  a s e t  were s t r i p p e d  and were  

t h e n  assembl ed  i n  tne  l e a c h i n g  c e l l s .  P l a t e  9.8 shows a s p e c i me n  

a n d  the componen t s  of  the l e a c h i n g  c e l l  r eady  f o r  a s s e m b l y , a n  

i d e n t i f y i n g  l a be '  i s  f i x e d  to  the  c e l l  b a r r e l .  The 2U0 mm 

membrane was i n s e r t e d  in  the c e l l  and f o l de d  o v e r  the ends  and t h e  

150 mm membrane was pl aced  on a c o n v e n t i o n a l  membrane s t r e t c h e r .  

The top cap w i t h  g a s k e t ,  f i l t r a m  d i s k  and c l am p i n g  b o l t s  was 

p l a c e d  on a s t a n d ,  the  specimen was p l aced  w i t h i n  the membrane on
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t l ie s t r e t c h e r  and  the  c e l l  used as  a s t r e t c h e r  to  e n a b l e  t he  

s p e c i m e n  p l u s  s h o r t  membran» to  be p l aced  i n  the  c e l l .  The shor  

membrane was f o l d e d  o v e r  the ends  of  t he  c e l l  and  the  a s s e mb l y  

p l a c e d  on the  top cap.  The bot tom d i s k s , g a s k e t  and c o v e r  p l a t e  

were i s sembl ed  and the  c l amp i ng  n u t s  t i g h t e n e d .

PLATE 9.8

SPECIMEN AND COMPONENTS OF LEACHING CEL*

In a s s e m b l i n g  the c e l l s  the top of  the s p e c i m e n , as  compacted, was 

p l a c e d  a l t e r n a t e l y  a t  the  top and bot tom of  the c e l l  to a l l o w  f o r  

a n y  n o n - u n i f o r m  d e n s i t y  t h a t  might  a r i s e  f rom the  method of  

compact  i on .

9 . 3 . 3  L e a c h i n g  C e l l  O p e r a t i o n

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

-supply were a t t a c h e d  to groups of t h r e e  c e l l s  30 that the specimens



were i n  the  c o r r e c t  s eq u e n c e .  The c e l l s  were p l aced  on the  r a c k s , 

t he  l e a c h i n g  w a t e r  c o n n e c t e d  to  the  base and  the o u t l e t s  c o n n e c t e d  

to  tne  v. . :uum m a n i f o l d .

The c e l l  p r e s s u r e  s upp l y  was c o n n e c t e d  to the m a n i f o l d  and  the 

v a l v e  opened .  The c l amp i n g  n u t s  on the c e l l s  were s l a c k e n e d ,  i f  

n e c e s s a r y ,  t o  a l l o w  a i r  to  escape  from the  c e l l s .  Once f l u s h e d ,  

t he  c e l l  p r e s s u r e  s upp l y  v a l v e  was c l o s e d  and the  c l a mp i n g  n u t s  

t i g h t e n e d .

Wi th t he  vacuum pumps o f f ,  w a t e r  was run  p a s t  the s p e c i me n s  to 

remove a i r  from t he  c o n n e c t i n g  t u b i n g  and c e l l .  When t h i s  wa t e r  

was f r e e  of  v i s i b l e  a i r ,  the s upp l y  v a l v e  was c l o s e d  and the 

vacuum pumps t u r n e d  o n .  Vacuum was a p p l i e d  f o r  a p p r o x i m a t e l y  

h a l f  an hour ,  t he  pumps were shut  o f f  and  the c e l l s  f l u s h e d .  The 

p r ocedu r e  of a l t e r n a t e  f l u s h i n g  and  a p p l i c a t i o n  of  vacuum was 

r ep ea t e d  s e v e r a l  t i m e s  u n t i l  no f u r t h e r  a i r  wat, drawn f rom the 

c e l l  u n d e r  vacuum.

Whi le d e - a i r i n g  was o c c u r r i n g ,  t he  d r a i n a g e  tubes  were l a b e l l e d  

and  p l aced  in  t he  s u p p o r t i n g  c l i p s  and the  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  were p o s i t i o n e d  and c o n n e c t e d  to t he  d r a i n a g e  t ub e s .  Once 

the  c e l l s  were d e - a i r e d ,  the vacuum l i n e s  were d i s c o n n e c t e d ,  c e l l  

p r e s s u r e  a p p l i e d ,  the l e a c h i n g  s up p l y  c o n n e c t e d ,  the d r a i n a g e  tubes  

c o n n e c t e d  and the  s t a r t i n g  t ime r e c o r de d .

Because j f  the l a r g e  r ange  of  f lows  and t he  l a r g e  number of  t e s t s  

b e i ng  cond u c t ed  s i m u l t a n e o u s l y ,  i t  was n o t  p r a c t i c a l  to  use  a 

c o n s t a n t  s a m p l i n g  i n t e r v a l .  C o l l e c t i n g  b o t t l e  s i z e s  were a d j u s ­

ted to g i v e  an e s t i m a t e  s ampl i ng  pe r i od  of  14 d a y s .  B o t t l e  s i z e s

r anged  from 100 ml to 5 l i t r e  c a p a c i t y .  Read i ngs  of  l e a c h a t e  mass

were t a k e n  as sample  b o t t  s f i l l e d  and were r e p l a c e d .  Where v e r y  

low f lows  oc c u r r e d ,  such t h a t  b o t t l e s  took s e v e r a l  months  to f i l l  

or  no change  occ u r r e d  a t  a l l ,  in a t t e m p t  was made to  t a k e  r e a d i n g s  

e v e r y  four  to s i x  weeks .  No a t t e m p t  was made to improve  the

a c c u r ac y  of  r e a d i n g s  for  v e r y  low f l e w  s pe c i me ns  as c a l c u l a t i o n s
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i n d i c a t e d  t h a t  t h e y  could  be r ega r ded  as  i mp e r v i o u s  as f a r  as  t h i s  

r e s e a r c h  was c o n c e r n e d .

The s upp l y  m a n i f o l d s  were f l u s h e d  a t  i n t e r v a l s  d u r i n g  t e s t i n g  and 

sampl es  t a k e n  f o r  a n a l y s i s  to d e t e r m i n e  whether  d i f f u s i o n  of  

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

In  the c a s e  of t he  s p l i t  s pec i mens  and  c e r t a i n  d i s t t  s p e c i m e n s ,  

i n i t i a l  f l e w s  were  so h igh  t h a t  a c o n s t a n t  head c ou l d  n o t  be 

m a i n t a i n e d .  On t he  b a s i s  t h a t  the f u l l  h y d r a u l i c  head would n e v e r  

be a p p l i e d  to t he  f a c i n g  of  a major  dam o v e r n i g h t ,  p a r t i c u l a r l y  on 

f i r s t  f i l l i n g ,  t he  wa t e r  s upp l y  t o  c e r t a i n  of  t hese  s pe c i me n s  was 

s hu t  o f f  f o r  p e r i o d s  of  s e v e r a l  days  be t ween  r e a d i n g s  u n t i l  the 

f low r eached  an a c c e p t a b l e  l e v e l .  R e s u l t s  f o r  t he se  s pe c i m e n s  a r e  

t hus  no t  d i r e c t l y  comparabl e  to t hose  fo r  the  r e m a i n i n g  spe c i me ns  

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

Two s e t s  of l o n g - t e r m  s pec i mens  were l e f t  i n  the If  , c h i n g  c e l l s  

when the  r e s t  of the  program was c om p l e t e d .  M o n i t o r i n g  of  t h e s e  

c e l l s  was u n d e r t a k e n  by G.M. B e n t e l  who was e x t e n d i n g  t h i s  

r e s e a r c h  i n t o  d i f f e r e n t  s o i l s  and s t a b i l i z e r s .

9 . 3 . 4  L e a c h a t e  A n a l y s i s

Compr e he ns i ve  s e t s  of  l e a c h a t e  sam ;s  were kep t  u n t i l  t he  

c o n c l u s i o n  of  t he  t e s t  program and a r e  s t i l l  a v a i l a b l e  f o r  f u r t h e r  

a n a l y s i s  shou ld  t h i s  t r e q u i r e d .  As m e n t i o n e d  p r e v i o u s l y ,  600 

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

by the ' i y d r o l o g i c a l  Research I n s t i t u t e  (HRI) .  Due to t he  c c s t  and 

t i me  r e q u i r e d ,  no f u r t h e r  a n a l y s e s  were cond u c t ed .  A f u r t h e r  24 

samples  were subjec  to a morf c ompl e t e  a n a l y s i s  by the  HRI.  The

samples  f o r  c a l c i u m  a n a l y s i s  were s e l e c t e d  to  g i v e  f ou r  d a t a

p o i n t s  per  s p e c i me n ,  e v e n l y  d i s t r i b u t e d  o ve r  the t e s t  p e r i o d ,  f o r

the  m a j o r i t y  ot  p r i m a r y  t e s t  spe c i me ns  w i t h  two d a t a  p o i n t s  per

spec imen  i n  the c a s e  of d u p l i c a t e  s e t s  and c e r t a i n  s e c o n d a r y  s e t s .
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. lumber ui. r e f e r e n c e  s o l u t i o n s  of  c a l c i u m h y d r o x i d e ,  c a l c i u m  

a r b o n a t e  a n d  the  s u p e r n a t a n t  l i q u i d  r e s u l t i n g  f rom a g i t a t i n g  

r e s h  p o r t l a n d  cement  w i t h  w a t e r ,  were p r epa red  i n  o r d e r  to o b t a i n  

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

These were a n a l y s e d  t o g e t h e r  w i t h  t he  l e a c h a t e  s a mp l es .

- ' here l e a c h a t e  s amples  exce eded  500 ml i n  volume,  100 ml 

subsample s  were  d e c a n t e d  f o r  s u b m i s s i o n  to the HRI.  Meas u r eme n t s  

o f  pH were pe r fo rme d  on the sampl es  p r i o r  to s u b m i s s i o n  to  the  HRI 

w i t h  a v i ew to i n v e s t i g a t i n g  the  c o r r e l a t i o n  be t ween  Ca l c ium 

o n c e n t r a t i o n  and pH s ugges t ed  by J a c k s o n  ( t  o5).

!)ue to  t ime c o n s t r a i n t s ,  i t  was no t  p o s s i b l e  to c o n du c t  f u r t h e r  pH 

a n a l y s e s  n o r  to  i n v e s t i g a t e  the  us* of  f r e e z e  d r y i n g  or  o t h e r  

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

c o n s i d e r e d  t h a t  the use of  an  e v a p o r a t i v e  t e c h n i q u e  such as o ve n  

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

chemi cn l  a n a l y s i s ,  cou l d  p r e s e n t  a r e l a t i v e l y  q u i c k ,  low c o s t  

•Technique t o  d e t e r m i n e  the e x t e n t  of  l e a c h i n g  as  w e l l  as  i t s  

r e l a t i o n s h i p  t o  l e a c h i n g  per iod-

^ . 3 . 5  C o m p l e t i o n  o f  T e s t i n g :  P e n e t r a t i o n  T e s t s ,  e t c

)n c o m p l e t i o n  of  the  s p e c i f i e d  p e r i o d  of l e a c h i n g ,  the  f low and 

Tel l  p r e s s u r e  were shut  o f f ,  t he  d r a i n  t ubes  d i s c o n n e c t e d  and the  

i i n a l  l e a c h a t e  sample mass d e t e r m i n e d .  The s t a t e  of t he  r o l l e c -  

Lion and s u p p l y  t ubes  was n o t e d .  Groups of c e l l o  were removed 

r>r  the r a c k s  and the c o n n e c t i n g  m a n i f o l d s  removed.

uch c e l l  was s t r i p p e d  u s i n g  the  c e l l  as  a membrane s t r e t c h e r  t o  

•move both membranes t o g e t h e r .  Care was t a k e n  to a v o i d  m a t e r i a l  

o s s  and the  s t a t e  of the  i n l e t  and o u t l e t  ends  of t he  s pec i men  and

he f i l t e r  f a b r i c  d ' a k s  no t ed .  The spec imen was weighed to

’■ e a rn  s '  ! ip,.



I n  many c a s e s ,  s i g n i f i c a n t  s o f t e n i n g  of t he  i n l e t  end  of  t he  

spec imen  was o b s e r v e d .  I t  was c o n s i d e r e d  d e s i r a b l e  to  a t t e m p t  to 

measure the  de p t h  of  t h i s  d e t e r i o r a t i o n  as  w e l l  as  to p r o v i d e  some 

b a s i s  f o r  d e t e r m i n i n g  whether  the s pe c i me n s  were s u f f i c i e n t l y  

i n t a c t  f o r  t r i a x i a l  t e s t i n g .  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  spec i mens  would g i v e  m e a n i n g l e s s  r e s u l t s  and 

l ead  to  l o s s  of  m a t e r i a l .  The f i n a l  oven  d r y  mass was c o n s i d e r e d  

an i m p o r t a n t  v a l u e  f o r  d e t e r m i n i n g  the e x t e n t  of l e a c h i n g  i n  

t e rms  of l o s s  of  mass .  A b i t umen  p e n e t r o m e t e r  p r ov i d e d  the  

n e c e s s a r y  d a t a .  P l a t e  9.7 i l l u s t r a t e s  the p e n e t r o m e t e r  w i t h  a 

s pec i men  i n  p o s i t i o n .

P e n e t r a t e  n t e s t s  were conduc t ed  on the  i n l e t  end of  a l l  s pec i mens  

from the l e a c h i n g  c e l l s  and on the o u t l e t  end  of t hose  s pe c i me n s  

where the  i n l e t  was s u f f i c i e n t l y  i n t a c t  to p r e v e n t  p a r t i c l e  l o s s  

w h i l e  the o u t l e t  was t e s t e r 1. Both e n d s  of a l l  s pe c i me ns  from the  

l e a c h i n g  b a t h  were t e s t e d .

The t e s t  was per formed  by v i s u a l l y  a l i g n i n g  the  t i p  of  the  

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

t h e  n e e d l e  s t em and  weigh t s  which had a t o t a l  mass of  200 g. 

P e n e t r a t i o n  was read d i r e c t l y  t o  0.1 ram. Four p e n e t r a t i o n  

r e a d i n g s  were t a k e n  on each end of  each spec imen  t e s t e d .

A f t e r  c o n s i d e r a t i o n  of  t he  f a c t o r s  a f f e c t i n g  the p e n e t r a t i o n  

r e a d i n g ,  i n  p a r t i c u l a r  the  maximum 4.75 mm p a r t i c l e  s i z e ,  the 

a v e r a g e  of  the  two g r e a t e s t  r e a d i n g s  f o r  one end was s e l e c t e d  a s  

t he  r e p r e s e n t a t i v e  n u m e r i c a l  va l ue  of  p e n e t r a t i o n .  A number  of 

t r i a l  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  were c onduc t ed  to e v a l u a t e  t he  

b e h av i o u r  of  l eached  spec i mens  i n  c o m p r e s s i o n  and i t  was c onc l uded  

t h a t  s pe c i me ns  w i t h  a p e n e t r a t i o n  v a l u e  g r e a t e r  t h a n  I mm on 

e i t h e r  end were too s o f t  t o  w a r r a n t  t r i a x i a l  t e s t i n g .  Al l  

spe c i me ns  f o r  which p e n e t r a t i o n  exceeded  1 mm were p l aced  on a 

t r a y  and o v e n  d r i e d  a t  110 to c o n s t a n t  mass.



Spec i mens  w i t h  p e n e t r a t i o n  w i t h i n  the  I ram l i m i t  were t e s t e d  i n  

t r i a x i a l  c o mp r e s s i o n  as  d i s c u s s e d  i n  c h a p t e r  11, c a r e  b e i n g  t a k e n  

to  a v o i d  m a t e r i a l  l o s s  d u r i n g  a s s emb l y  and s t r i p p i n g  of  the  

t r i a x i a l  c e l l s .  The oven  d r y  mass of  t he se  s pe c i me ns  was t he n  

d e t e r m i n e d .

Where l e ach  b a t h  s e t s  c o r r e s p o n de d  to  s e t s  t e s t e d  i n  the l e a c h i n g  

c e l l s ,  t he  l e a c h  ba t h  spec i mens  wen s t e d  t r i a x i a l l y  on the  day

a f t e r  the l e a c h  c e l l  spe c i me ns .  V 1 s pec i mens  were t e s t e d  i n

t r i a x i a l  c o m p re s s i o n  on the day f o l l o w i n g  the  c o r r e s p o n d i n g  l e ac h  

b a t h  s pe c i me n s  o r  f o l l o w i n g  the l e a c h  c e l l  spec i mens  i f  t h e r e  was 

no c o r r e s p o n d i n g  l e a c h  ba t h  s e t .  In c a s es  wnere c o n t r o l  s pe c i me n s  

were no t  compacted a t  the same t i me  as l eached  s p e c i me n s ,  t hey  

were  t e s t e d  a t  the  c o r r e s p o n d i n g  a g e . Redundant  s e t s  were 

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

bed i n  c h a p t e r  10.

9 . 3 . 6  C r a c k e d  S p e c i m e n s

Cr a c k e d  s pe c i me n s  were s p l i t  a t  age 28 days  u s i n g  the  a p p a r a t u s  

d e s c r i b e d  i n  c h a p t e r  10. A f t e r  s p l i t t i n g ,  any  l oos e  m a t e r i a l  was 

blown o f f  the  c r a c k  s u r f a c e  and the  two h a l v e s  of the  spec imen  

c a r e f u l l y  p l a c e d  t o g e t h e r .  Two 0 - r i n g s  of  a d i a m e t e r  which j u s t  

h e l d  the  s pec i men  t o g e t h e r  w i t h o u t  a p p l y i n g  p r e s s u r e ,  were p l aced  

a r o u nd  the s pe c i me n .

Sea l ed  s pe c i me n s  were s e a l e d  i n  the normal  manner  and l e a c h  ba t h  

s p e c i m e n s  were p l aced  i n  -he b a t h .  Specimens  f o r  tes*. .ng i n  the  

l e a c h i n g  c e l l s  had p l a s t i c i n e  worked I n t o  the c r a c k  on the s u r f a c e  

of  the s pe c i me n .  A s h o r t  membrane,  the  l e n g t h  of t he  spec i men  was 

p l a c e d  o v e r  t he  s pec i men  wi t h  the 0 - r i n g s  o ve r  i t .  The spec imen  

was t h e n  p l a ced  i n  the  c e l l  i n  the  normal  manner .



9 . 4  T E S T  R E S U L T S

The r e s u l t s  of the  l e a c h i n g  t e s t  program f a l l  I n t o  a number of

c a t e g o r i e s  as  l i s t e d  be low,  and a r e  d i s c u s s e d  a c c o r d i n g l y

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

c a l c i u m .

b.  D e t a i l e d  c h e m i c a l  a n a l y s i s  of  s e l e c t e d  l e a c h a t e  and r e f e r e n c e  

s o l u t i o n s ,  r e s u l t s  summar ised In t a b l e  9.1.

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

i n g  c e l l s ,  f o r  which d e t a i l e d  r e c o r d s  were k e p t .  Th i s  d a t a  

c om p r i s e s  the  pH d a t a  and the  p e r m e a b i l i t y  and  c a l c i u m  

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

a p p e n d i x  D i n  graphs  D.l to D.3b and  compared i n  graphs  9.1 t o  

9 . 21 .

d.  Mass change  d a t a  f rom c o n t r o l  s pe c i m e n s  to d e t e r m i n e  the 

h y d r a t i o n  c o r r e c t i o n  t o  be a p p l i e d  to  l eached  s p e c i m e n s .  Th i s  

d a t a  i s  p r e s e n t e d  i n  graphs  9.22 and 9 .23.

e .  Mass change d a t a  for  spec i mens  t e s t e d  i n  the l e a c h i n g  ba t h  and 

p r e s e n t e d  i n  g r aphs  9.25 and 9.2b.

f .  Summary d a t a  f o r  the  spec i mens  t e s t e d  i n  the l e a c h i n g  c e l l s ,  

p r e s e n t e d  i n  g r aphs  9.27 t o  9.30 and t a b l e  9 .3.  The symbol s  

used i n  t h e s e  graphs  c o r r e s p o n d  to t hos e  i n d i c a t e d  i n  the 

l e g e n d s  of  graphs  9.1 to  9.21 and l i s t e d  i n  t a b l e  9 . 3 .  To 

f a c i l i t a t e  r e f e r e n c e ,  « f o l d - o u t  l e ge nd  i s  a t t a c h e d  t o  t a b l e  

9.3,  a f t e r  graph 9.30.

g.  Compar i son be t ween  the  r e s u l t s  of t he  w e t t i n g  and d r y i n g  

t e s t s ,  l e a c h i n g  ba t h  and l e a c h i n g  c e l l  r e s u l t s ,  p r e s e n t e d  i n  

g raphs  9.31 to 9.34,
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9 . 4 . 1  C a l c i u m  a n d  pH A n a l y s i s  o f  D i s t i l l e d  W a t e r

Calc ium c o n c e n t r a t i o n s  i n  r e s e r v o i r  w a t e r  and m a n i f o l d  w a t e r  

c o l l e c t e d  d u r i n g  the  t e s t  program 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  

f rom ze r o ,  i n d i c a t i n g  t h a t  no oackward d i f f u s i o n  of  c a l c i u m i n t o  

t he  supp l y  had o c c u r r e d .

pH r e a d i n g s  f o r  t h e s e  samples  r anged  from 6.4 to 7.7 f o r  d i s t i l l e d  

w a t e r  as r e c e i v e d  f rom the  Depa r t men t  of  C h e m i s t r y , 5.8 to 7.7 f o r

d e - a i r e d  d i s t i l l e d  wa t e r  from the r e s e r v o i r s  and 6.9 t o  8.1 f o r  d e ­

a i r e d  d i s t i l l e d  w a t e r  from the  l e a c h i n g  s upp l y  m a n i f o l d s .  No

t r e n d  i s  a p p a r e n t  f rom t h i s  d a t a .  Whi le some c o n t a m i n a t i o n  of  the

w a t e r  i n  the  m a n i f o l d s  by l e a c h i n g  of t he  p i p i n g  may have  

o c c u r r e d ,  t he  s p r ead  of  r e s u l t s  s u g g e s t s  t h a t  t h i s  i s  u n l i k e l y .

Because of  the b a l a n c e  of  hydrogen  i o n s  i n  pure  w a t e r ,  i t  i s  

p o s s i b l e  t h a t  the  pH mete r  was s u s c e p t i b l e  to e r r o r s  due to 

i n c o r r e c t  a d j u s t m e n t  o r  i n c o m p l e t e  c l e a n i n g  of  t he  probe .  I t  

should  be noted  t h a t  t he se  sampl es  were r andoml y  d i s t r i b u t e d  

amongs t  s amples  of l e a c h a t e  and the  p r e v a l e n t  s ample  t y p e  was 

a l k a l i n e ,  t h i s  cou l d  have  b i a s e d  t h e  r e a d i n g s  f o r  the  w a t e r  

s ampl e s .

9 . 4 . 2  C a l c i u m  a n d  pH A n a l y s i s  o f  C a r b o n a t e d  W a t e r

Calc ium c o n t e n t  of  c a r b o n a t e d  wa te r  and c a r b o n a t e d  m a n i f o l d  w a t e r  

was a l s o  ze ro .

pH r anged  from 5.0 f o r  f r e s h l y  c a r b o n a t e d  wa t e r ,  to 6.9 f o r  wa te r  

t h a t  had s tood  i n  t he  r e s e r v o i r  f o r  s e v e r a l  months  and 7.5 f o r  

m a n i f o l d  sampl es  t a k e n  a y e a r  or  more be f o r e  pH t e s t i n g .  The 

f i r s t  two pH r e a d i n g s  r e f e r r e d  to  were t a k e n  I n d e p e n d e n t l y  of  the  

o t h e r  r e a d i n g s  wh i l e  those  of  the m a n i f o l d  wa te r  were i n t e r s p e r s e d  

w i t h  l e a c h a t e  sampl es  so t h a t  the r ema r ks  in  the p r e v i o u s  s e c t i o n  

a r e  r e l e v a n t .  I t  would however  appea r  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  CO ) c o n t e n t  of  the c a r b o n a t e d  w a t e r  o cc u r r ed  o v e r  a
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p e r i o d ,  i t  shou l d  be r u l e d  t h a t  t he  c a r b o n a t e d  w a t e r  was s u p e r ­

s a t u r a t e d  i m me d i a t e l y  a f t e r  p r o c e s s i n g  and t h a t  a r e d u c t i o n  i n  CO^ 

c o n t e n t  was t o  be e x p e c t e d .

N e u t r a l i s a t i o n  by way of l e a c h i n g  of  the  p i p i n g  and f i t t i n g s  may 

have  occ u r r e d  but  no d a t a  i s  a v a i l a b l e  to  e v a l u a t e  t h i s .  I t  i s  

u n l i k e l y  t h a t  a n y  o t h e r  f a c t o r  cou l d  have  caused the CO^ c o n t e n t  

f the  w a t e r  t o  be reduced below the  e q u i l i b r i u m  l e v e l  t h a t  would 

a p p l y  i n  the ca s e  of  wa t e r  i n  an  open r e s e r v o i r  and i t  was no t  

e s t a b l i s h e d  whe t he r  t h i s  had o c c u r r ed .

I t  should  be n o t e d  t h a t  v e r y  a g g r e s s i v e  w a t e r s ,  r i c h  i n  C0o , a r e  

g e n e r a l l y  e n c o u n t e r e d  i n  a r e a s  where c o n s i d e r a b l e  decay  of  

o r g a n i c  m a t t e r  i s  o c c u r r i n g  i n  the r e s e r v o i r .  Th i s  l e a d s  to  

c o n t i n u o u s  e v o l u t i o n  of C0_ and hence  a 00^ c o n t e n t  g r e a t e r  t h a n  

the  e q u i l i b r i u m  l e v e l .  In o r d e r  to s i m u l a t e  t h i s  c o n d i t i o n ,  i t  

would have  been  n e c e s s a r y  to  e i t h e r  pass  C0o t h rough  the r e s e r v o i r  

w a t e r  c o n t i n u o u s l y  or  to r e c a r b o n a t e  f r e q u e n t l y .

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

program was as a g g r e s s i v e  i n  t e rms  o f  d i s s o l v e d  CO^ as mi gh t  occur  

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

9 . 4 . 3  C a l c i u m  a n d  pH A n a l y s i s  o f  M i d d e l b u r g  W a t e r

Calc ium c o n t e n t  of  Mi dde l burg  w a t e r  was c o n s i s t e n t l y  + / -  23 mg/1 

(ppm) f o r  s ampl es  drawn from both  the  r e s e r v o i r  and m a n i f o l d  

d u r i n g  the t e s t  p e r i o d .

Average  pH of r e s e r v o i r  and m a n i f o l d  samples  was 8.2 w i t h  a r ange  

of  8.0 t o  8.4 c o n f i r m i n g  the p r e s en ce  of  d i s s o l v e d  s u b s t a n c e s  i n  

t he  wa t e r .



9 . 4 . 4  C a l c i u m  a n d  p H  A n a l y s i s  o f  R e f e r e n c e  S o l u t i o n s

The r e f e r e n c e  s o l u t i o n s  f o r  c a l c i u m h y d r o x i d e  (Ca(OH),)  i n  d i s t i l ­

l e d  wa t e r  p r o v i d e d  good a g r ee men t  be t wee n  pH and c a l c i u m c o n t e n t  

but  i n d i c a t e d  a v e r y  nar row band of  s e n s i t i v i t y .  O b s e r v a t i o n s  

r anged  from pH 6.9 a t  0 mg/1 Ca,  t h rough  pH 12.1 a t  11, 12.5 a t  180 

and  12.6 a t  310 to pH 12.8 a t  500 t o  600 mg/1 Ca. S a t u r a t e d  

s o l u t i o n s  of  c a l c i u m  h y d r o x i d e  i n  Mi dde l burg  w a t e r  and new and 

o l d  c a r b o n a t e d  w a t e r  a l l  i n d i c a t e d  a pH i n  the r ange  12.73 t o  12.85 

w i t h  c a l c i u m c o n c e n t r a t i o n s  r a n g i n g  from 540 to 690 mg/1.  Th i s  

l a c k  of  s e n s i t i v i t y  i n  the  c a l c i u m a n a l y s i s  t e c h n i q u e  a t  h igh 

c o n c e n t r a t i o n s  was a n t i c i p a t e d  as  the t e s t i n g  mach ine  was c a l i ­

b r a t e d  f o r  maximum a c c u r a c y  a t  lower  c o n c e n t r a t i o n s  i n  th-. 

e x p e c t a t i o n  t h a t  h i gh  l e a c h i n g  r a t e s  would be r e a d i l y  e v i d e n t  f r om 

the  mass l o s s  d a t a  f o r  the  t e s t  s pe c i m e n s .

O b s e r v a t i o n s  f o r  t he  s a t u r a t e d  r e f e r e n c e  s o l u t i o n s  of  c a l c i u m  

c a r b o n a t e  (CaCO^) i n  d i s t i l l e d  wa t e r  c o v e r e d  pH from 8.28 to  8.32 

and ca l c i um l e v e l  f rom 17.8 to 18.6 mg/1.  I t  i s  n o t a b l e  t h a t  t h i s  

l e v e l  i s  comparab le  w i t h  t h a t  f o r  the Mi dde l burg  w a t e r .

O b s e r v a t i o n s  f o r  t he  s u p e r n a t a n t  l i q u i d  produced by m i x i n g  

u n h y d r a t e d  p o r t l a n d  cemen t  wi t h  d i s t i l l e d  wa t e r  i n d i c a t e d  pH from

12.01 to  12.06 and c a l c i u m l e v e l  from 69 to  81 mg/1.

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

of  v a r i o u s  forms of c a l c i u m .  I t  i s  a l s o  n o t a b l e  t h a t  t h e r e  i s  no 

p a r t i c u l a r  r e l a t i o n s h i p  be tween pH and c a l c i u m  l e v e l  f o r  the 

v a r i o u s  s o l u t i o n s .  In p a r t i c u l a r ,  i n  the  case  of  ca l c i um h y d r ­

o x i d e ,  the pH i s  c o n s i d e r a b l y  more s e n s i t i v e  to t he  p r e s e n c e  of  

h y d r o x i d e  i o n s  t ha n  to  the  p r e s en c e  of  c a l c i u m .

9 . 4 . 5  D e t a i l e d  C h e m i c a l  A n a l y s e s

The r e s u l t s  of  the d e t a i l e d  chemi ca l  a n a l y s e s  per fo rmed  by the  HRI 

a r e  p r e s e n t e d  i n  t a b l e  9.1.  Only 24 sampl es  were a n a l y s e d  due to
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TABU: 9.1 
DETAILED ANALYSES UK LEACHATE, ETC

| Ser 
| 1 a 1

D e s c r ip t i o n  Soi l -Cement  
Specimen 

No

Sample
No

Leach
Time

(days)

Concent r a t  ion 

Na K Mg

of Elements 

A1 Sr

mg/1 (ppm) 

Si  Ca
pH

1

| 1
1 2 
1 3
| 4

Top Manifold 
Bottom Manifold 
Cement So l u t i on  

Cement
-

12
I
I
3

-
0 . 00
0 . 00
4.41
4.09

0.00
0.00

37.88
34.67

0.31
0 . 03
0.00
0. 00

0.03
0.00
1.04
1.33

0.00
0.01
1.00
0.89

0 . 00
0 . 0 0
0. 83
0.57

0 . 00
1.60

81. 20
78.50

7 . 10  | 
7 .88 | 

12.01 | 
12.06 |

| b
LEACHATE 

OX Cement lb-00/bB 2 54 3.14 7.59 7.81 0.02 0.07 3.84 11.10 8. 52  |

1 b 10 270 0 . 00 2.14 4.02 0.1 1 0.04 3.09 5.30 8. 06  |

| 7 b% Cement OH-Ob/84 2 23 0.00 5.50 0 . 00 6.88 0.66 0 . 35 24.10 11.17 |

1 8 15 257 0.00 0.50 0.00 0.75 0.02 10.05 22.60 7.96 |

1 9 10% Cement 29-10/63 2 49 0.00 15.14 0.00 1.01 0.94 0.94 17.40 9 . 33  |

1 io 4 92 0 . 80 10.52 0.00 7.25 0.49 0.06 103.90 11.89
11 11 262 0.00 2.17 0.00 0.77 0.10 0 . 00 33.00 8.05

1 12 01-10/63 5 78 0.00 5.65 0.00 1.51 0.24 0 . 00 27.40 11.98

1 13 08=10/63 9 256 1.45 9.85 0.12 1.07 0.21 0.32 35.80 10.75

1 14 34=10/63 11 254 0.00 1.35 0.08 0.79 0.06 3.17 26.90 7.93

1 I* 15% Cement 15=15/67 2 20 11.35 18.01 0 . 00 1.41 1.01 0 . 00 562.10 12.64

1 M> 08=15/67 15 251 0.00 0.00 0 . 15 1.06 0.03 7.05 25.60 8.71

1 17 20% Cement 15=20/88 . 2 13 9.70 16.04 0.00 1.11 1.27 0 . 00 495.50 12.66

1 1* 19 250 0 . 00 0.31 0.00 1.73 0.03 7.18 23.90 10.26

1 19 Mtddelbure MfId 1 - 23.22 5.79 12.82 0.16 0.31 2.62 23.60 8.38
| 2U m 12 - 22.88 5.24 12.25 0.13 0.30 2.54 23.20 8 . 28

1 21 10% Midde1 burg 02-10/42 1 31 32.49 59.18 0.00 1.71 4.12 0 . 00 384.20 | 12.43
| 12 4 141 24.15 58.19 0.29 0.31 0.97 0.25 20.70 | 8 . 30

| 2 'J 10% Carbonated 04=10/42 2 71 8.37 58.7 3 0.00 3.60 2.64 0.43 89.50 | 11.91

1 24 9 266 sample too smal l 24.10 | 8.12



cose  and t i me  c o n s t r a i n t s .  The e l e m e n t s  f o r  which the  a n a l y s i s  

were per formed were s e l e c t e d  on the b a s i s  of  t hos e  n o r m a l l y  

e x a m i n e d  by the  HR! In  wa t e r  s amples  and Is  n o t  c o m p r e h e n s i v e .  

A n a l y s i s  f o r  z i n c  and  ccppe r .  to check  f o r  c o r r o s i o n  of  b r a s s  

f i t t i n g s ,  and an  a n a l y s i s  f o r  i r o n ,  as t he  s o i l  ased i s  s u s c e p t i b l e  

t o  l e a c h i n g  of  f e r r i c  s a l t s ,  would be d e s i r a b l e  e x t e n s i o n s .

The f o l l o w i n g  o b s e r v a t i o n s  a r e  based on a v e r y  l i m i t e d  number  of  

a n a l y s e s  f o r  which the  s a m p l i n g  p e r i o d  v a r i e d  c o n s i d e r a b l y .  

S i n c e  i n  most  c a s e s ,  i  c h a n g i n g  c o n c e n t r a t i o n  i s  n o t e d ,  the  

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

the  d a t a .  However ,  t he  purpose of  t h i s  a n a l y s i s  was p r i m a r i l y  to  

e s t a b l i s h  whe the r  l e a c h i n g  of  e l e m e n t s  o t h e r  t h a n  c a l c i u m coul d  

have  a b e a r i n g  on the  r e s u l t s .  A d e t a i l e d  a n a l y s i s  of t he  cement  

used i n  p r e p a r i n g  the t e s t  s pec i mens  i s  p r e s e n t e d  i n  t a b l e  9.2 fo r

r e f e r e n c e .

A number of t r e n d s  f r e  e v i d e n t  i n  t ab  ie 9 . 1 . -

a .  Th.  m a n i f o l d  w a t e r  . a m p l e ,  U  »nd 2) do n o t  c o n t a i n  a l g n l f l -

c a n t  q u a n t i t i e s  of any  of the e l e m e n t s  e x a m i n ed .

b.  The s u p e r n a t a n t  l i q u i d  of  cement  (3 and 4) c o n t a i n s  a p p r e c i ­

ab l e  amount s  of  sodium (4 mg/1) and p o t a s s i um (35 to  38 mg/1)

and s m a l l  amount s  of a l umi n i um,  s t r o n t i u m  and s i l i c o n .  Very 

sma l l  p e r c e n t a g e s  of sodium and p o t a s s iu m a r e  p r e s e n t  i n  t he  

cement  ( t a b l e  9.2) ,  and in both c a s es  t a k e  the  form of r e a d i l y

s o l u b l e  o x i d e s .  I t  would appea r  t h a t  mos t ,  i f  n o t  a l l ,  of

these e l e m e n t s  p resent  in  the cement d i s s o l v e d  i m me d i a t e l y  i n  

the form of t he  r e l e v a n t  h y d ro x id e .  T h i s ,  i n  a d d i t i o n  t o  the  

p r e s en c e  of ca lc ium h v d r o x i d e ,  i s  the pr obab l e  cause  of  the  

high r e c o r d e d  pH r e f e r r e d  to  in  s e c t i o n  9.4 .4 .

c .  The water from Mlddclburg (19 and 20) c o n t a i n s  a p p r e c i a b l e  

q u a n t i t i e s  of sodium, potass ium, magnesium and s i l i c o n  i n  

a d d i t io n  to the 23 mg/1 of ca lc ium  noted in  s e c t i o n  9 . 4 .3 .  

Traces of  aluminium and s tron t ium  are a l s o  p r e s e n t .  However ,
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TABLu 9.1 
CHEMICAL ANALYSIS OF CEMENT USED

Percentages  of 
Compound Compound Element Element

In Cement In Compound in Cement

5 1 0 2   21.93 46.74 10.25

AI2 O3   3 .00  52.93 1.59

F . 2O3   3 .70 69.94 2.59

Mn203 ........................ 20 69.60 .14

T102 • *............  .40 59.95 *2^

CaO . . . . . . . . .  64 .75  71.47 46 .28

H g O    2 . 40  60.30 1*45

P2O5 ............................ 06 43.64 .03

SO)   1.98 40.05 .79

%i0   35 83.02 .29

n1 2o ............................ 0 9  7 4 * 1 9  * 0 7

Loss a 950°C ,
for 1/2 hv 1^00 ____ _________________ ______

TOTAL ...............  9 9 . 8 6

A nalys is  performed by Pretor ia  Portland Cement
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d e s p i t e  the  p r e s e n c e  of sodium,  p o t a s s iu m and c a l c i u m ,  the  p H 

i s  r e l a t i v e l y  low (8.3)  I n d i c a t i n g  t h a t  o t h e r  f a c t o r s  i n  

a d d i t i o n  t o  t h o s e  no t e d  I n  the  p r t / l o u s  pa rag raph  have  a

b e a r i n g  on the pH.

d.  The e a r l y  l e a c h a t e  f rom the  u n . C a b U U t d  s pe c l m e e a  l eached  

„ U h  de a i r e d  d i s t i l l e d  w a t e r  W  I n d i c a t e s  the p r e s e n c e  of t he  

same e l e m e n t s  p r e s e n t  i n  t he  Ml dde l burg  w a t e r ,  a l b e i t  In  

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

w a t e r  I s  a p p r o x i m a t e l y  In  c h e mi c a l  e q u i l i b r i u m  w i t h  t h e  s o i l .  

S i g n i f i c a n t  r e d u c t i o n s  In  t he  amoun t s  of a l l  t h e s e  e l e m e n t s  I s  

a p p a r e n t  In t he  sample  o b t a i n e d  a f t e r  270 days  of  l e a c h i n g  (6) ,  

i n d i c a t i n g  t h a t  l i m i t e d  amount s  of  t he se  e l e m e n t s  a r e  p r e s e n t

i n  r e a d i l y  s o l u b l e  form.

e .  The a n a l y s i s  of  l e a c h a t e  f rom s pe c i m e n s  c o n t a i n i n g  10% cemen t  

and l e ached  w i t h  Ml dde l burg  w a t e r  (21 and  22) I n d i c a t e s  t h a t  

sodium i s  n o t  d e p o s i t e d  and t h a t  l e a c h i n g  of  sodium may 

i n c r e a s e  i n  t he  e a r l y  s t a g e s  when compared w i t h  s p ec i m e n s  

l e ached  w i t h  d e - a l r e d  d i s t i l l e d  wa t e r .

With p r o l o n g e d  l e a c h i n g ,  t he  l e v e l s  of  c a l c i u m and  sodium 

reduce t o  t hose  p r e s e n t  i n  the l e a c h i n g  w a t e r .  In t he  c a s e  of 

sodium,  t h i s  i s  c o n s i s t e n t  w i t h  the  ob s e r ve d  n e g l i g i b l e  l e v e l  

of l e a c h i n g  from s t a b i l i z e d  s pe c i me n s  wi t h  l e s s  t ha n  13% 

cement  (7 to 14) or  l ong  l e a c h i n g  p e r io d s  (16 and 18).  In the  

case  of  c a l c i u m ,  the l e v e l  a t  141 days  of  21 mg/1 i s  comparab le  

to  the l e v e l  of  23 mg/1 p r e s e n t  i n  the w a t e r  s u g g e s t i n g  t h a t  no 

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

The e a r l y  c a l c i um l e a c h i n g  r a t e  of 380 mg/1 (21) i s  comparab l e  

w i t h  t h a t  of  spe c i me ns  leached 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 .

f .  I t  i s  p a r t i c u l a r l y  n o t a b l e  that: t he  r e l .  . i v e l y  h i gh  l e v e l  of 

magnesium in  t he  Mldde lburg  wa t e r  i s  c o m p l e t e l y  a b s e n t  i n  the 

l e a c h a t e ,  s u g g e s t i n g  t h a t  a b s o r p t i o n  of  magnesium by the  

h y d r a t i n g  cement  o c c u r r e d .  Thi s  i s  s uppor t ed  by the  o b s e r v a ­

t i o n  t h a t  wh i l e  l e a c h i n g  of  magnesium from the  u n s t a b i l i z e d
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s o i l  by d i s t i l l e d  w a t e r  i s  a p p a r e n t  (5 and 6) ,  no s i g n i f i c a n t  

amount s  of  magnesium ar e  i n d i c a t e d  i n  the l ea  ha t e  ^ o m  a n y  of 

t he  s t a b i l i z e d  s p e c i m e n s .  F u r t h e r  r e s e a r c h  i s  r e q u i r e d  to  

d e t e r m i n e  whether  t h i s  i n d i c a t e s  a d d i t i o n a l  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  and whe the r  t he  r e a c t i o n  i s  b e n e f i c i a l .

g.  L e a c h i n g  of  sodium and po t a s s i um s s i g n i f i c a n t  i n  t he  e a r l y  

s t a g e s  of  p e r c o l a t i o n ,  p a r t i c u l a r l y  a t  h i g h e r  cement  c o n t e n t s  

(15 and 17), but  a f t e r  p ro l onged  p e r c o l a t i o n ,  no f u r t h e r  

l e a c h i n g  i s  e v i d e n t  ( lb and 18).  Th i s  i s  c o n s i s t e n t  w i t h  the  

o b s e r v a t i o n s  f o r  the  cement  s o l u t i o n  i n  pa r ag raph  b. ' . e ach i ng  

of  a l umi n i um and s t r o n t i u m  i s  g e n e r a l l y  a t  low l e v e l s  

I n i t i a l l y  w i t h  a g r a dua l  r e d u c t i o n  i n  l e v e l  w i t h  t i m e .

h.  L e a c h i n g  of  s i l i c o n  i s  g e n e r a l l y  more p ronounced  a f t e r  

p r o l o n g e d  p e r c o l a t i o n ,  but  no d e f i n i t e  t r e n d  i= a p p a r e n t .

i .  L e a c h i n g  of  c a l c i u m  g e n e r a l l y  s t a r t s  a t  a h i gh  l e v e l ,  d e c r e a s ­

i n g  r a p i d l y  to a l e v e l  of be tween 20 to 30 mg/1.  Th i s  a s p e c t  

i s  d i s c u s s e d  i n  more d e t a i l  i n  the  s e c t i o n s  t h a t  f o l l o w .

9 . 4 . 6  C o r r e l a t i o n  b e t w e e n  pH a n d  C a l c i u m  C o n t e n t

In  g e n e r a l ,  t he  d a t a  i n  t a b l e  9.1 i n d i c a t e s  a d e c l i n e  i n  pH w i t h  

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

spec imen  and t e s t  c o n d i t i o n .  Th i s  i s  c o n s i s t e n t  w i t h  t he  g e n e ­

r a l l y  ob s e r ve d  d e c r e a s e  i n  c o n c e n t r a t i o n  of t he  e l e m e n t s  p r e s e n ­

t ed  i n  t he  t a b l e .

E x a m i n a t i o n  of  the r e s u l t s  of the pH and c a l c i um a n a l y s i s  f o r  t t u  

600 sampl es  a n a l y s e d  by the HRI i n d i c a t e d  t h a t  wh i l e  a h i g h  pH 

f r e q u e n t l y  o ccu r r ed  w i t h  a h i gh  c a l c i u m  c o n c e n t r a t i o n  and  v i c e  

v e r s a ,  c o n s i d e r a b l e  v a r i a t i o n  i n  pH f o r  s i m i l a r  c a l c i u m l e v e l s  was 

o b s e r ve d .  Th i s  i s  p a r t i c u l a r l y  e v i d e n t  i n  the compar i son  be t ween  

the d a t a  for  c a l c i u m h y d r o x i d e  a n d  cemen t  s o l u t i o n s  d i s c u s s e d  i n  

s e c t i o n  9 . 4 . 4 .  I t  was conc l ude  i t h a t  the  p r e s en c e  of o t h e r  i o n s ,
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ooi.! by d i s t i l l e d  water Is apparent (5 and 6) ,  no s i g n i f i c a n t  

amounts of magnesium are in d ic a te d  in  the leachate  from any of 

the s t a b i l i z e d  spec im en s .  Further research  i s  required to 

determine whether t h i s  i n d i c a t e s  a d d i t i o n a l  h y d ra t io n  or 

p ozzo lan ic  r e a c t io n  and whether the re a c t io n  i s  b e n e f i c i a l .

f,. Leaching of  sodium and potass ium i s  s i g n i f i c a n t  in  the e a r l y  

s ta g e s  of p e r c o l a t i o n ,  p a r t i c u l a r l y  at  higher cement c o n t e n t s  

(15 and 17), but a f t e r  prolonged p e r c o l a t i o n ,  no further

le a c h in g  i s  e v i d e n t  (16 and 18).  This i s  c o n s i s t e n t  w ith  the 

o b s e r v a t i o n s  for the cement s o l u t i o n  in  paragraph b. reaching  

of aluminium and s tront ium  i s  g e n e r a l l y  at  low l e v e l s  

i n i t i a l l y  w i th  a gradual reduct ion  in  l e v e l  w ith  me.

n. Leaching of  s i l i c o n  i s  g e n e r a l l y  more pronounced a f t e r

prolonged p e r c o l a t i o n ,  but no d e f i n i t e  trend i s  apparent.

L. Leaching of  ca lc ium g e n e r a l l y  s t a r t s  at  a high l e v e l ,  d ec r e a s ­

in g  r a p id ly  to a l e v e l  of between 20 to 30 mg/1. This a spect

i s  d i scu sse d  in  more d e t a i l  in  the s e c t i o n s  that f o l l o w .

* . 4 . 6  C o r r e l a t i o n  b e t w e e n  pH a n d  C a l c i u m  C o n t e n t

in  g e n e r a l ,  the data in  ta b le  9.1 i n d i c a t e s  a d e c l i n e  in  pH with  

i n c r e a s i n g  period of p e r c o la t io n  w i t h in  a p a r t i c u l a r  ca tegory  of  

specimen and t e s t  c o n d i t i o n .  This  i s  c o n s i s t e n t  w ith  the g e n e ­

r a l l y  observed decrease  in c o n c e n t r a t i o n  of the e l e m e n ts  p r e s e n ­

ted in  the ta b le .

Exam inat ion  of  the r e s u l t s  of  the pH and calc ium a n a l y s i s  for the 

6U0 samples a n a ly s e d  by the HR! in d ic a te d  that w hi le  a h igh pH 

f r e q u e n t ly  occurred with a high calc ium c o n c e n t r a t i o n  and v i c e  

versa ,  c o n s id e r a b le  v a r i a t i o n  in pH for s i m i l a r  ca lc ium l e v e l s  was 

observed .  This i s  p a r t i c u l a r l y  e v i d e n t  in the comparison between  

.he data for calcium hydroxide and cement s o l u t i o n s  d i scu sse d  in  

ocuion 9 .4 .4 .  I t  was concluded that the presence of other  i o n s ,



p a r t i c u l a r l y  t hose  of  the  s t r o n g  b a s e s ,  sodium and p o t a s s i u m ,  had a 

s i g n i f i c a n t  i n f l u e n c e  on the o b s e r ve d  pH.

I t  was t h e r e f o r e  conc l ud e d  t h a t  pH coul d  no t  be c o n s i d e r e d  t o  be an  

a c c u r a t e  measure  of  t he  e x t e n t  of  c a l c i u m c o n c e n t r a t i o n  in

s o l u t i o n .

9 . 4 . 7  D e t a i l e d  R e s u l t s  o f  T e s t s  i n  L e a c h i n g  ( . e l l s

The p e r m e a b i l i t y  and  ca l c i um r a t e  d a t a  i s  p r e s e n t e d  i n  g r aphs  9 . .

t o  9.21,  grouped a c c o r d i n g  to  t e s t  p a r am e t e r s  i n  o r d e r  t o

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

spec i men  d i s t i n g u i s h e d ,  i s  p r e s e n t e d  i n  a p p en d i x  D for  r e f e r e n c e  

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

Summary d a t a  f o r  each  s pec i men ,  t o g e t h e r  w i t h  s e t  a v e r a g e s ,  i s  

t a b l u l a t e d  below each graph i n  a p p e n d i x  D and g i v e s  an i n d i c a t i o n  

of  the  s p r ead  i n  the  v a r i o u s  summary p a r am e t e r s  d l ’ uussed  i n  t h i s

c h a p t e r .

To f a c i l i t a t e  c o m p a r i s o n ,  a l l  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  

i s  p l o t t e d  t o  t he  same s c a l e .  In c e r t a i n  i n s t a n -  , s  where the

l e a c h i n g  p e r i o d  e x ce eds  the 300 dt>; s t a n d a r d  s c a l e  l i m i t ,  a p l o t

o v e r  the  r ange  0 to 1000 days  i s  p r e s e n t e d  w i t h  a s econd  p l o t  ot  

t he  d a t a  i n  the  0 to  300 day r ange  fo r  compa r i s on .

Leacha te  masses  were c o n v e r t e d  to  volumes  f o r  c a l c u l a t i o n  of  

p e r m e a b i l i t y  u s i n g  s p e c i f i c  g r a v i t y  c o r r e c t e d  t o  25 °C (Lambe

1951).

The p e r m e a b i l i t y  a x i s  i n  a l l  p l o t s  i s  a log s c a l e ,  c o n s i s t e n t  w i t h  

the  g e n e r a l  p r a c t i c e  of r e f e r r i n g  t o  p e r m e a b i l i t y  i n  t e rms  of  

powers  of  t e n  i n  a c o n t i n u o u s  spec t rum w i t h  no a b s o l u t e  ze ro .  The 

r ange  la  c e n t e r e d  on .  va l ue  of  i x i o ' "  . / a  - h l c h  1 ,  a p p r o x i m a t e l y  

Che median v a l u e  f o r  t he  r e s u l t s  and I s  t he  v a l ,  • r e f e r r e d  t o  I n  

c h a p t e r  1. The s c a l e  r ange  of  0.001x11)" '  to 1000x10 c o v e r s  t he

r ange  l x l u ‘ U  t o  I x i o ' 6 m/s recommended fo r  t he  I mper v i ous



s e c t i o n s  of  earth  dams and dykes  by Casagrande and Fadum i .Just in ,  

Creager and Hinds 1945). A p e r m e a b i l i t y  of  l e s s  than 10 

(10*'  cm/s)  i s  con s id ered  " p r a c t i c a l l y  impermeable" by Terzaghi

and Peck (Lambe and Whitman 1969).

In p h y s i c a l  terms,  with u n i t  g r a d i e n t ,  the p e r m e a b i l i t y  can be 

c o n s id ered  to be e q u i v a l e n t  to the rate of  advance of  a u e t n n g  

f r o n t  i n t o  the m a t e r i a l .  In these  terms,  a p e r m e a b i l i t y  of  10 

m/s corresponds to  a rate of advance of  the order of  31.5 mm/year.

Low f low s  were ob ta in ed  from c e r t a i n  spec imens as a r e s u l t  of very  

low p e r m e a b i l i t i e s  or low g r a d ie n t s .  In some c a s e s ,  cum ulat ive  

l e a c h a te  volume was l e s s  than 100 ml over  the 266 day t e s t  per iod  

and i n  c e r t a i n  ca s e s  no f low occurred for  s e v e r a l  months. In a 

few c a s e s ,  e v a p o r a t iv e  l o s s e s  of up to 1 ml per month were recorded  

where the paraf i lm  s e a l  was damaged. These occurrences  are r e ­

f l e c t e d  by d i s c o n t i n u i t i e s  on the p l o t s  and occurred p a r t i c u l a r l y  

w ith  the specim ens  su bjec t  to the lower h y d r a u l ic  g r a d ie n t  (10 m/m) 

and the m icrocon cre te  spec im ens .

Although very  few i n s t a n c e s  of reduct ion  in  le ach ate  trass during a 

c o l l e c t i o n  i n t e r v a l  were observed,  i t  i s  reasonable  to assume that  

at low flow r a t e s ,  evaporat ion  from the a n t i - s i p h o n  v e n t s  on the 

c o l l e c t i o n  pipes  mav have reduced the measured p e r m e a b i l i t y .  A 

p e r m e a b i l i t y  of  1 0 * ' '  o / s  at g r a d ie n t  50 Is thus con s id ered  to 

c o n s t i t u t e  the lower l i m i t  for which repeatable  measurements can 

be obta ined  with  the apparatus used in  t h i s  research.  Abvve t h i s  

l e v e l  the l each ate  volume Inc *ases  rap id ly  and ev a p o r a t io n  

becomes i n s i g n i f i c a n t .

The u n i t s  of %/d were chosen for p r e s e n t i n g  the calcium teach ing  

data a f t e r  v a r io u s  a l t e r n a t i v e s  were examined.  These u n i t s  nave  

some p h y s i c a l  meaning and provide a b a s i s  for comparison w ith  the 

summary r e s u l t s  con s id ered  in subsequent s e c t i o n s .  The p e r c e n t ­

age i s  exp ressed  in terms of the o r i g i n a l  ca lc ium c o n t e n t  of the 

specim en,  based on the chemical  a n a l y s i s  of the cement performed 

by the manufacturers  and presented  in  cable 9.2 The Limits of
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ca lc ium c o n c e n t r a t i o n  were w e l l  d e f i n e d ,  rang ing  from a lower  

d e t e c t i o n  l i m i t  of  1 mg/1 to an upper s a t u r a t io n  l i m i t  of about 600 

mg/1. Converted i n t o  a le a ch in g  rate the range of p o s s i b l e  v a lu e s  

and the need for sep a ra t io n  at  low r a te s  in d ic a t e d  the use of a log  

s c a l e .

As d i s cu sse d  in  s e c t i o n  9 .1 .1 ,  the p r i n c i p a l  mechanism of co r r o ­

s i o n  of c o n c r e te  i s  by removal of ca lc iu m .  S ince  h y d ra t io n  does  

not  a f f e c t  the ca lc ium c o n t e n t  of  the cement ,  the measurement of  

degree of l e a c h in g  of ca lc ium exp ressed  as a percentage  ot in i .wial  

calc ium c o n t e n t  i s  approximate ly  e q u i v a l e n t  to the degree of  

le a c h in g  of cement exp ressed  as a percentage  of i n i t i a l  cement  

c o n t e n t  adjusted  for  hyd ra t ion .

As there was v ery  l i t t l e  l o s s  of s o i l  in  e i t h e r  the l e a c h in g  c e l l s  

or the le a c h in g  bath,  the percentage l o s s  of  ca lc ium i s  a l s o  

comparable with the percentage  change in  mass of  the specim ens  at 

the end of t e s t i n g  although a d iscrep an cy  due to l e a c h in g  of  the

s o i l  may occur.

Most of the graphs i n d i c a t e  a d e c r e a s i n g  race ,  for the le a c h in g  

ra te  -  t ime r e l a t i o n s h i p  and the h y d ra t io n  -  t i n e  r e l a t i o n s h i p  i s  

s i m i l a r .  A p p l ic a t io n  of a h yd rat ion  c o r r e c t i o n  to the summary 

r e s u l t s  i s  th e r e fo r e  d i f f i c u l t .  The l i m i t e d  number of  ca lc ium  

a n a l y s e s  does not permit a d e t a i l e d  i n v e s t i g a t i o n  of the l e a c h in g  

-  t ime r e l a t i o n s h i p  although graph 9.24 does g i v e  an i n d i c a t i o n  of  

the g e n e r i l  form. The true lo s s  w i l l  l i e  somewhere between t h a t  

in d ic a t e d  by a comparison of the f i n a l  mass with t h .  i n i t i a l  

specimen mass and that Indicated  by comparison with the specimen  

masa adjusted  for the h yd rat ion  ga in  in d ic a te d  by c o n t r o l  

sp ec im ens .  C o n s id e r a t io n  of graph 9.24 i n d i c a t e s  that  the true  

value w i l l  probably l i e  c l o s e r  to that  determined in  terms of tha  

i n i t i a l  cement c o n t e n t .  Howevsr,  the va lue  obta ined  with  r e f e r ­

ence  to the c o n t r o l  specimens w i l l  o v e r e s t i m a te  the degree of  

l e a c h in g ,  and i s  thus more c o n s e r v a t i v e .  The lo s s  adjusted  in  

terms of the c o n t r o l  va lue  was thus used for  the summary data  

presented  in  graphs 9.22 to 9.32.
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The l i m i t i n g  v a lu e s  for specimen mass change,  exp ressed  as 1/d are  

tabu la ted  below the graphs In appendix I) for comparison w ith  the  

p l o t t e d  data .  The column headed "Inc I/d" Is  the t o t a l  mass change 

( l o s s  n e g a t i v e )  r e l a t i v e  to the I n i t i a l  specimen mass and that 

headed "Ctl  1/d" Is the same mass change r e l a t i v e  to the c o n t r o .  

specimen mass.  I t  should be noted that  the u n i t s  of the calcium  

rate  a x i s  are I /d  x 1 0 ' 3, lo s s  p o s i t i v e  ( l e a c h i n g  r a t e ) ,  w h i le  the  

mass change f i g u r e s  below the graphs are In I /d  ( l o s s  n e g a t i v e ) ,  

these  f ig u r e s  must th ere fo re  be m u l t i p l i e d  by 1000 before  compa­

r i s o n  w i th  the p lo t t e d  data.  The mois ture  c o n t e n t  at  the s ta r t  ot  

l e a c h in g  (Imc I ) ,  p e n e t r a t io n  at  end of l e a c h in g  (Pen mm) and 

t o t a l  f low through the specimen ( f l o w  1) are a l s o  summarised tor  

each specimen below the graphs in  the appendix .

I t  should be noted th a t  the averages  of  the data presented  In 

appendix  D do not a lw ays  agree e x a c t l y  w ith  the f ig u res  presented  

in  tab le  9 .3 .  The summary data was c a l c u l a t e d  In d e p e n d e n t ly  and 

c e r t a i n  p o i n t s  for which there  were n o te s  I n d i c a t i n g  l i k e l y  errors  

due to m a te r ia l  l o s s  on h a n d l in g ,  e t c  were d isregarded  whereas 

these  p o in t s  are inc luded  in the appendix .

The average  mass change ra te s  are g e n e r a l l y  of  s i m i l a r  magnitude  

to the p l o t t e d  data but tend to be s l i g h t l y  h ig h e r .  This Is  

c o n s i s t e n t  w ith  the I n c l u s i o n  of  n o n -c a lc iu m  l o s s e s  In the 

average  data and the high I n i t i a l  l e a c h in g  rate  I n d ica ted  In graph 

9,24 .  G e n e r a l ly ,  the f i r s t  l each ate  sample for each specimen was 

not a n a ly s e d  as I t  was f e l t  that  they  were more l i k e l y  to have  

been contaminated  during s e t t i n g  up. There was a l s o  a greater  

error p o t e n t i a l  In the f i r s t  p e r m e a b i l i t y  v a lu e .  Data for these  

samples are thus not Included on the ca lc ium rate  p l o t s .  It  i s  

probable that  the h ig h e s t  l e a c h in g  rate  for man, spec im en ,  

occurred during the f i r s t  I n t e r v a l ,  c o n s e q u e n t l y ,  the e x c l u s i o n  of  

t h i s  i n t e r v a l  has the e f f e c t  of d e p r e s s in g  the peak l e a c h in g  ra te

shown on the graphs.

A.S d iscu ssed  in s e c t i o n  9.1 ,  the l e a c h in g  t e s t  program was des igned  

on the b as i s  of a s e t  of  standard c o n d i t i o n s  which were each var ied

j m J



s e p a r a t e l y  I n  o r d e r  to e x a m i n e  t h e i r  i n f l u e n c e  on the  r e s u l t s .  

The c o n v e n t i o n  adopt ed  i n  t i t l i n g  the  graphs  i n  t h i s  c h a p t e r  and 

a p p e n d i x  D i s  t h a t  o n l y  those  p a r a m e t e r s  t h a t  a re  n o n - s t a n d a r d  a r e  

i n d i c a t e d ,  t he  r e m a i n d e r  a r e  r ega r ded  as  d e f a u l t  p a r a m e t e r s .  The 

s t a n d a r d  c o n d i t i o n s  a r e  summar i sed i n  t a b l e  D.l  i n  the  a p p e n d i x .

The combined gr aphs  a r e  d i s c u s s e d  i n  t he  s e c t i o n s  t h a t  f o l l o w .  In 

most  c a s e s ,  d a t a  f o r  one or  more s t a n d a r d  cas es  i s  p l o t t e d  to  

p r o v i d e  a f rame of  r e f e r e n c e .  The l e g e n d  e n t r i e s  i n c l u d e  the 

numbers  of the  g r aphs  i n  t he  a p p e n d i x  t o  f a c i l i t a t e  r e f e r e n c e  i t  

i n d i v i d u a l  t r e n d s  a r e  not  c l e a r .

9 . 4 . 7.a Standard Specimens and Test  C o n d i t io n s
The d a t a  f o r  t he  s t a n d a r d  t e s t  s pe c i m e n s  compacted a t  v a r i o u s  

cement  c o n t e n t s  a r e  p l o t t e d  on graphs  9.1 to 9.5 and s umma r i ­

sed on graph 9.6.  The c o r r e s p o n d i n g  d a t a  f o r  t he  d i s c  

s p e c i m e n s  i s  a l s o  p l o t t e d  on graphs  9.1 t o  9.5 and  i s  

summar i sed  on graph 9.7.

Ca l c ium l e a c h i n g  r a t e  was not  c a l c u l a t e d  f o r  the  u n s t a b i l i z e d  

spec i mens  as t h e y  c o n t a i n e d  no cemen t  and t h e r e f o r e  r e p r e s e n t  

t he  base  l e v e l  of  zero  l o s s .  The c a l c i u m  c o n t e n t  of  the s o i l  

was n o t  d e t e r m i n e d .  A l e v e l  of c a l c i u m l e a c h i n g  was however  

o b s e r v e d  as  i n d i c a t e d  i n  t a b l e  9 .1 .  I n i t i a l  c o n c e n t r a t i o n  was 

g e n e r a l l y  of t he  o r de r  of  10 mg/1 w i t h  a f i n a l  l e v e l  of  the 

o r d e r  of  5 mg/1,  g e n e r a l l y  about  20% of the f i n a l  c o n c e n t r a ­

t i o n  o b s e r v e d  fo r  s t a b i l i z e d  s p e c i m e n s .  Th i s  i n d i c a t e s  an 

a p p r e c i a b l e  amount  of ca l c i um i n  t he  s o i l .  Th i s  i s  a l s o  

i n d i c a t e d  by the  base l e v e l  of  c a l c i u m o bs e r ve d  i n  the 

Midde l burg  w a t e r .

P e r m e a b i l i t y  f o r  the u n s t a b l l l r e d  spec imens  I n c r e a s e d  s t e a ­

d i l y  to about  tiO days  and t h e n  de c r ea s e d  s l i g h t l y  b e f o r e  

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

from the d i s s o l v i n g  of pore «ir wh i l e  the  s ub se q u e n t  d e c r e a s e  

cou l d  r e s u l t  from movement  of f i n e s  or  c o n s o l i d a t i o n  of  the 

s p e c i m e n .  On s t r i p p i n g  t h e  c e l l s ,  c o n s t r i c t i o n  of the  i n l e t



end was o b s e r v e d ,  however ,  s i m i l a r  r e d u c t i o n s  In  p e r m e a b i l i t y  

were o b s e r v e d  f o r  the s t a b i l i z e d  s pe c i me ns  so i t  i s  c o n s i d e r e d  

more l i k e l y  t h a t  " h i s  r e d u c t i o n  r e s u l t e d  f rom a r e d i s t r i b u t i o n  

of  f i n e s .  The d i s k  spec imens  e x h i b i t e d  s i m i l a r  p e r m e a b i l i t y  

but  w i t h  a v e r y  g r ad u a l  i n c r e a s e  to  meet  the a s y m p t o t e  ror  the 

c y l i n d r i c a l  s pe c i m e n s .

The c y l i n d e r s  w i t h  5X c e r e n t  e x h i b i t  a s t e e p e r  i n i t i a l  

i n c r e a s e  i n  p e r m e a b i l i t y  t h a n  the  u n s t a b x i z e d  spec i mens  

f o l l owe d  by a s i m i l a r  l e v e l l i n g  o f f  but  w i t h  a g r e a t e r  sp r ead .  

I t  i s  p o s s i b l e  t h a t  the i n c r e a s e d  s t e e p n e s s  r e s u l t e d  from the  

l e a c h i n g  of  u n h y d r a t e d  cement  i n  the  e a r l y  s t a g e s .  The 

i n i t i a l  downward t r e n d  e x h i b i t e d  by c e r t a i n  s pe c i me n s  may 

have r e s u l t e d  f rom i n a d e q u a t e  d e - a i r i n g .  The e a r l y  c a l c i u m 

r a t e  d a t a  was n o t  o b t a i n e d  but  t he  r e m a i n i n g  d a t a  g e n e r a l l y  

e x h i b i t s  a s l i g h t  downward t r e n d  w i t h  t i me .

As p r e v i o u s l y  n o t e d ,  the  d i s k  spe c i me ns  i n l t - a l l y  e x h i b i t e d  a 

v e r y  h i gh  p e r m e a b i l i t y ,  presumabl y  due to  t h e i r  l i m i t e d  

t h i c k n e s s  (20 mm). However t h i s  c o n v e r g e s  r a p i d l y  on the  

c u r v e s  f o r  t he  c y l i n d r i c a l  s pe c i me n s  and a t  3u days  is 

v i r t u a l l y  i n d i s t i n g u i s h a b l e  f rom them.  T h e r e a f t e r  t he  d a t a  

l i e s  on the  upper  edge of  the e n v e l o p e  of r e s u l t s  f o r  the 

c y l i n d e r s .  The e a r l y  ca l c i um r a t e  d a t a  i n d i c a t e s  an i n i t i a l  

high l e a c h i n g  r a t e  but  a l s o  c o n v e r g e s  on t h a t  f o r  the 

c y l i n d e r s .  I t  should  be no ted  t h a t  the  s upp l y  t o  a l l  s t a b i ­

l i z e d  d i s k  s pec i mens  was shu t  o f f  be t ween r e a d i n g s  i n  the 

f i r s t  weeks  and t h a t  t h i s  could  have had a s i g n i f i c a n t  e f f e c t  

on the  l o ng  t e rm b e h a v i ou r .

Graph 9.3 d e p i c t s  the d a t a  f o r  the spec i mens  l e ached  f o r  904 

days  t o g e r h e r  w i t h  the s t a n d a r d  spec i mens  and c o n f i r m s  t h a t  

the l o n g  t e rm s e t  behaved the same as the o t h e r  s e t s  o v e r  the 

common t e s t  p e r i o d .  Graph 9.3a shows the same d a t a  on a s c a l e  

t o  1000 days  c o v e r i n g  the f u l l  pe r i od  of the l ong  verm t e s t s .  

A s i g n i f i c a n t  drop i n  p e r m e a b i l i t y  occ u r r e d  s t a r t i n g  a t  about  

400 d ay s .  Th i s  s u gg es t s  t h a t  some s ec o n d a r y  h y d r a t i o n  or

L E A C H I N G  T E S T S 9 . 5 0



p o z z o l a n i c  e f f e c t  may have  r educed the  p e r m e a b i l i t y  a t  t h i s  

s t a g e .  A d d i t i o n a l  r e s e a r c h  I s  r e q u i r e d  to  c o n f i r m  t h i s  o b s e r ­

v a t i o n .  The l e a c h a t e  samples  were a n a l y s e d  a t  t h i s  p o i n t  and 

no l e a c h a t e  a n a l y s t s  i s  a v a i l a b l e  f o r  the l a s t  500 days  of  the 

t e s t ,  however  graph 9.24 I n d i c a t e s  a r e d u c t i o n  i n  r a t e  of  

l e a c h i n g  o v e r  t h i s  pe r i od .

The s pe c i m e n s  w i t h  10. 15 and  20% cemen t  a l l  e x h i b i t  s i m i l a r  

t r e n d s  to  t hose  w i t h  5% cemen t  w i t h  a p r o g r e s s i v e  d e c r e a s e  i n  

the  e x t e n t  of  the i n i t i a l  u p t u r n ,  p r esumab l y  as  a r e s u l t  of 

h y d r a t i o n  p r o d u c t s  r ed u c i n g  the  pore  volume more r a p i d l y .  

They a l l  e x h i b i t  a s i m i l a r  s u bs e qu e n t  d o w n t u r n .  The ca l c i um 

r a t e  d a t a  i s  c o i n c i d e n t  f o r  a l l  cemen t  c o n t e n t s .

The r e s u l t s  a r e  summar ised on graphs  9.6 f o r  c y l i n d e r s  and 9./ 

f o r  d i s k s .  In bo t h  c a s es  t h e r e  i s  an o r d e r  of  ma gn i t ude  

i n c r e a s e  i n  p e r m e a b i l i t y  from u n s t a b i l i z e d  to  s t a b i l i z e d  

s p e c i m e n s .  Al l  spec i mens  were compacted a t  the  came n o m i n a l  

d r y  d e n s i t y ,  t hus ,  s i n c e  the s p e c i f i c  g r a v i t y  of  cemen t  powder 

i s  a p p r o x i m a t e l y  3.15 (USBR 1975) w h i l e  t h a t  of the  s o i l  was

2.7,  an I n c r e a s e  i n  void r a t i o  occu r s  w i t h  i n c r e a s i n g  cement  

c o n t e n t .  However ,  t h e n  i s  no a p p r e c i a b l e  d i f f e r e n c e  i n  

p e r m e a b i l i t y  o v e r  the  r ange  of spec i mens  w i t h  cement  c o n t e n t s  

from 5 to  20% i n d i c a t i n g  t h a t  t he  i n c r e a s e  i n  n o m i n a l  v o i d  

c o n t e n t  i s  compensa t ed  f o r  by the e x p a n s i o n  of  the  h y d r a t i o n  

p r o d u c t s .  Th i s  s u g g e s t s  t h a t  the e f f e c t i v e  s p e c i f i c  g r a v i t y  

of  the h y d r a t e d  cement  i s  v e r y  s i m i l a r  t o  t h a t  of the s o i l

p a r t i c l e s .

The. c a l c i u m  l e a c h i n g  r a t e  s pa n s  t he  same r ange  f o r  a l l  cement  

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

l i t y .  I t  i s  n o t a b l e  t h a t  the t i n a l  ca l c i um r a t e  l i e s  l a r g e l y  

i n  the r an g e  0.01 to 0.1 %/day w i t h  a v e r y  g r ad u a l  l i n e a r  

downward t r e n d .  Thi s  i n d i c a t e s  compl e t e  r emova l  of  ca l c i um 

i n  100U t o  10 000 d a y s .  While graph  9.24 s u g ge s t s  a s u b s t a n ­

t i a l  d ec r ea s e  i n  l e a c h i n g  r a t e  by 300 days ,  i t  i s  p o s s i b l e  t h a t  

comple t e  r emova l  of cement  may o c c u r .  I t  must  however  be
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r e c o g n i s e d  cha t  t h i s  w i l l  r e p r e s e n t  compl e t e  r emova l  of cemen t  

from a 75 mm deep s k i n  w i t h  f r ee  d r a i n a g e  unuer  a g r a d i e n t  of 

50 and no t  a compl e t e  embankmen t .  As p r e v i o u s l y  n o t e d ,  the 

maximum c a l c i u m  c a p a c i t y  of  d i s t i l l e d  wa t e r  i s  of the  o r d e r  of 

600 mg/1 and the  p e r m e a b i l i t y  of  the  m a t e r i a l  i s  such t h a t  the 

r a t e  of  adv. .  ice of  a w e t t i n g  f r o n t  i s  of the  o r d e r  or 30 

mm/year  w i t  u n i t  g r a d i e n t .  Once s a t u r a t e d  w i t h  c a l c i u m ,  

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

t h e r e f o r e  ce i i d e r e d  t  .at  the o b s e r v e d  l e a c h i n g  r e p r e s e n t s  a

s i r f a c e  e f f e c t .

9 . 4 . 7 ,b N o n - S t a n d a r d  Compact ion C o n d i t i o n s
Graph 9.8 summar i s es  the  d a t a  f o r  the s pec i mens  compacted a t  

U  above and  below opt imum m o i s t u r e  c o n t e n t  (OMC) and 2 .  

above maximum d r y  d e n s i t y  (HDD).  The s t a n d a r d  107. specimen^ 

a r e  p l o t t e d  f o r  r e f e r e n c e .

The m o i s t u r e  c o n t e n t  and d e n s i t y  used f o r  t he  spec i mens  

compacted wet  and d r y  of  OMC were s e l e c t e d  t o  l i e  on the  

s t a n d a r d  p r o c t o r  m o i s t u r e  d e n s i t y  c u r v e .  These spec i mens  

were compacted a t  m o i s t u r e  c o n t e n t s  and d ry  d e n s i t i e s  of 

1 4 . 7 5 % and 1885 kg/m3 and 12.751 and 1898 kg/m3 r e s p e c t i v e l y .  

The m o i s t u r e  c o n t e n t  and d ry  d e n s i t y  f o r  t he  s pe c i me n s  

compacted above  p r o c t o r  HDD were o b t a i n e d  by moving  a l o n g  the 

51 a i r  vo i d s  l i n e  to  the r e q u i r e d  d e n s i t y  of  1943 kg/m , t hus  

o b t a i n i n g  the r e q u i r e d  mo i s t u r e  c o n t e n t  of  13.00%.

The s pe c i me ns  compacted d ry  of  OMC e x h i b i t e d  h igh  i n i t i a l  

p e r m e a b i l i t i e s  which decayed to  J u s t  above the  upper  l i m i t  for  

the s t a n d a r d  s p e c l m e i s .  The decay c u r ve  i s  s i m i l a r  to  t h a t  

ob s e r ve d  fo r  the d i s k  spec i mens  but  the i n i t i a l  v a l u e s  a r e  not  

as  g r e a t  and the  r a t e  of decay i s  s l o w er .  I t  shou ld  be no t e d  

t h a t  l e a c h i n g  supply  t o  t he se  s pe c i me ns  was no t  cut  o f t  a t  any 

s t a g e  as  was the case  f o r  t he  d i s k  s pe c i m e n s .  The c a l c i u m 

l e a c h i n g  r a t e  c u r ve  e x h i b i t s  a s i m i l a r  compar i son  w i t h  the 

:CAndard s p e c i m e n s .  Compact ion dry  of  opt imum thus  has  a 

d e t r i m e n t a l  e f f e c t  ->n p e r m e a b i l i t y .

L E A C H I N G  T E S T S 9 . 6 0
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The s pec i mens  compacted wet of OMC e x h i b i t  a s i m i l a r ! /  shaped 

p e r m e a b i l i t y  -  t ime curve t o  t h a t  f o r  t he  s t a n d a r d  spe c i me ns  

but  i t  i s  g e n e r a l l y  lower  a t  a l l  s t a g e s ,  s t r a d d l i n g  the  l ower  

l i m i t  f o r  the  s t a n d a r d  specim ens.  The calc ium l e a c h i n g  r a t e  

i s  a l s o  somewhat  l owe r .  The lower  p e r m e a b i l i t y  . s  c o n s i s t e n t  

w i t h  t h a t  n o r m a l l y  a s s o c i a t e d  wi t h  c l a y s  compacted wel of 

OMC, but  i t  should  be no t e d  t h a t  t h e s e  s pe c i m e n s  were  

d i f f i c u l t  t o  h a n d l e  i m me d i a t e l y  a f t e r  compac t i on  due t o  the 

e x c e s s  m o i s t u r e  c o n t e n t .  The s l i g h t l y  lower  p e r m e a b i l i t y  

does no t  j u s t i f y  the I n c r e a s e d  d i f f i c u l t y  i n  p r o c e s s i n g  the 

m a t e r i a l .

The spec i mens  compacted a t  2% above  HDD l i e  w i t h i n  rhe r ange  

of r e s u l t s  f o r  the  s t a n d a r d  s p e c i me n s ,  t he  d e v e l op me n t  of f u l .  

f low may be s l i g h t l y  d e l a y ed  but  no s i g n i f i c a n t  b e n e f i t  i s

a p p a r e n t .

These  r e s u l t s  i n d i c a t e  a g e n e r a l  t e n d e n c y  for  lower  p e r ­

m e a b i l i t i e s ,  and  hence  f l o w s ,  t o  be a s s o c i a t e d  w i t h  lower

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

9 . 4 . 7 . C  Microci n c r e t e
Graph 9.9 compares  t he  r e s u l t s  f o r  the m i c r o c o n c r e t e  mixes  

w i t h  t hdse  f o r  the s t a n d a r d  20% s pec i mens  and u n s t a b l e i z e d  

spe c i me ns .  The upper  l i m i t  of  p e r m e a b i l i t y  f o r  t he  spec i mens  

w i t h  cement  -  w a t e r  r a t i o  (c/w) of  l.U ( 1 8 . 2 .  cemen t  > 

c o r r e s p o n d s  wi t h  t h a t  f o r  t he  u n s t a b i l i z e d  s p e c i me n s .  The 

lower  l i m i t ,  f o r  the  spec i mens  w i t h  c/w 1.2 (2»% c e m e n t ),

r e f l e c t s  t he  d i s c o n t i n u i t i e s  r e f e r r e d  to  above,  i n d i c a t i n g  

p e r m e a b i l i t i e s  below those  t h a t  could be r e g i s t e r e d  w i t h  the 

a p p a r a t u s  used.

The r e l a t i o n s h i p  of i n c r e a s i n g  p er m e a b i l i t y  with  d e c r e a s i n g  

cement -  water r a t i o ,  i s  in  agreement with  t he  normal  

behaviour for con cre te  mixes ( N e v i l l e  18, _ and  ̂ i l t o n  1977). 

E x t r a p o l a t i o n  of the data for water r e t a i n i n g  q u a l i t y  c o n c r e te

L E A C H I N G  T E S T S 9 . 6  2
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i n  t h e s e  r e f e r e n c e s  on a s e m i - l o g  p l o t ,  g i v e s  good a g re e me n t  

w i t h  the  r e s u l t s  o b t a i n e d  he re .

The p ronounced  e f f e c t  of a change  i n  cemen t  c o n t e n t  f o r  

c o n s t a n t  m o i s t u r e  c o n t e n t  on the  p e r m e a b i l i t y  of  the  m i c r o ­

c o n c r e t e  i s  i n  marked c o n t r a s t  to the  n e g l i g i b l e  e f r e c t  of  

I n c r e a s i n g  the  cemen t  c o n t e n t  of s o i l - c e m e n t  above b l .

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

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

9 . 4 . 7 . d  Non-Standard Curing Co nd i t i o ns
The da t a  f o r  s t a n d a r d  10% s pec i mens  s u b j e c t  to v a r i o u s  n o n ­

s t a n d a r d  c u r e s  i s  compared wi t h  t h a t  f o r  the  s t a n d a r d  s p e c i ­

mens i n  graph  9.10.  The t e n d e n c y  f o r  l o v e r  p e r m e a b i l i t y  t o  be 

a s s o c i a t e d  w i t h  lower  ca l c i um l e a c h i n g  r a t e  i s  a g a i n  a p p a r e n t .

The s pe c i me ns  l e f t  i n  the humid chamber  f o r  23 days  i n s t e a d  of  

b e i n g  s e a l e d  at 7 days  e x h i b i t  a s i m i l a r  sp r ead  of r e s u l t s  to 

Che s t a n d a r d  s p e c i m e n s .  The p e r m e a b i l i t y  and Leaching i a t e  

c u r v e s  may be s l i g h t l y  h ighe r  chan t hose  f o r  the s t a n d a r d  case ,  

bu t  i t  i s  u n l i k e l y  t h a t  t he y  a r e  s i g n i f i c a n t l y  d i f f e r e n t  

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

cement  of  ’ e a c h i n g  (12.2% cf  13.1%).

The s pec i mens  p l aced  i n  t he  l e a c h i n g  ba t h  f o r  21 days  a t  age 7 

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

by an upward t r e n d .  The a v e r ag e  f i n a l  p e r m e a b i l i t y  t r e n d  Is 

c o n s i d e r a b l y  lower  t ha n  t h a t  f o r  the s t a n d a r d  spec i mens  as i s  

t he  l e a c h i n g  r a t e .  U  i s  a p p a r e n t  t h a t  the p r e s e n c e  of 

a d d i t i o n a l  m o i s t u r e  d u r i n g  the 7 to  28 day c u r i n g  p e r io d  has a 

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

t i o n  , f  wa t e r  d u r i n g  the  f i r s t  days  a f t e r  p l a c i n g ,  b e f o r e  

subsequent Layers a r e  placed,  can be ex p ec t e d  to  a i d  in  

reducing  p e r m e a b i l i t y .
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As che m i c r o c o n c r e t e  was wee cu r ed  from 24 hours  i n  b ea n s ,  

t h e s e  r e s u l t s  s ug g e s t  t h a t  the d i f f e r e n c e  i n  measured perme­

a b i l i t y  may r e f l e c t  a d i f f e r e n c e  i n  c u r i n g  c o n d i t i o n s  as much 

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

The s pec i mens  s u b j e c t  t o  12 c y c l e s  of w e t t i n g  and  d r y i n g ,  as 

d e s c r i b e d  i n  c h a p t e r  8 , e x h i b i t  an i n i t i a l  r a p i d  i n c - e a s e  in  

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

i s  s i g n i f i c a n t l y  above t h a t  f o r  t he  s t a n d a r d  s pe c i me ns  

i n d i c a t i n g  t h a t  a l t e r n a t e  w e t t i n g  and d r y i n g  has  n s i g n i f i ­

c a n t  i n f l u e n c e  i n  I n c r e a s i n g  p e r m e a b i l i t y .  The f i n a l  perme­

a b i l i t y  i s  s t i l l ,  however ,  i n  the r ange  of Impermeable  s o i l s .

9 . 4 . 7 . e  Non-Standard Curing Period
The r e s u l t s  for  spec imens  s u b j e c t  to e x t e n de d  s e a l e d  c u r e s  of  

77 and 343 d a y s ,  a f t e r  s e a l i n g  a t  7 d ay s ,  a r e  d e p l e t e s  i n  graph

9.11.

The s pe c i me ns  s e a l e d  f o r  77 d a / s  (11 weeks)  exb a i t  a much 

lower  i n i t i a l  p e r m e a b i l i t y  t h a n  the s t a n d a r d  w i t h  a more 

g r adua l  i n c r e a s e  and l e s s  p r onounced  p e a k i n g .  The f i n a l  

p e r m e a b i l i t y  and  ca l c ium r a t e  t r e n d s  a r e  i n  a s i m i l a r  r ange  to 

the s t a n d a r d  s pe c i me ns ,  s l i g h t l y  lower  on a v e r a g e .

The spe c i me ns  s e a l e d  f o r  343 days  (31.2 weeks)  e x h i b i t  a 

g r e a t e r  drop i n  I n i t i a l  p e r m e a b i l i t y  t han  the  7/ day s p e c i ­

mens,  f o l l o w e d  by a f u r t h e r  de r e a s e .  P e r m e a b i l i t i e s  t h e n  

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

s i m i l a r  to t h a t  f o r  t he  77 day s pe c i m e n s .  I n i t i a l  l e a c h i n g  

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

The most  p r onounced  e f f e c t  of  p ro l onged  c u r i n g  i s  i n  t h e  

r e d u c t i o n  of the  i n i t i a l  p e r m e a b i l i t y  and l e a c h i n g  r a t e  and 

c o n s e q u en t  o v e r a l l  r e d u c t i o n  i n  l e a c h i n g  l o s s .  Thi s  i s  

c l e a r l y  e v i d e n t  i n  graph 9.2b.

L E A C H I N G  T E S T S 9 . 6 6
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The 343 day s pe c i m e n s  were t e s t e d  Cor a pe r i od  of 387 days  a n d  

the  f a l l  p e r i o d  d a t a  i s  p l o t t e d  i n  t he  a ppend i x  ( g r aph  D.13).  

The e n v e l o p e  f o r  t h e s e  spec imens  l i e s  below t h a t  f o r  the  l o ng  

t e rm s t a n d a r d  s pe c i m e n s  d e p i c t e d  i n  graph 9 . 2 i  wi t h  a s iml - . a r  

t r e n d  to t he  bo t t om e n v e l o p e  of t he  s t a n d a r d  s pe c i me n s  thus  

s u p p o r t i n g  the o b s e r v a t i o n s  r e g a r d i n g  the i n c r e a s e d  r e d u c t i o n  

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

9 . 4 . 7 . f  Non-Standard Leaching Waters, G radien ts ,  e tc
The p e r m e a b i l i t y  and  ca l c i um r a t e  d a t a  f o r  s t a n d a r d  spe c i me ns  

l eached w i t h  Middc l burg  and  c a r b o u a : e d  water  a n d  f o ’ the 

spec i mens  s u b j e c t  to  g r a d i e n t s  of 10 and 136 m/m w i t h  a i r  c e l l  

f l u i d  a r e  compared a c c o r d i n g  t o  cement  c o n t e n t  and t e s t  

c o n d i t i o n  i n  g r aphs  9.12 t o  9.16 and summar ised a c c o r d i n g  t o  

t e s t  c o n d i t i o n  i n  graphs  9.15 to 9.20.

Specimens  c o n t a i n i n g  3% cemen t  l e ached  w i t h  c a r b o n a t e d  w a t e r  

g e n e r a l l y  have  l ower  p e r m e a b i l i t y  and  l e a c h i n g  r a t e  than  the  

s t a n d a r d  s pe c i me ns  (graph 9 .12) .  A f u r t h e r  d e c r e a s e  i s  e v i d e n t  

f o r  t h o s e  s p e c i me n s  l eached  wi t h  wa t e r  from the  Mlddej-burg 

r e s e r v o i r .  Those spec imens  s u b j e c t  to  the  low n y d r a u l i c  

g r a d i e n t  e x h i b i t  a broad s c a t t e r  w i t h  some d i s c o n t i n u i t i e s ,  

but  g e n e r a l l y  below the l e v e l  of t he  s t a n d a r d  s pe c i m e n s .

Specimens  c o n t a i n i n g  10% c e men t  (graph 9.13),  e x h i b i t  a 

s i m i l a r  p r o g r e s s i v e  de c r e a se  i n  p e r m e a b i l i t y  and r e a c h i n g  r a t e  

f o r  p e r c o l a t i o n  w i t h  c a r b o n a t e d  and  Mlddelburg w a t e r  to those  

wi t h  5%. Those s u b j e c t  to  the h i g h  g r a d i e n t  w i t h  a i r  c e l l  

f l u i d  (g r aph  9.14)  e x h i b i t  p e r m e a b i l ' t i e s  c o n s i d e r a b l y  below 

those f o r  the s t a n d a r d  spec imens  w i t h  d e - a l r e d  d i s t i l l e d  wa t e r  

c e l l  f l u i d  and s t a n d a r d  g r a d i e n t  and have  a more pronounced 

downward t r e n d .  Calcium r a t e s  a r e  a l s o  g e n e r a l l y  l owe r .  The 

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

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

degree of  s c a t t e r  i s  e v i d e n t  w i t h  the bands  t o r  t h e  h igh and 

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

The c a l c i um r a t e  d a t a  i s  s i m i l a r .  The r e s u l t s  for  the low

L E A C H I N G  T E S T S 9 . 6 8
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g r a d i e n t  spe c i me ns  a g a i n  show c o n s i d e r a b l e  s c a t t e r  and d i s ­

c o n t i n u i t i e s  and  a r e  g e n e r a l l y  below the e n v e l o p e s  fo r  t he  

o t h e r  t e s t  c o n d i t i o n s .

Spec imens  c o n t a i n i n g  20% cemen t  (graph 9.15) show s i m i l a r  

t r e n d s  w i t h  c a r b o n a t e d  and Mi dde l burg  wa t e r  ro those  d i s c u s s e d  

above as  do the  h igh  g r a d i e n t  spe c i me ns  w i t h  a i r  c e l l  f l u i d  

(graph 9 .16) .  The low g r a d i e n t  d a t a  g e n e r a l l y  o v e r l a p s  t h a t  

f o r  the  h igh  g r a d i e n t  w i t h  some d i s c o n t i n u i t i e s .

,4 .7 .g  High Gradient  and Air C e l l  F lu id
Tie r e s u l t s  f o r  spec i mens  s u b j e c t  to  h igh  and s t a n d a r d  

g r a d i e n t  w i t h  a i r  c e l l  f ' u i d  a r e  summar ised i n  graph 9.17.  A l l  

spec i mens  e x h i b i t  an i n i t i a l  s t e e p  d e c r ea s e  i n  p e r m e a b i l i t y  

which l e v e l s  o f f  to  a t r e n d  which i s  s t i l l  c o n s i d e r a b l y  

s t e e p e r  t ha n  t h a t  f o r  the  s t a n d a r d  t e s t  c o n d i t i o n s .  The 

s t a n d a r d  g r a d i e n t  spec i mens  v - i b i t  a number of  d i s c o n t i n u i ­

t i e s  due to  the  v e r y  low f l ows .  I t  i s  a p p a r e n t  t h a t  d i f f u s i o n  

of  a i r  t h rough  t he  membranes o c c u r r e d  and t h a t  t h i s  had a 

c o n s i d e r a b l e  I n f l u e n c e  on the p e r m e a b i l i t y  of  t he  s pe c i m e n s .  

The s t e p s  t a k e n  to  keep the  c e l l  f l u i d  f o r  the  r e s t  of t h e  t e s t  

program f r e e  of a i r  a r e  t h e r e f o r e  j u s t i f i e d .

P e r m e a o i l l t y  f o r  h igh  g r a d i e n t  ( a i r  c e l l  f l u i d )  s pec i mens  w i t h  

2 0 % cemen t  i s  h i g h e s t  w i t h  t h a t  f o r  h igh g r a d i e n t  spec i mens  

wi t h  10% cement  i n  a broad band be l ow.  S t a n d a r d  g r a d i e n t  10-. 

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

p o r t i o n  of the  band f o r  h igh  g r a d i e n t  w i t h  a number  of  

d i s c o n t i n u i t i e s  r e s u l t i n g  from t he  low f l o ws .

Calcium l e a c h i n g  r a t e  behaves  s i m i l a r l y  to p e r m e a b i l i t y .

9 .4 .7 .h  Low Hydraulic Gradient
The r e s u l t s  f o r  t he  specimen;  s u b j e c t  ;o the low h y d r a u l i c  

g r a d i e n t  of 10 m/m are  summar ised i n  graph 9.18.  The bands  of  

p e r m e a b i l i t y  d a t a  for  5 % and 2 0 % spec imens  s u b j e c t  to the low 

g r a d i e n t  a r e  s i m i l a r .  Specimens  w i t h  10% cement  e x h i b i t

L E A C H I N G  T E S T S 9 . 7  4
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g e n e r a l l y  l ow e r  p e r m e a b i l i t y  w i t h  a number  of  di s c o n t  i n-ii 

t i e s .  Calc ium r a t e  i s  g e n e r a l l y  f a i r l y  l e v e l  w i t h  5 and  20% 

g e n e r a l l y  above 1 0 %.

Al l  p e r m e a b i l i t y  d a t a  shows a p r onounced  i n i t i a l  down t r e n d  

fo l l owed  by l e v e l l i n g  o f f .  In  some c a s e s  an I n c r e a s e  i n  p e r ­

m e a b i l i t y  w i t h  t i me  a t  about  150 to  200 days  o c c u r s ,  p a r t i c u ­

l a r l y  a t  the lower  p e r m e a b i l i t i e s .  T h i s  however  r e ma i n s  

below the  t op  l i m i t  of  the  e n v e l o p e  f o r  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 m e n s .

The low f l ows  r e s u l t i n g  from the  lower  g r a d i e n t  were moie 

a f f e c t e d  by e v a p o r a t i o n  and t h i s  could a c c o u n t  f o r  t he  lower  

i n d i c a t e d  p e r m e a b i l i t i e s .  However ,  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  i n  e s t a b l i s h i n g  f low i n  many of t he  low 

g r a d i e n t  s pe c i me n s  and  i t  i s  c o n s i d e r e d  t  a t  a r e a l  d ec r e a s e  

i n  p e r m e a b i l i t y  e x i s t e d .  The lower  i n i t i a l  f low r a t e  r educes  

t he  r a t e  of  r emova l  of  c a l c i u m and o t h e r  s o l u b l e  e l e m e n t s  and 

a l l o w s  f u r t h e r  h y d r a t i o n  to oc c u r .  Thi s  can  be e x p e c t e d  j  

reduce the p e r m e a b i l i t y  of  the  m a t e r i a l  as  w e l l  a s  i t s  

s u s c e p t i b i l i t y  to l e a c h i n g .  T h i s  e f f e c t  would be e v e n  more 

p ronounced  u nde r  u n i t  g r a d i e n t .

9 .4 .7 .1  Natural (Mlddelburg) Leaching Water
The r e s u l t s  f o r  the spec i mens  l eached  w i t h  the  wate r  f rom the 

Rondebosch Dam a t  Mlddelburg a r e  d e p i c t e d  in  graph 9 .19.  The 

d a t a  f o r  the  10 and 2 0 % spec i mens  e x h i b i t s  a c o n s i s t e n t  

downward t r e n d  i n  both p e r m e a b i l i t y  and l e a c h i n g  r a t e .  That  

f o r  t he  5 % spec i mens  t e n d s  t o  l e v e l  o f f  or  r i s e  s l i g h t l y .  

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

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

t i o n s ,  but  t h e n  d i v e r g e  wi t h  p r o g r e s s i v e l y  lower  l e v e l s  b e i n g  

r eached  f o r  spec i mens  wi th  5, 10 and 20% cemen t  r e s p e c t i v e l y .

The Mldde l burg  wa te r  was no t  d e - a l r e d  and i t  i s  c o n s i d e r e d  

t h a t  t h i s  caused  the g e n e r a l  downward t r e n d  of  the r e s u l t s .  

The reduced p e r m e a b i l i t y ,  t o g e t h e r  w i t h  the  o t h e r  e l e m e n t s
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already d i s s o l v e d  i n  t he  water, e x p l a i n s  the low le a c h in g  ra te s  

observed.

These r e s u l t s ,  together  with those for specimens su bjec t  to the 

!.ow g r a d ie n t ,  i n d i c a t e  a c o n s id e r a b le  reduction  i le ach in g  

at tack  of the s o i l - v e m e n t  embankment subjec t  to u n i t  grad ient  

irut natura l  water .

. ? . j  Ca r bona t ed  Lea ch i ng  Water 
The r e s u l t s  for the spec imens leached with carbonated water  

are presented  in  graph 9.20.  I n i t i a l  p erm ea b i l i ty  and reach­

ing rate  r e s u l t s  are in  the same range as those produced u s in g  

the Middelburg water c o n f ir m in g  the a f f e  t c ‘ d i s s o l v e d  gases  

on p e r m e a b i l i t y .  Specimens with  10% and 20% cement a g a i n  

e x h i b i t  an i n i t i a l  reduct ion  whi le  those with 5% show a s l i g h t  

upward trend.  The sequence i s  again \  10 and 20% in  order of 

d ecre as in g  p e r m e a b i l i t y  and le a c h in g  ra te .

The d e c l i n e s  in  both p e r m e a b i l i ty  and leach i i .g  rate are not as 

pronounced as observed with the Middelburg water and the 10% 

specimens show an in c r e a se  in  both q u a n t i t i e s  towards the end 

of the t e s t  per iod.  I t  i s  cons id ered  that t h i s  l e v e l l i n g  o f t  

and upward trend r e l a t i v e  to the Middelburg water if. as a 

r e s u l t  of the more a g g r e s s iv e  nature of the carbonated water  

e i t h e r  as a r e s u l t  of  a c i d i t y ,  or the absence of d i s s o l v e d  

til i t e r a l s ,  or both.

4 . 7 . k  Cracked  Specimens
The r e s u l t s  for the two s e t s  of specimens with l o n g i t u d i n a l  

t e n s io n  cracks  are presented  in graph 9.21 and p lo t te d  for  

ompartson on graphs 9.13 and 9.15.

The specimens with 10% cement (graph 9.13) e x h i b i t  ^very high  

i n i t i a l  p e r m e a b i l i t i e s ,  of  the order of  30x10 m/s but 

onverge rap id ly  on the range for the standard spec im en s .  The 

F in a l  e n v e lo p e  l i e s  s l i g h t l y  above that for the standard d isk  

pecimens .  I he l each ing  rate i s  s i m i l a r  to that for the d i s k s
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throughout.  Owing to the nigh i n i t i a l  p e r m e a b i l i t i e s ,  l e a c h ­

i n g  supply to these  specimens was i n i t i a l l y  i n t e r m i t t e n t  and 

t h i s  could have a bear ing  on the r e s u l t s .  However, s i n c e  a 

grad ient  of 50 would not be app l ied  to any water r e t a i n i n g  

stru ctu re  i n s t a n t a n e o u s l y ,  p a r t i c u l a r l y  at  f i r s t  t i l l i n g ,  i -  

i s  cons idered  that  the t e s t  c o n d i t i o n s  were not e n t i r e l y  

u n r e a l i s t i c .  I:  should a l s o  be noted that  the method of t e s t  

applied  an e x t e r n a l  pressure to the specimen which would have  

helped to  c l o s e  the crack,  s s i t u a t i o n  that  would not  

n e c e s s a r i l y  occur in  p rac t ic e  although i t  might be expected  in  

h igh ly  s t r e s s e d  zon es .

The specimens w ith  20% cement (graph 9.15) e x h i b i t  s i m i l a r  

i n i t i a l  p e r m e a b i l i t i e s  and behaviour to those with 1 0 % cement ,  

merging with  the upper reg ion of the en ve lope  for the standard

spec im ens .

The r e s u l t s  for both s e t s  fo l lo w  almost e x a c t l y  the same paths  

(graph 9 .21; .  This  i s  c o n s i s t e n t  w ith  the s i m i l a r  permeabi­

l i t y  and lo s s  r e s u l t s  for standard specimens v i t h  1 0  and 2 0 % 

cement and with the p h y s i c a l  s i m i l a r i t y  of the crack t e s t e d .

On com plet ion  of the l e a ch in g  t e s t s ,  the spec imens were 

removed and the cracks,  reopened.  Only s l i g h t  force was 

required for se p a r a t io n  and s o f t e n i n g  was observed  over the 

e n t i r e  crack su rface  i n d i c a t i n g  that  rlow a long the crack had 

occurred.  The leach bath spec imens showed no appreciable  

d e t e r i o r a t i o n  on the crack surface  and required s l i g h t l y  more 

force to separate ,  i t  was cons id ered  p o s s i b l e  that s l i g h t  

bonding had occurred but t h i s  i s  by no means c e r t a i n .

The sea led  spec im ens  were soaked for four hours before  

s e p a r a t in g ,  some force  was required to separate them and in  

g n n »ral l i t t l e  w e t t i n g  of the crack surface was observed .  

Whether t h i s  i s  an i n d i c a t i o n  of bonding on the su rface  i s  

u n c e r ta in  but in v iew  of the r e l a t i v e l y  dry s t a t e  of  the



spec i mens  on s ea .  ng,  i t  wo' ild appea r  e q u a l l y  l i k e l y  t h a t  t h i s  

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

While the above r e s u l t s  p r o v i d e  v e r y  l i t t l e  i n f o r m a t i o n  on t he  

b e h a v i o u r  of  c r a c k s  under  f low,  t h e y  a r e  c o n s i s t e n t  w i t h  the 

e x p e r i e n c e  of the  USBR a t  the  Lubbock R e s e r v o i r  seepage t e s t  

s e c t i o n  r e f e r r e d  to in  c h a p t e r  1 (De Groot  1971a).  Nussbaum 

and C o l l e y  (1971) a l s o  found t h a t  s h r i n k a g e  c r a c k s  t h rough  

s o i l - r a m e n t  f a c i n g s  did  not  I n c r e a s e  seepage a p p r e c i a b l y  and 

t h a t  t r e a t m e n t  of h o r i z o n t a l  j o i n t s  wi t h  a t h i n  n e a t  cement  

g rou t  reduced p e r m e a b i l i t y  t o  t h a t  of  the  i n t a c t  m a t e r i a l .

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

du r e s  t o  l i m i t  c r ac k  deve l op me n t  a r e  adop t ed ,  the  a l i g n m e n t  of 

c r a c k s  be t ween  l a y e r s  i s  u n l i k e l y  to  occur  because  of t h e i r  

d i s p a r a t e  ages .  In p a r t i c u l a r ,  the a l i g n m e n t  of  c r a c k s  of any 

s i z e  t h rough  the  e n t i r e  body of a homogeneous embankment  i s  

c o n s i d e r e d  h i g h l y  u n l i k e l y .  I t  shou ld  be no t e d  t h a t  one two 

mete r  v i d e  s t r i p  of i n t a c t  s o i l - c e m e n t  on any  seepage pa th  

w i l l  p r ov i d e  an adequate  wa t e r  b a r r i e r  and t h a t  the  t y p e  of 

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

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

the w a t e r  s u r f a c e .

B o f i n g e r  and S u l l i v a n  (1971) found t h a t  c r a c k i n g  of  p r o p e r l y  

cured  s o i l - c e m e n t  bases  oc c u r r e d  w i t h i n  the  f i r s t  30 m i n u t e s  

a f t e r  compac t i on  and t h a t  f u r t h e r  c r a c k i n g ,  n o r m a l l y  a s s o c i a ­

ted w i t h  s h r i n k a g e ,  i n  f a c t  r e s u l t e d  from wheel  l o a d s .  They 

a l s o  r e p o r t e d  a s h r i n k a g e  c r a c k  s p a c i n g  of up to 3 m. These 

f i n d i n g s  f u r t h e r  suppor t  the view t h a t  c r a c k i n g  of a ma s s i v e  

s o i l - c e m e n t  embankment  w i l l  be of  no s i g n i f i c a n c e .

P r ov i ded  s u i t a b l e  m o n i t o r i n g  equ i pmen t  i s  i n s t a l l e d  in  t he  

s o i l - c e m e n t  embankment ,  the i n s t a l l a t i o n  of  s p e c i a l  i raperrae- 

abl« membranes or  d r a i n s  is  c o n s i d e r e d  u n n e c e s s a r y . I t  should  

be no t e d  t h a t  i f  a p r e c a s t  ups t r eam f ace ,  as  used a t  * i How 

Creek  Dam (Schrader  1982),  i s  employed ,  the p r e c a s t  c o n c r e t e
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fa c in g  pan e ls  w i l l  provide an upstream water barr ier  that wil^  

bridge most crac ks .

9 . 4 . 8  H y d r a t i o n  C o r r e c t i o n  f r o m S e a l e d  C o n t r o l s

The h ydrat ion  c o r r e c t i o n  was determined as the f i n a l  mois ture  

con cen t  of the sea led  c o n t r o l  specim ens,  t h i s  i s  p lo t ted  a g a in s t  

cement c o n t e n t  in graph 9.22.

R egress ion  on 25 data p o in t s  for specimens  at age + / -  300 days  

y i e l d s  a re g r e s s io n  l i n e  with  in t e r c e p t  0.01% and s lope  0.125,  

r e g r e s s i o n  c o e f f i c i e n t  ( r L) was 0.95 This reg r es s io n  i s  i d e n t i c a l  

to the hydrat ion  c o r r e c t io n  of 0.125 x cement c o n t e n t  (%) for the 

s tandard ASTM w et -d ry  c o n t r o l  spec imens subjec t  to tw e lv e  c y c l e s ,  

d er ived  in s e c t i o n  8 .4 . '  ar.d dep ic ted  on graph 8 .2 .  This i s  

c o i n c i d e n t a l  as spec men shape and s i z e  and the cu r in g

c o n d i t i o n s  are e n .  . t  y d i f f e r e n t .  It w i l l  a l s o  be noted that the  

p o i n t s  for the wt c c.r> c o n t r o l s  at  10% cement on graph 9.22 (.+ x * 

$) are a l l  w e l l  above the r e g r e s s io n  l i n e  i n d i c a t i n g  a d i f f e r e n t  

s lop e  and / or i n t e r c e p t .  This c o i n c id e n c e  i s  con s idered  s i g n i f i ­

cant  in that i t  reduces the d i f f e r e n c e s  between the data for the 

w et -d ry  and le a c h in g  t e s t s  thus improving the comparison between

the r e s u l t s .

R egress ion  on the p o i n t s  for specimens at  age 28 days a l s o  y ie ld e d  

a s lope of 0.125 x cement c o n t e n t  with a n e g a t iv e  i n t e r c e p t  of  

0 , 3 7 * ; ,  r e g r e s s io n  c o e f f i c i e n t  ( r “) was 0.96.  c o n s id e r a t i o n  of ^he 

range of data in d ic a t e d  that e x c l u s i o n  of c e r t a i n  extreme p o i n t s  

would y i e l d  a f l a t t e r  s lope in  the range 0 . U 9  to 0.125 with  

s i m i l a r  i n t e r c e p t  and r 2. S ince  there was no p a r t ic u la r  b a s i s  for  

om is s io n  of any of  these p o in t s ,  the 0.125 fa c to r  was adopted.  

However, in  d e r i v i n g  the r e l a t i o n s h i p  with cement c o n t e n t  and 

age,  deplete-' on graph 9.23,  i t  i s  apparent that a f l a t t e r  s lope at 

28 days or a s teep er  s lope at 300 days could be appropriate .  For 

the purpose of  a n a l y s i n g  the ex p e r im e n ta l  data,  the r e g r e s s i o n s  

referred  to above are cons idered  adequate.

L E A C H I N G  T E S T S 9 . 8 4
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The h y d r a t i o n  mo‘ s t u r e  content .  -  cement  c o n t e n t  p o i n t s  a t  ages  2d 

and 300 days  d e r i v e d  from the r e g r e s s i o n s  were used i n  p l o t t i n g  

the cement  c o n t e n t  c o n t o u r s  on graph 9.23.  R e g r e s s i o n s  on t he se  

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

a p p r o p r i a t e  age to be a p p l i e d  to t e s t  s pe c i m e n s .  Because the  2d 

and 300 day l i n e s  i n  graph 9 . 2 2  a r e  p a r a l l e l ,  the c o n t o u r s  in  graph 

9.23 a r e  p a r a l l e l ,  a degree of  c o n v e r g e n c e  might  however  »e 

r e a s o n a b l y  e x p ec t e d  but  becauso of the s e m i - l o g  n a t u r e  or the p l o t  

and the  minimum va l ue  of 10 d a y s ,  i t  was c o n s i d e r e d  t h a t  the  l a c k  

of  c o n v e r g e n c e  would n o t  have a s i g n i f i c a n t  e f f e c t  on the  r e s u l t s .  

As d a t a  was o n l y  a v a i l a b l e  a t  26 and 300 d a y s  and s i n c e  t h i s  t y p e  

of  d a t a  on a s e m i - l o g  " l o t  g e n e r a l l y  y i e l d s  a s t r a i g h t  l i n e ,  

s t r a i g h t  l i n e s  were used  for  t he  c o n t o u r s  on graph 9.23.  Thi s  i s  

sup p o r t e d  by the p o i n t s  a t  900 days  a t  10X cement .  On a l i n e a r  

p l o t ,  a f a m i l y  of c u r v e s  o r i g i n a t i n g  a t  t he  o r i g i n  and a o p ro a c h i n g  

a t i me  a s ymp t o t e  would be e x p ec t e d .  The l i n e a r  r e g r e s s i o n s  of 

f i n a l  m o i s t u r e  c o n t e n t  vs log(age)  y i e l d e d  a s lope  of 0.35.

C o n t r o l  spec imens  f o r  the u n s t a b i l i z e d  c o n d i t i o n  were o n l y  

exami ned  a t  + / -  300 days  and t h e se  s pec i mens  i n d i c a t e d  a n e g a t i v e  

f i n a l  m o i s t u r e  c o n t e n t  of the orde r  of  0.4% which c o i n c i d e s  wi th  

t he  i n t e r c e p t  for  t h e  mo i s t u r e  c o n t e n t  -  cement  c o n t e n t  l i n e  a t  28 

d a y s  on graph 9.22.  Since  t h e r e  i s  no b a s i s  on which to  e x p e c t  a 

enange  of mass of u n s t a b i l i z e d  s pec i mens  o v e r  a p e r i o d ,  i t  i s  

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

f o r  u n s t a b i l i z e d  spec i mens  o v e -  the i n t e r v a l .  Thi s  o f f s e t ,  which 

i s  a p p a r e n t l y  a ze ro  e r r o r ,  coul d  r e s u l t  from a number of f a c t o r s : -

a .  I t  i s  probable  t h a t  the s o i l  c o n t a i n s  a s m a l l  amount  of o r g a n i c  

m a t t e r ,  decay of  t h i s  m a t e r i a l  in  t he  warm, moi s t  e n v i r o n m e n t  

of  the u n s t a b i l i z e d  spec imens  cou l d  acc oun t  f o r  t he  l o s s .  A 

s i m i l a r  decay i n  the s t a b i l i z e d  s pe c i me ns  could  a l s o  have  

occur r ed  thus l e a d i n g  t o  the n e g a t i v e  i n t e r c e p t  f o r  s t a b i l i z e d  

spec imens  a t  28 days .  The i n c r e a s e  i n  a l k a l i n i t y  and d e ­

c r e a s e  i n  a v a i l a b l e  m o i s t u r e  wi t h  i n c r e a s i n g  cement  c o n t e n t ,  

could reduce t h e  e x t e n t  of  t h i s  decay thus  a c c o u n t i n g  f o r  t he
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p a r a l l e l  c a l i b r a t i o n  i n  graph 9.22 where l i n e s  d i v e r g i n g  froiu 

the o r i g i n  w i t h  i n c r e a s i n g  s lope  n i g h t  r e a s o n a b l y  be e x p e c t e d .

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

d u r i n g  compac t i on  oc c u r r ed .  Thi s  would have the e f f e c t  of a 

v e r t i c a l  t r a n s l a t i o n  of the  d a t a  i n  graph 9.22.  As n o t e d  in  

s e c t i o n  9 . 3 . 1 , m o i s t u r e  c o n t e n t  samples  were p l a ced  i n  s e a l e d  

t i n s  a f t e r  t he  compac t i on  of  each spec imen but  were o n l y  

welshed a f t e r  the c o m p l e t i o n  of one or  more b a t c h e s .  While 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  m o i s t u r e  l o s s  from the  s e a l e d  

c o n t a i n e r s  cou l d  have o cc u r r e d ,  e v a p o r a t i o n  of  m o i s t u r e  i n t o  

the a t mosphere  w i t h i n  the  c o n t a i n e r  would be e x p e c t e d .  Thi s  

might  l ead  to  a r e d u c t i o n  i n  t he  measured mass of  t he  

c o n t a i n e r  p lus  sample .  I n  t h i s  c a s e ,  m i x t u r e s  w i t h  h i g h e r  

cement  c o n t e n t s  would be e x p ec t e d  to have l e s s  f r e e  wa t e r  t h a n  

those  w i t h  l e s s  cement ,  t h i s  could a l s o  g i v e  r i s e  to  a r o t a t i o n  

of the l i n e s  i n  graph 9.22.

Th i s  s u g g e s t i o n  i s  s uppor t ed  by a d i s c r e p a n c y  be t ween measured 

hy g ro s co p i c  m o i s t u r e  c o n t e n t s  f o r  s o i l  and cemen.  and ba t ch  

mo i s t u r e  c o n t e n t s  no t e d  a t  the commencement  of  the  t e s t  

program.  Thi s  amounted to a m o i s t u r e  l o s s  e q u i v a l e n t  t o  a 

mo i s t u r e  c o n t e n t  of  0.54%. As the  m a j o r i t y  of  r e f e r e n c e s ,  

i n c l u d i n g  s t a n d a r d  methods of t e s t ,  a l l ow an a d d i t i o n  of IX 

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

m i x i n g ,  i t  was c onc l uded  t h a t  the d i s c r e p a n c y  of  0.54% 

r e s u l t e d  from t h i s  form of e v a p o r a t i o n  and t h a t  the 1 % 

a l l ow a n c e  was e x c e s s i v e .  I t  i s  p o s s i b l e  t h a t  the e v a p o r a t i o n  

i n  f a c t  o c c u r r ed  from the mo i s t u r e  c o n t e n t  s pe c i me n s  them­

s e l v e s  as s ugges t ed  above .  In t h i s  c a s e ,  the e r r o r  of 0.54% i s  

comparable  to  t h a t  of  0.4% noted i n  graph 9.22.

The above e x p l a n a t i o n s  both have m e r i t  but  r e q u i r e  a d d i t i o n a l  

i n v e s t i g a t i o n  to  e s t a b l i s h  whether  t h e y  i n  f a c t  app l y  or  whe ther  

the  a n o m a l i e s  r e s u l t  from some o t h e r  f a c t o r .  In e i t h e r  of the 

above ca se s ,  t he  c o r r e c t i o n  would i n v o l v e  the same t r a n s l a t i o n  and 

r o t a t i o n  to both c o n t r o l  and t e s t  da t a  and would be s m a l l  r e l a t i v e
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Co the observed s c a t t e r  in tne e x p e r i m e n ta l  r e s u l t s  dep ic ted  in 

graphs 9.22 and 9.23.  It  was th e r e fo r e  decided that  no further

i n v e s t i g a t i o n  or c o r r e c t io n  was j u s t i f i e d .

A number of  trends  were noted during the p ro ces s in g  of  the c o n t r o l  

data: -

c .  Hydrat ion ga in s  for in d iv i d u a l  specim ens  w i th in  a ba.ch were 

g e n e r a l l y  c o n s i s t e n t ,  agree ing  to the second decimal p lace  in

most c a s e s .

d. V a r ia t io n s  between batches,  p a r t i c u l a r l y  over  a range ot 

compaction dates  were r e l a t i v e l y  s u b s t a n t i a l .  This i s  p a r t i ­

c u la r ly  e v i d e n t  in  the spread of r e s u l t s  for n o m in a l ly  

i d e n t i c a l  specimens c o n t a i n i n g  1 0 2  cement ,  the t r i a n g l e s  and 

c i r c l e s  on graph 9.22.  Tnis could  co n tr ib u te  to the spread of 

p erm ea b i l i ty  r e s u l t s  w i th in  a s e t  in graphs 9.1 to 9.21 where 

in  most cases ,  each specimen was from a d i f f e r e n t  batch.

e .  A p r o g r e s s iv e  Increase  in  h y d ra t io n  ga in  from 7 to 28 to 140 

to 300 days i s  d i s c e r n i b l e  for s e t s  compacted on the same day.  

This ga in  i s  masked by s c a t t e r  for s e t s  compacted on d i f f e r e n t

days .

The e f f e c t  of  var ious  compaction and cu r ing  c o n d i t i o n s  on the 

h ydrat ion  gain  observed in the c o n t r o l  specimens and p lo t t e d  on 

graph 9 . 2 2 , are d iscussed  below, l e t t e r s  in  b rackets  re fe r  to the

symbols on the graph:-

f .  specimens compacted wet W  and dry (d) of OMC appear to show 

s l i g h t l y  hi,  ier and lower g a i n s  r e s p e c t i v e l y  but are w i th in  

the range of standard specim ens .

g .  Curing in  the leach ing  bath from 7 to 28 days fo l lo w ed  by 

sealed cur ing  C '  produces a marked drop in  f i n a l  moisture  

c o n t e n t  due to l each ing  whi le i n  the bath.
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h .  Specimens s u b j e c t  to w e t t i n g  and  d r y i n g  c y c l e s  e x h i b i t  a 

nv r ked  i n c r e a s e  i n  h y d r a t i o n  g a i n  r e l a t i v e  to  spe c i me ns  

s u b j e c t  to the  s t a n d a r d  c u r e .  Those s u b j e c t  to 12 c y c l e s  and 

then  s e a l e d  (x)  show no g r e a t e r  g a i n  t h a n  t hos e  t e s t e d  a t  t e r  12 

c y c l e s  ( + ). Those s -b jec t  to  a humid cure  . f t e r  12 c y c l e s  (*; 

show a marked g a i n ,  comparable  to t h a t  f o r  spe c i me ns  s u b j e c t  

t o  24 c y c l e s  of  w e t t i n g  and d r y i n g  ($).  The d a t a  fo r  the 

l eached s pe c i m e n s  subject ,  t o  i n i t i a l  cure  of 12 c y c l e s  o.  

w e t t i n g  a d d r y i n g  i s  compared w i t h  the  humid c o n t r o l s  i n  the  

r ema i nde r  of t h i s  c h a p t e r  as t h i s  more c l o s e l y  a p p r o x i m a t e s  

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

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

1 . Humid c u r i n g  of  s t a n d a r d  s pec i mens  from 7 to 28 days  (H), 

i n s t e a d  of  s e a l i n g ,  has no s i g n i f i c a n t  e f e e t  on the  ob s e r ve d

h y d r a t i o n  g a i n .

j .  H y d ra t i o n  g a i n s  f o r  d i s k  s pec i mens  a r e  g' n e r a l l y  comparable  

to those  f o r  c y l i n d e r  s pec i mens .

9 . 4 . 9  L o s s  w i t h  P e r i o d  o f  L e a c h i n g

The l os s  w i t h  p e r i o d  of l e a c h i n g ,  d e p i c t e d  in  graph 9.24,  has been 

r e f e r r e d  to  i n  a number of p r e v i o u s  s e c t i o n s .  As me n t i o ne d  i n  

s e c t i o n  9.1,  the  t e s t s  a t  i n t e r  H a t e  ages  of 28,  56 and 112 ' a y s  

were  abandoned owing  to problems wi t h  t he  t r l a x i a l  a p p a r a t u s .  Tne 

o n l y  da t a  a v a i l  e was thus  fo r  the s t a n d a r d  spec imen* s u b j e c t  t o  

266 and 904 day l e a c h i n g .  The o r i g i n  p r ov i d e d  a t h i r d  known

p o i n t .

The s p e c i m e  s cured f o r  350 days  b e f o r e  l e a c h i n g  were l eached  fo r  a 

pe r i od  of 587  days  i n s t e a d  of the s t a n d a r d  266 day p e r io d  thus  

i n t r o d u c i n g  a s econd unknown i n t o  t he  r e s u l t s .  In  o r de r  t o  

e s .1 mate the l o s s  i n  the 266 day p e r i o d ,  the d a t a  i n  graph 9.24 was 

used.  Because of the  l i m i t e d  number of da t a  p o i n t s ,  a 11 near
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i n t e r p o l a t i o n  between t he  average  oE the p o i n t s  i t  26h anc  

d ays  was adopted as the bes t  approxim at ion .  I t  i s  however U k e l y  

t h a t  a c u r ve d  t r e n d  would appl y  i n  which case ,  curves  sketched  by 

e y e  i n d i c a t e  a s y m p t o t e s  of l e s s  than 2U% and 40% lo s s  f o r  l e ach  

ba t h  and c e l l s  r e s p e c t i v e l y .

The l i n e a r  i n t e r p o l a t i o n  y i e l d e d  a r a t i o  of  l os s  a t  5H to l o s s  a 

2 6 6  days  of 1 . 2 1 8  fo r  both  the l e ach  ba t h  and l each  c e l l  s p e c i m e n s .  

I t  was t h e r e f o r e  c onc l uded  t h a t  the same f a c t o r  coul d  be a p p l i e d  to 

t he  spec i mens  cured f o r  350 days  w i t h o u t  e x c e s s i v e  e r r o r .  The 

r e s u l t s  f o r  t he se  spec i mens  were a d j u s t * d  a c c o r d i n g l y  and both t he  

c o r r e c t e d  ($) and u n c o r r e c t e d  (D) r e s u l t s  a r e  used i n  s ub se q u en t

s e c t i o n s .

The g e n e r a l  form of the  c u r ve s  i n  graph 9.24 i s  c o n s i d e r e d  to be a 

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

oc c u r s .  The l i m i t i n g  v a l u e  of  40% l o s s  s ugges t ed  above i s  

s uppor t ed  by the o b s e r v a t i o n  t h a t  the maximum l o s s  f o r  c y l i n d r i c a l  

spec i mens  does not  exceed  t h i s  va l ue  f o r  any of the spec i mens  and 

t e s t  c o n d i t i o n s  i n v e s t i g a t e d .  Leach ing  t e s t s  o v e r  a pe r i od  of  

f i v e  y e a r s  or  more a r e  however  r e q u i r e d  to s u b s t a n t i a t e  t h i s .  « 

d i f f e r e n t  a s ympt o t e  w i l l  appl y  to d i s k  s pe c i me ns .

I t  i s  i n t e r e s t i n g  t o  no t e  t h a t  i f  t he  mass l o s s  d a t a  f o r  t he  

s t a n d a r d  ASTM w e t - d r y  t e s t  spec imens  w i t h  10% ceme n t ,  d i s c u s s e d  

i n  c h a p t e r  8 , a re  p l o t t t l  on graph 9.24 u s i n g  the c u m u l a t i v e  

s o a k i n g  pe r i od  as  the  d u r a t i o n  of l e a c h i n g ,  they  p l o t  be t ween  the  

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

e q u i v a l e n t  l e a c h i n g  l o s s e s  a t  the w e t - d r y  p e r i ods  of  2.5 and

days  a r e : -

Leaching bath 

Standard Wet-Lry 

Leaching C e l l s

Loss a t

.5 days 5 days

0.25% 0.50%

0.91% 1.36%

1.25% 2.501



T h i s  s u g g e s t s  t h a t  d e t e r i o r a t i o n  in  t he  w e t - d r y  t e s t  may be 

p r i m a r i l y  as a r e s u l t  of  s u r f a c e  l e a c h i n g .

9 . 4 . 1 0  S u m m a r y  o f  L e a c h i n g  B a t h  R e s u l t s

The a d j u s t e d  l o s s  r e s u l t s  f o r  s t a n d a r d  d i s k  and c y l i n d r i c a l  

spec i mens  leached f o r  the s t a n d a r d  pe r i od  a f t e r  s t a n d a r d  cure  a r e  

p l o t t e d  a g a i n s t  cemen t  c o n '  i n  p e r c e n t  on a r e c i p r o c a l  s c a l e  

(as  fo r  t he  w e t - d r y  r e s u l t s ,  ' . . a p h  9.25.  L i n e a r  r e g r e s s i o n s  on 

t he  t r a n s f o r me d  d a t a  y i e l d  r e g r e s s i o n  c o e f f i c i e n t s  of  0.99 and 0.94 

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

a c t e r i s t i c s .

The a ve r a ge  r a t i o  of  l o s s e s  of  d i s k  and c y l i n d r i c a l  s p e c i me n s  i s  

1.14.  T h i s  compares  f a v o u r a b l y  w i t h  the  s u r f a c e  a r e a  r a t i o  of 1.13 

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

The l e a c h i n g  b a t h  l o s s  d a t a  I s  p l o t t e d  a g a i n s t  age a t  s t a r t  ot  

l e a c h i n g  on a l og  s c a l e  i n  graph 9.26.  A l i n e a r  r e g r e s s i o n  on the  

t r a n s f o r m e d  d a t a  f o r  the  s t a n d a r d  c y l i n d r i c a l  spe c i me ns  c o n t a i n ­

i n g  10% cement  and s u b j e c t  to  the  s t a n d a r d  t e s t  c o n d i t i o n s  (A, 4, 

5 , C and $) 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 . 9 / .

Losses  f o r  s pe c i m e n s  compacted d ry  of  0MC (W) and  above  MOD (Y) 

a r e  s l i g h t l y  above the r e g r e s s i o n  l i n e  but  w i t h i n  t he  r ange  of  t he  

s t a n d a r d  s pe c i me ns .  The l o s s  f o r  spec imens  e x p e c t e d  wet of 0MC 

(X) l i e s  below the  r e g r e s s i o n  l i n e ,  i n d i c a t i n g  an  i n c r e a s e d

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

The l o s s  i n  t e rms  of  humid c o n t r o l  f o r  spec imens  s u b j e c t  to  t i e  

w e t - d r y  cure (B) l i e s  w e l l  below the r e g r e s s i o n  l i n e  and the  l o s s  

f o r  t h e s e  spec i mens  c a l c u l a t e d  i n  t e rms  of the s e a l e d  c o n t r o l s  (*) 

l i e s  v e r y  c l o s e  to  the a x i s .  The use of the humid c o n t r o l  as  

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

r e s i s t a n c e  to l e a c h i n g  fo r  spec imens  s u b j e c t  to w e t t i n g  and d r y i n g  

c y c l e s  i s  i n d i c a t e d .
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9 . 4 . 1 1  S u m m a r y  o f  L e a c h i n g  C e l l  R e s u l t s

The r e s u l t s  f o r  spec i mens  t e s t e d  i n  t he  l e a c h i n g  c e l l s  a r e  

summar i sed i n  graphs  9.27 to 9.30 and t a b l e  9.3 and  d i s c u s s e d  

be low,  a f o l d  out  l e ge nd  i s  a t t a c h e d  to  t a b l e  9.3,  f o l l o w i n g  graph

9.30.

9 . 4 . 1 1 . a R e l a t i o n s h i p  w i t h  Cement  C o n t e n t
Graphs 9.27a to  d summarise the  l e a c h i n g  ce r e s u l t s  i n  t e rms  

o f  cemen t  c o n t e n t  on the h o r i z o n t a l  a x i s  to  f a c i l i t a t e  

compa r i s on .  Graphs 9.27a and b summar ise the l o s s  r e s u l t s  i n  

t e rms  of cement  c o n t e n t .  Graph 9.27a d e p i c t s  the  d e t a i l e d  

d a t a  f o r  the c y l i n d r i c a l  s pec i mens  wh i l e  graph 9.2 7b r e f l e c t s  

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

the  d i s k  s p e c i m e n s .  Graph 9.27c r e l a t e s  the  t o t a l  f l ow to 

cement  c o n t e n t  and graph 9.27d compares the f i n a l  p e r m e a b i l i t y

of the  spe c i me ns .

The g e n e r a l  shape and r e l a t i o n s h i p  between t e s t  r e s u l t s  of the 

l o s s  and t o t a l  f low p l o t s  vs  cement  c o n t e n t  i s  s i m i l a r ,  

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

Whi le the g e n e r a l  shape of the f i n a l  p e r m e a b i l i t y  vs  cemen t  

c o n t e n t  p l o t s  i s  s i m i l a r  t o  those  f o r  l o s s  and t o t a l  t l ow,  the 

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

Flow and p e r m e a b i l i t y  fo r  s t a n d a r d  c y l i n d e r s  and d i s k s  show a 

s u b s t a n t i a l  I n c r e a s e  wi t h  i n c r e a s e  i n  cement  c o n t e n t  from 

to  5%. T h e r e a f t e - ,  t hey  show a s l i g h t  de c r e a se  to 10% cement  

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

Th i s  de c r e a s e  i n  f low and p e r m e a b i l i t y  from 5 to  10% cement  

and the a s s o c i a t e d  d ec r ea s e  i n  l o s s  occur s  f o r  a l l  t he  t e s t  

c o n d i t i o n s  e x a m i n e d .  The s t a n d a r d  c y l i n d e r s ,  low g r a d i e n t  

c y l i n d e r s  and h igh  g r a d i e n t  c y l i n d e r s  a l l  show a pronounced  

i n c r e a s e  i n  f l ow,  p e r m e a b i l i t y  and l o s s  from 10 to  2 0 % cemen t .  

I t  would appear  t h a t  where d e - a i r e d  d i s t i l l e d  w a t e r  i s  used as  

the l e a c h i n g  f l u i d ,  about  10% cement  p r ov i d e s  the  opt imum 

r e d u c t i o n  i n  pore volume fo r  the c y l i n d r i c a l  s pe c i m e n s .

L E A C H I N G  T E S T S 9 . 9 6
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Where w a t e r  c o n u i n l n g  d i s s o l v e d  g as e s  i s  u sed ,  a f u r t h e r  

r e d u c t i o n  occu rs  w i th  an i n c r e a s e  i n  cem en t  c o n t e n t  from 1U to  

20% and i s  a l s o  obse rved  w i th  the  d i s k  s pec im ens  d e s p i t e  a 

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

c a l c u l a t e d  f o r  the d i s k  s pec im ens  because of  i n t e r m i t t e n t  

l e a c h i n g  d u r i n g  the f i r s t  weeks of t e s t i n g .

I t  i s  n o t a b l e  t h a t  the low g r a d i e n t  spec im ens  w i th  10% cem en t  

show a n e g a t i v e  l o s s  i n d i c a t i n g  a g a in  i n  mass.  Th is  

i n d i c a t e s  t h a t  i n  a low flow s i t u a t i o n  where a d d i t i o n a l  w a te r  

i s  a v a i l a b l e  and l e a c h a t e  i s  o n l y  s l o w l y  removed from around  

the  s p ec im en ,  a d d i t i o n a l  h y d r a t i o n  occurs  wnich a s s i s t s  in  

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

g r a d i e n t  s i t u a t i o n ,  no s i g n i f i c a n t  l e a c h i n g  i n t o  the body of 

the s t r u c t u r e  w i l l  occur and t h a t  l e a c h i n g  w i l l  be l i m i t e d  to  

s u r f a c e  l e a c h i n g  as  o bse rved  in  the l e a c h i n g  ba th .

Losses  f o r  the  d i s k  spec im ens  a re  c o n s i d e r a b l y  h ig h e r  t h a n  for  

the s t a n d a r d  c y l i n d e r s ,  r e a c h i n g  106% a t  5% cem ent c o n t e n t ,  

i n d i c a t i n g  com ple te  removal  of s t a b i l i z e r ,  w h i l e  p e r m e a b i l i ­

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

c o n s i s t e n t  w i th  a l e a c h i n g  model i n  which p e r c o l a t i n g  wate r  

r a p i d l y  d i s s o l v e s  ca lc ium  as i t  e n t e r s  the  spec im en  and 

t h e r e a f t e r  c o n t i n u e s  i n  an e q u i l i b r i u m  c o U d i t l o n  w i th  the 

s o l l - c e r a e n t .  A minimum dep th  i s  r e q u i r e d  to  d e v e lo p  t h i s  

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

occur  i n  the rem a in d e r  of the s p e c im e n .  The zone of d e t e r i o ­

r a t i o n  w i l l  advance  i n t o  the spec im en  as l e a c h i n g  p r o g r e s s e s .  

This  i m p l i e s  t h a t  the l o s s  can  be a s s o c i a t e d  w i th  a dep th  of 

d e t e r i o r a t i o n  and c o n s e q u e n t l y ,  f o r  the same depth  of d e t e r i o ­

r a t i o n  i n d i c a t e d  by a s i m i l a r  t o t a l  f low or a v e r a g e  p e rm e a b i ­

l i t y .  the  p e r c e n ta g e  l o s s  from a 20 mm t h i c k  d i s k  specimen 

w i l l  be c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  from a 7b mm long  

c y l i n d e r .

The p r e s e n c e  of a i r  in  the c e l l  f l u i d  has a c o n s ic . e r a b l e  e f f e c t  

on the p e r m e a b i l i t y  md thus t o t a l  f low and lo s s  from the h igh

L E A C H I N G  T E S T S



grad ie n t  s pec im ens  and  th e ir  corresponding c o n t r o l s .  The 

f i n a l  p erm eab i l i ty  i s  reduced to a s im i l a r  l e v e l  to that for 

the low grad ient  specim ens ,  l y i n g  between the carbonated and 

l i d d e lb u r g  r e s u l t s .  The t o t a l  f low and loos  data l i e s  between  

t h a t  for the low grad ie n t  and standard g ra d ie n t  spec im en s .  

The data for the 10% c o n t r o l  specimens  with s tandard grad ie n t  

md a i r  c e l l  pressure i s  e f f e c t i v e l y  c o i n c i d e n t  w i th  that for  

the specimens leached with Mlddelburg water,  c o n f i r m i n g  the 

s u b s t a n t i a l  reduct ion  i n  perm ea b i l i ty  a s s o c ia t e d  with ti.e 

p r e s e n c e  of a i r .

The specimens leached with carbonated water show s l i g h t l y  

higher lo s s  and t o t a l  f low r e s u l t s  than those leached w ith  

Mlddelburg water but t h i s  data i s  c f  s i m i l a r  magnitude,  w e l l  

below that for the standard spec im ens .  This behaviour i s  

a t t r ib u t e d  to  the presence  of d i s s o lv e d  g f s e s  as noted above.  

The f i n a l  p e r m e a b i l i ty  of the specimens leached with  carbo­

nated water i s  however s u b s t a n t i a l l y  higher than for the 

Mlddelburg w ater .  This i s  c o n s i s t e n t  w ith  the r e s u l t s  d i s ­

cussed in s e c t i o n  9 . 4 . 7 . j and I n d ic a te s  that the presence  of 

carbon d io x id e  in h i b i t e d  hydra t ion  and hence the reduct ion  in  

pore volume that leads  to the reduct ion  of p e r m e a b i l i t y  in  

other specim ens .  If the d i f f e r e n c e  between the f i n a l  perm­

e a b i l i t y  of  the carbonated,  Mlddelburg and standard grad ient  

cases  in graph 9.27d i s  taken i n t o  account ,  i t  i s  p o s s i b l e  that  

vf the l e a ch in g  medium in the carbonated spec imens had been 

changed to d e - a l r e d  d i s t i l l e d  water at  266 days and the  

specimens d e - a i r e d ,  the r e s u l t i n g  p e r m e a b i l i t y  would nave 

oeen s u b s t a n t i a l l y  aDove that for the standard sp ec im ens .

Compaction at 2% above MDD (Y) has no s i g n i f i c a n t  e f f e c t  on 

Loss,  p e r m e a b i l i t y ,  or f low and cannot be cons idered  worth-  

v h i l e  in  t e rm s  of improved water r e t a i n i n g  p r o p e r t ie s .  The 

l a t a  p o in ts  for the specimens compacted dry of  OMC (VI) l i e  

3 i g n l f i C A n t ly  above those for the standard spec imens c o n f i r m -  

ug the o b s e r v a t io n  in  s e c t io n  9.4 .7 .b  that compaction dry of  

OMC is  d e t r i m e n t a l  to  the le a ch in g  r e s i s t a n c e  of the m ater ia l .



These r e s u l t s  i n d i c a t e  t h a t  p a r t i c u l a r  c a r e  shou ld  be <.~ercised  

i n  c o n s t r u c t i o n  to  a v o id  com pac t ion  u n n e c e s s a r i l y  d ry  of  OMC, 

p a r t i c u l a r l y  i n  the  u ps t ream  z o n e s .  Compact ion wet of  OMC 

(X) l e a d s  to an e q u a l l y  s i g n i f i c a n t  r e d u c t i o n  i n  p e r m e a b i l i t y ,  

f low and lo s s  i n d i c a t i n g  t h a t  the  t e n d e n c y  i n  c o n s t r u c t i o n  

shou ld  be to  e r r  on the wet s id e  of  OMC as f a r  as  p r a c t i c a l .  

C o n t r o l  of m o i s t u r e  c o n t e n t  might  a l s o  be u t i l i s e d  to  d e v e lo p  

an  I n c r e a s e  i n  p e r m e a b i l i t y  downst ream from the  zone c o n s i ­

dered to  com prise  the  wate r  b a r r i e r  i n  a n o m i n a l l y  homo- neous  

embankment i n  o r d e r  to  a v o i d  d e v e lo p m en t  of pore

p r e s s u r e  towards  the  downst ream face  of the  dam. Th i s  f a c t o r  

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

c o n t e n t  t o l e r a n c e s  fo r  d i f f e r e n t  zones  i n  the  em bankment ,  a 

t i g h t e r  t o l e r a n c e  b e in g  a p p l i c a b l e  to  the ups t ream  zone.

Losses  fo r  spec im ens  s u b j e c t  to  12 c y c l e s  of  w e t t i n g  and 

d r y i n g  fo l lo w ed  by s t a n d a r d  t e s t  c f ' d i t i o n s  (B),  l i e  i n  t. ie 

same range  as those  fo r  s t a n d a r d  spec im ens  d e s p i t e  s u b s t a n ­

t i a l l y  h ig h e r  t o t a l  f lows  (28 l i t r e s  c f  + / -  10 l i t r e s )  and

somewhat h ig h e r  f i n a l  p e r m e a b i l i t y .  Th is  i n d i c a t e s  a c o n s i ­

d e r a b l e  a c c e l e r a t i o n  of  h y d r a t i o n  c - f i x i n g  of  h y d r a t i o n  

p ro d u c ts  as  a r e s u l t  >f the a p p l i c a t . o n  of h e a t .

Specimens s u b j e c t  to  21 day cure  i n  the l e a c h i n g  ba th  a l s o  show

a c o n s i d e r a b l e  r e d u c t i o n  in  loss  r e l a t i v e  to  both  the s t a n d a r d  

c o n t r o l  spec im ens  (A) and ,:he c o n t r o l  spec imen  s u b j e c t  to  21 

day cure  in  the  l e a c h i n g  barh and  s u b s e q u e n t l y  s e a l e d  (# ) .  

Thus, d e s p i t e  the  i n i t i a l  lo s s  r e s u l t i n g  from c u r i n g  i n  the 

l e a c h i n g  b a th ,  an o v e r a l l  r e d u c t i o n  in  l o s s ,  t o t a l  f low and 

p e r m e a b i l i t y  i s  a c h i e v e d .  This  I n d i c a t e s  the a d v a n t a g e s  of 

the  a p p l i c a t i o n  of a d d i t i o n a l  w a te r  in  the e a r l y  s t a g e s  a f t e r  

com pac t ion .

The d a t a  fo r  the  m ic ro c o n c re t e  spe t w in s  r e f l e c t s  the reduc 

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

i n  s e c t i o n  9 .4.7.C.



9 . 4 .1 1 .b R e l a t i o n s h i p  be tween  Loss and  Flow
Graph 9.28 d e p i c t s  the  r e l a t i o n s h i p  be tween a d j u s t e d  lo s s  and 

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

i n d i c a t e d  by a cu rv e  drawn by eye  th rough  the body of the  d a t a .

The da ta  f o r  spec im ens  with  5X cement (2, 3, I ,  L and 0) 

c o n s t i t u t e s  most of the p o i n t s  s i g n i f i c a n t l y  above rhe t r e n d  

l i n e .  The p o i n t  r e p r e s e n t i n g  spec im ens  leached  fo r  904 d ay s  

(V) c o n s t i t u t e s  the  o n l y  o th e r  major  upward d e v i a t i o n  s u g g e s ­

t i n g  a s h i f t  w i th  i n c r e a s e d  p e r io d  of  l e a c h i n g .  In view of 

the  340% i n c r e a s e  in  l e a c h i n g  p e r io d ,  the 12% i n c r e a s e  i n  lo s s  

i s  however r e l a t i v e l y  m ino r ,  as d i s c u s s e d  in  s e c t i o n  9 .4.9.

The d a t a  f o r  spec im ens  s u b j e c t  to  the w e t - d r y  cure  (B and *) 

and t h a t  f o r  spec im ens  s u b j e c t  to  e x t e n d e d  s e a l e d  cu re  (C and  

D) c o n s t i t u t e  the o n l y  p o i n t s  s i g n i f i c a n t l y  below the  t r e n d

l i n e .

The c u r v e ,  as d rawn,  i s  t h e r e f o r e  a good i n d i c a t i o n  of the  l o s s  

-  f i ow r e l a t i o n s h i p  f o r  s t a n d a r d  c y l i n d r i c a l  s pec im ens  c o n ­

t a i n i n g  10% cem ent and above and s u b j e c t  to s t a n d a r d  cure  and 

l e a c h i n g  p e r i o d .  A f a m i ly  of c u r v e s  can be e x p e c t e d  f o r  

v a r io u s  c u r i n g  p e r i o d s ,  c o n d i t i o n s  and l e a c h i n g  p e r i o d s .  This  

cu rve  a g a i n  s u g g e s t s  a 40% lo s s  a s y m p to te  f o r  the  s t a n d a r d  

c y l i n d e r s  and  l e a c h i n g  pe r iod .

9 . 4 . 1 l . c  R e l a t i o n s h i p  w i t h  Age at S tart  o f  L e a c h i n g

Graphs 9.29a,  b i d  c summarise the l e a c h i n g  c e l l  r e s u l t s  in 

te rm s  of age a t  s t a  t  of l e a c h i n g .  Loss ,  t o t a l  f low and f i n a l  

p e r m e a b i l i t y  a re  p l o t t e d  a g a i n s t  age a t  s t a r t  of l e a c h i n g  on a 

log s c a l e .

The t r e n d  l i n e  f o r  s t a n d a r d  c y l i n d r i c a l  spec im ens  w i th  10% 

cement s u b j e c t  to  7 days  humid cu re  and 21, 7 / and 343 days  

s e a l e d  cure  and leached  fo r  266 d ay s  i r e  p l o t t e d  on each graph.  

These l i n e s  a re  drawn by eye th rough p o i n t s  4, 5, C and  S. 

Data p o i n t s  fo r  o t h e r  s t a n d a r d  spec im ens  (2, 3, 6, 7 and 8),
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t o g e t h e r  w i th  t h a t  f o r  the s t a n d a r d  10% spec im ens  s u b j e c t  to  

904 day le a c h  (V), a re  p l o t t e d  as an i n d i c a t i o n  of  how the 

t r e n d  would be i n f l u e n c e d  by changes  in  the  t e s t  c o n d i t i o n s .  

The d a t a  p o i n t  f o r  spec im ens  leached  from age 350 f o r  5ti7 days  

CD) g i v e s  a f u r t h e r  i n d i c a t i o n  of the e f f e c t  of p ro lo n g e d

l e a c h i n g .

I n  a l l  c a s e s ,  a pronounced downward t r e n d  w i th  i n c r e a s e  in  

c u r i n g  t im e  i s  a p p a r e n t  w i th  i n d i c a t e d  a s y m p to te s  of  7% l o s s ,

2 l i t r e  t o t a l  f low and 2x l0~   ̂ m/s p e r m e a b i l i t y  a t  a s t a r t i n g  

age i n  e x c e s s  of  1000 d a y s .  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  

w h i le  an i n c r e a s e  in  f low and l o s s  occurs  w i th  an i n c r e a s e  in  

l e a c h i n g  p e r i o d ,  the p e r m e a b i l i t y  c o n t i n u e s  to  reduce  w i t h  

i n c r e a s e d  l e a c h i n g  per iod .

I t  i s  r e a s o n a b l e  to  assume t h a t  the f u l l  g r a d i e n t  i s  u n l i k e l y  

to  be a p p l i e d  to  any  s o i l - c e m e n t  dam of s i g n i f i c a n t  s i z e  

w i t h i n  a p e r io d  of  l e s s  th a n  one y e a r ,  and  the o b s e rv e d  d a t a  

fo r  a s t a r t i n g  age of 350 days  c o n f i r m s  t h a t  a s i g n i f i c a n t  

im provement  i n  m a t e r i a l  p r o p e r t i e s  can be e x p e c te d .

9 . 4 . 1 l.d R e l a t i o n s h i p  between Loss and Gradient
The r e l a - i o n s h i p  between a d j u s t e d  l o s s  and h y d r a u l i c  g r a d i e n t  

i s  d e p i c t e d  in  graph 9.30 fo r  the  s t a n d a r d  spec im ens  s u b j e c t  to  

the low (10 m/m), s t a n d a r d  (50 m/m) and h igh  (,13b m/m)

g r a d i e n t s .

The r e v e r s a l  i n  degree of lo s s  be tween  5, 10 and 20% cement 

d e p i c t e d  on graph  9.27a i s  e v i d e n t  as i s  a s u b s t a n t i a l  i n c r e a s e  

in  l o s s  w i th  i n c r e a s e  i n  g r a d i e n t  from 10 to  50. A l e s s e r  

I n c r e a s e  i s  e v i d e n t  w i th  an i n c r e a s e  in  g r a d i e n t  from 50 to  

136. Th i s  i s  to  be e x p e c te d  as the p e r c e n ta g e  i n c r e a s e  in  

g r a d i e n t  from 50 to  136 i s  272% as opposed to  the 500% I n c r e a s e  

from 10 to  50, however,  i t  i s  l i k e l y  t h a t  the p r e s e n c e  of  a i r  

as c e l l  f l u i d  c o n t r i b u t e d  to  t h i s  r e d u c t i o n .
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The i n c r e a s e  i n  l o s s  w i th  g r a d i e n t  i s  a cc o u n te d  fo r  by the 

i n c r e a s e d  f low r e s u l t i n g  from the i n c r e a s e  i n  g r a d i e n t  w i th  

c o n s t a n t  le ach  p e r i o d .  The o b j e c t  of u s i n g  a h ig h e r  g r a d i e n t  

th a n  w i l l  occur  i n  p r a c t i c e  was to  a c c e l e r a t e  the t e s t ,  the 

u s u a l  a s su m p t io n  b e i n g  t h a t  a t e s t  conduc ted  w i th  a t e n  to l d  

i n c r e a s e  i n  g r a d i e n t  w i l l  produce the  same r e s u l t s  i n  a t e n t h  

of the  t i m e .  This  a s s u m p t io n  i s  i m p l i c i t  i n  most r e f e r e n c e s  

on p e r m e a b i l i t y  t e s t s  on c o n c r e t e  and s o l l - c e m e n t  c o n s u l t e d .  

The same a s s u m p t io n  was i m p l i c i t l y  made by J a c k s o n  (1*63) In 

h i s  r e s e a r c h  i n t o  s o l l - c e m e n t  and by P r i c e  (.1977; m  h i s  

comments on the p o t e n t i a l  l e a c h i n g  haza rd  w i th  d ry  le a n  

c o n c r e t e  which were based on o b s e r v a t i o n s  d u r i n g  p e r m e a b i l i t y  

t e s t s  conduc ted  a t  h igh  g r a d l e  t .

The o b s e rv e d  n e g a t i v e  l o s s  f o r  s t a n d a r d  spec im ens  a t  low 

g r a d i e n t ,  r e f e r r e d  to  in  s e c t i o n  9 .4.11a i n d i c a t e s  t h a t  the  

a s s u m p t io n  of  p r o p o r t i o n a l i t y  I s  p ro b a b ly  e r r o n e o u s  w i th  

r e g a rd  to  s o l l - c e m e n t  and o t h e r  m a t e r i a l s  where h y d r a t i o n  and 

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

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

c u r i n g  d i s c u s s e d  i n  the p r e v io u s  s e c t i o n  su p p o r t s  t h i s  v iew.

In  o rd e r  to ex a m in e  the s c a l e  e f f e c t  a c h i e v e d  i n  the  t e s t  

program, the r a t i o s  for  the l o s s ,  f low and p e r m e a b i l i t y  d a t a  

w i th  change  in  g r a d i e n t  were c a l c u l a t e d .  These r a t i o s  were 

th e n  compared w i th  the a p p r o p r i a t e  g r a d i e n t  r a . l o .  The lo s s  

ranged  from 90 to  500% of the  g r a d i e n t  r a t i o ,  the  f low from 200 

to  24U0X, and the  p e r m e a b i l i t y  from 30 to  1700%. In g e n e r a l ,  

the  i n c r e a s e  in  the measured v a lu e  w i th  an i n c r e a s e  in  

g r a d i e n t  was s u b s t a n t i a l l y  g r e a t e r  th a n  the I n c r e a s e  in  

g r a d i e n t .  Average i n c r e a s e s  were;  lo s s  270%, f low 9107. and  

p e r m e a b i l i t y  540% of g r a d i e n t  r a t i o .

I t  i s  t h e r e f o r e  conc luded  t h a t  the  use of i n c r e a s e d  g r a d i e n t s  

to a c c e l e r a t e  p e r m e a b i l i t y  and l e a c h i n g  t e s t s  w i l l  g e n e r a l l y  

L  0 to a s i g n i f i c a n t  o v e r e s t i m a t e  of the v a lu e s  t h a t  w i l l  o» 

e n c o u n t e r e d  in  p r a c t i c e .  While the r e s u l t s  o b t a i n e d  u s i n g
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TAHLF. 9 . 3
SUMMARY U KKMil i s  HiR LEACHING ANU PERMEABILITY TESTS IN LEACHING CELLS

Co 1 Te s t 1 Ctm Arc Lrh
(,e C o n d . t  I t . 1 e u t S t a r t Time

1 1 <1; ( d ) ( d )

STANDARD CY1
I | S t a n d a r d : - 1 0 .0 28 276
2 i C y l i n d e r s  ( s o l  1 - ce m e n t ) 1 5.0 262
3 I Cure  (7 day  humid,
4 1 21 day s e a l e d ) 1 10.0 26b
3 1 G r a d i e n t  ( 5 0  m/m)
6 Leach p e r i o d  ( + / -  2 6 6 d ) 1 15.0
/ 1 Leach w a t e r  ( d e - a l r e d  \ 20 . 0 262
8 1 d i s t i l l e d )
8 1 C e l l  f l u i d  ( w a t e r ) 31 270

S t a r t
m.e.

Final 
n . c .

13 . 320  | - 0 . 5 3 8  
I 3 . 309  | - 1 . 2 5 3  
13 .214  | - 1 . 4 6 9  
I 3 .162 | - 1 . 1 2 1  
13.111 | - 1 . 7 1 4  
12 . 995  | - 3 . 1 1 9  
1 2 . 904  | - 3 . 7 7 2  
1 2 . 84 0  | - 3 . 9 9 6

Change Ad Jus t ( Ra t e  r e f Ra te  r e f Av End ( L i n e a r Pent  n R a t i o To t a l Av End
c l  c n t I Loss  % 1 I n i t  mass C n t l  mass Ca Rate | D e t e r ' n I n l e t Pen t o | Flow Perm

(%) a d j  rero 1 ( ( X / d ) / 1 0 0 0 ) 1 (mm) (mm) D e t r ' n ( 1 ) <nm/s  )

STANDARD CURE AND TESTED UNDER STANDARD CONDITIONS
- 0 . 5 3 0 - 1 - . 1 1 1 . 30 0 •  . 1 . 227 0 . 7 5 6
- 1 . 8 6 1 34.66 | - 1 0 0 . 4 6 - 1 3 2 . 3 0 2 4 . 6 6 | 2 6 . 0 0 5 . 7 7 5 0 . 2 2 2 9 . 1 6 5 7 . 1 9 0
- 2 . 0 7 7 38.68 1 - 1 1 7 . 7 7 - 1 4 7 . 6 5 2 2 , 1 3 | 29 . 01 6 . 3 5 0 0 . 2 1 9 9 . 4 6 7 5 . 7 6 5
- 2 . 3 5 5 22.81 1 4 6 . 3 6 - 8 5 . 7 5 5 .87 I 17.11 4.9CC 0 . 2 8 6 7 . 66 7 3 . 7 1 6
- 2 .9 4 8 2 8 . 55 | - 7 0 . 8 8 - 1 0 7 . 3 4 9 . 8 5 I 21 . 41 4 . 4 2 0 0 . 2 0 6 1 0 . 476 5 . 6 4 3
- 4 . 9 7 7 33.40 | 8 9 . 9 0 - 1 2 5 . 5 6 12 . 65 | 2 5 . 05 5 . 5 7 0 0 . 2 2 0 1 ' . 9 5 0 1 0 . 367
- 6 . 2 5 1 3 2 . 6 ' ( - 8 6 . 3 9 - 1 2 4 . 6 2 10.84 | 2 4 . 49 4 . 6 7 0 0 . 1 * 1 2 0 . 9 5 4 1 0 . 7 / 6
- 6 . 4 7 5 33 .42 1 - 9 1 . 5 2 - 1 2 9 . 0 9 N/A | 25 . 37 3 . 9 8 0 0 . 1 5 7 2 1 . 4  18 i I . 0 4 6
- 6 . 6 0 9 34.51 1 - 9 1 . 6 4 - 1 2 7 . 81 1 1 . 99 4

V I L o n g t e m  ( 904d)  l e a c h 10 . 0  28 904 1 1 . 392  | - 2 . 5 3 7  - 3 . 9 4 8  3 7 . 59  | - 3 0 . 8 7  -41 58 N/A | 2 8 . 1 9  6 . 4 * 0  0 . 2 2 8  | 2 2 . 3 3 5  2 . 33 8

9
A
#
B
C
0
i

1280 Humid c u r e  | 10 . 0  28
| 7d Humid,  2 Id Leach b a t h |

—  s p e c i f i c  c o n t r o l |
I 1 S e r i e s  H/17, humid c m  I |

—  s e a l e d  c o n t r o l  j
I / d  Humid,  77d s e a l e d  c u r e |  84
I7d Humid,  343d s e a l e d  j 350

NON-STANDARD CURING CONDITIONS AND/OR CURING PERIODS
261
262

268
587

1 2 . 189
15 . 502
15.502

2 .472
2 . 472  

13.371 
1 3 . 045

- 1 . 2 3 2
- 0 . 0 1 6
- 0 . 0 1 6

- 0 . 7 9 8
- 0 . 1 5 3

0 . 2 2 4

- 2 . 4 6 3
- 1 . 2 4 8
- 0 . 8 6 9
- 3 . 2 1 9
- 2 . 6 7 8
- 1 . 4 1 4
- 1 . 1 8 7

E
F
H
ti
I
J
K

1136 m/m. A i r  c e l l  t l u t d
I
I
I 50 m m ,  Ai r  e l l  f l u i d  
I 10 m/m ( l ow g r a d i e n t  )

I 10 . 0 28
I
I 2U.0 
I 10.0 
I 5.1 
i 10 . 0  
I -0,0

L
M
N

P
9

I L ea c h e d  w i t h  w a t e r  f r  o 
I Ronde bos r h  Dam R e s e r v o i r |  
! Ml d de l o u rg  ( n o t  d e s i r e d ) )  
j L e a c h e d  w i t h  w a t e r  
I a a t u f t e d  w i t h  O ' 2 a t  | 

a t m o s p h e r i c  p r e s s u r e

5 . 0  
10.0 
20 .'

5 . 0  
10.0 
2 0 .0

28

253
259
251
253
278
27)

27b
268
264 
276 
268
265

1 3 . 083  | 
13 . 164  | 
1 2 . 97 5  1 
I 3 .222 I 
1 3. 360 | 
1 3 . 268  | 
1 3 . 026  |

0 . 1 8 2  
- 0 . 0 1 8  
- 2 . 7 1 8  

1.987 
1.1 97 
1 . 4 1 0  
2 . 0 4 2

- 1 . 0 4 5  
- 1 . 2 4 8  
-5 .1 9 1  
- 0 . 2 4 0  
- 0 . 4 1 9  

3 . 1 72 
- 0 . - 4 3

2 3 . 86 1 - 5 1 . 9 2 - 9 1 . 4 2 17 .64 I 1 7 .9 0 5 . 6 8 0 0 . M 7 1 0 . 77 5
12.09 I - 0 . 6 6 - 4 6 . 1 4 2 .21 I 9 . 07 1 . 3 7 0 0 . 1 5 1 1 . 3 3 8
8 . 74 - 0 . 6 6 - 3 3 . 3 5 2 .21 1 6 . 5 5 1 . 3 7 0 0 . 2 0 9 1 . 3 3 8

2 7 . 97 - 3 3 . 5 2 - 1 0 6 . 7 4 2 8 . 37 I 2 0 .9 7 5 . 3 7 0 0 . 2 5 6 2 8 . 2 9 3
2 3 . 27 - 3 3 . 5 2 - 8 8 . 8 0 28 . 37 1 17 .45 5 . 3 7 0 0 . 3 0 8 2 8 . 2 9 3
13.66 - 6 . 2 7 - 5 0 . 9 6 5 . 5 3 | 10 .24 3 . 23 3 0 . 3 1 6 5 . 4 7 0
11 . 30 2 . 7 3 - 1 9 . 2 5 N/A 1 . 9 9 0 0 . 2 3 5 5 . 1 5 7

AND/OR CELL FLUID
10.13 7 . 9 0 - 4 0 . 0 4 1 .72 1 7 . 6 0 1 . 3 0 0 0 . 1 7 1 2 . 141
12 .10 - 0 . 7 8 - 4 6 . 7 0 1 . 29 1 9 . 0 7 2 . 1 7 0 0 . 2 3 9  | 2 . 62 4
2 7 . 12 - 6 4 . 9 8 - 1 0 8 . 0 6 1 . 96 2 0 . 3 4 2 . 5 8 0 0 . 1 2 7  | 9 . 4 4 62 . 3 3  

7 . 80  
- 1 . 6 6  |

4 2 . 91 - 9 . 2 0 N/A 1 . 75 0 . 0 0 0 0 . 0 0 0 0 . 4 4 9
14 . 84 - 2 8 . 0 6 3.01 5 . 8 5 0 . 1 2 3  | 0 . 5 0 3
5 6 . 8 0 6 . 0 8 0 . 1 8 0 . 0 0 0 . 2 5 8 N/A | 0 . 0 7 72 . 32  j 4 4 . 8 7 - 8 . 4 8 1 . 94 I . / 4 0 . 1 3 0 0 . 0 7 5  | 0 . 6 4 6

— I 
I

1 1 . 355  | - 0 . 0 1 0  
1 2 . 91 8  I 0 . 9 1 1

NON-STANDARD LF.ACH INC WATER

1 2 . 922  | 
1 3 . 312  I 
I 3 . 128  | 
1 2 . 9 ) 6  I

2 . 0 44  
- . 4 6 4  
0 . 6 8 4  
1 .781

- 0 . 6 2 5
- 0 . 3 2 4

- . . 0 9 9
- 0 . 5 ) 1
- 0 . 6 9 9

11 . 63  j 
3 . 1 )  | 
2 . 2 8  | 

2 0 . 44  | 
5 . 3 4  | 
3 . 65  |

- 0 . 7  7 - 4 2 . 1 2 2 . 0 5 I 8 . 7 2 1 .317 0 . :  1 | 1 . 21 0
37.41 - 1 1 . 6 9 0 . 21 I 2 . 3 5 i. 1| 0 . 7 8 04 6 . 4 6 - 8 . 6 2 0 . 0 3 1 1.71 0 . 0 2 0 0 . 0 1 2  |I 0 . 6 2 6

- 3 6 . 8 5 - 7  , . 0 8 9 . 3 2 1 1 5 . 33 3 . 5 8 0 0 . 2 3 3  |1 2 . 7 5 52 8 . 0 6 - 1 9 . 9 3 5 . 1 8 1 4 . 01 1 .079 0 . 2 6 9  | 1 . 5 9 84 0 . 3 2 - 1 3 . 7 8 2 . 0 4 1 2 . 7 4 0 . 7 6 0 0 . 2 7 7  | 0 . 8 8 4

( C y l i n d e r #  s p l i t  a x i a l ly

I Mlc r u c o n c r e t e  , w 1 , 0
c/w 1.2

10.0
2 0 .0
18.2
2 2 . 0

29
32
28

246

261
262

■I'! I-F..N  W IT H  AIM At. ' Hacks  and NICROCONCRETE SPECIMENS

fl A N A I N'A N/A 0 . 3 2
'*■'" , N/A N/A 0 . 0 0

6 . 6 3 3
1 .231  |
1 . 231  |

1 9 . 6 5 2  |
1 9 . 6 5 2  | 

2 . 3 6 3  | 
1 . 0 4 8  | 
2 . 1 8 0  |

 ,

I
0 . 0 5 5  | 
0 . 1 : 7  I 
0 . 4 8 9  1 
0 . 0 7 2  | 
4 . 1 9 2  | 
0 . 0 5 6  | 
0 . 8 1 8  |

I
0 . 5 1 4  | 
0 . 0 7 5  | 
0 . 0 4 6  | 
2 . 0 6 8  | 
1 .461  | 
0 . 4 4 8  |

I
N/A N/A N/A N/A 2 0 . 4 2 6
N/A N/A | N/A 18.381
N/A 0 . 0 0 0 N/A | 0 . 4 ) 0 0 . 2 2 7
N/A 0 . 0 0 0 N/A | 0 . 0 5 4 0 . 0 0 3

DRY DENSITY 
1 7 . 1 3  10.49 ' )

9 . 9 9  2 . 7  30
1 6 . 09  4 . 4 3 0

0 . 2 8 3
0 . 2 7 3
0 . 2 7 5

| 3 0 . 0 7 4  
I 4 . 2 1 2  
I 8 . 8 5 4

7. | D i s k  s p e c i me n s  ( same
a ( t e s t  c o n d i t i o n s  a s  
b I s t a n d a r d  , y U n d e r  s i  
d I

I 0 .0  
I 3.0 
I 10,0 
I 13 . 0

■TANDARD DISK SPECIMENS
28 259 13.  72 3 ( - 2 . 6 2 5  - > . 642  -  |

JU 1 *•26 I | 5 .  >98 - 5 . 6 8 4  106 . 3 | - 4 7 7 . 8 9
l l . ' i ' 7  | 6 .  547 - 7 . 7 ) 7  75 ,  10 j - 3 2 1 . 4 9

II 1 1 .1 2 9  | - 8 . 2 8 7  - I D . I ) 6 8 . 0 4  j - 2 / 5 . 0 4

I
1 1 . 3 7 5  | 

2 . 3 2 0  | 
4 . 7 3 9  |

•I 
I

- 4 7 4 . 5 5  6 1 . 6 6

- 2 9 4 . 5 5  5 0 .8 2

- N/A N/A | 2 . 6 8 8 0 . 6 8 7
2 1 . 2 6 N/A N/A | N/A 1 2 . 5 5 0
1 5 . 06 N/A N/A 1 N/A 1 1 . 25 8
13.61 7 . 9 8 0 0 . 5 8 6  j N/A 12 . 707
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LEGEND FOR GRAPHS 9 . 2 7 / 2 8 / 2 9 / 3 0

| Co Tf. 8 L | Cem Age Lch | Gra- |
| de >ondi r i one ei.t S t a r t Time | ph j

1 (%) (d) (d)  | (D.)  |

STANDARD CYLINDERS, STANDARD CURE AND TEST |
| 1 S t a n d a r d : - 0 . 0 28 276 | 1 |
| 2 C y l in d e r s  ( s o i l - c e m e n t )  | 5 .0 262 | 2 |
! 3 Cure (7 day humid. | 3 |
1 4 21 day s e a l e d ) 10.0 266 | 4 |
| 5 G rad ien t  (50 m/m) | 5 |
1 6 Leach p e r io d  ( + / -  266d) | 15.0 266 | 6 |
| 7 Leach water  ( d e - a l r e d 20.0 262 | 7 j
1 8 d i s t i l l e d )  | | 8 j
1 8 C e l l  f l u i d  (w a te r ) 31 270 | 8 j

NON-STANDARD CURING CONDITIONS &/or PERIODS!
1 9 28d Humid c u r e  | 10.0 28 261 | 9 |
1 A 7d Humid, 2 Id leach  ba th | 262 | 10 |
I * d i t t o  — s p e c i f i c  c o n t r o l ) |
1 B 1 S e r i e s  W/D, humid c n t l  | | 11 |
I * d i t t o  — s e a l e d  c o n t r o l  j |
1 c 7d Humid, 77d s e a le d  cure ) 84 268 | 12 |
1 D 7d Humid, 3a3d s ea le d 350 587 | 13 |
1 $ -  a d j u s t  to  266d l e a c h j 266 |

NON-STANDARD GRADIENT AND/OR CELL FLUID |
1 E 136 m/m, Air  c e l l  f l u i d  | 1 0 .0 28 253 | 14 |
1 F d i t t o 259 | 15 |
| H d i t t o 2 0 . 0 251 | 17 |
1 50 m/m, Air  c e l l  f l u i d 1 0 .0 253 | 16 |
| I 10 m/m (low g r a d i e n t ) 5 . 0 278 | 18 |
1 J 1 0 . 0 273 | 19 |
1 % I 20.0 1 20 |

NON-STANDARD LEACHING WATER 1
1 L Leached with  water  from | 5 . 0 28 276 | 21 |
1 % Rnndebosch Dam R ese rvo i r ) 1 0 .0 268 j 22 |
1 N Mlddelburg ( n o t  d e a i r e d ) ) 2 0 . 0 264 | 23 |
1 o Leached with  water 5 . 0 276 | 24 |
1 p s a t u r a t e d  wi th  C02 a t 1 0 .0 268 | 25 |
1 Q a tm ospher ic  n r e s s u re 2 0 . 0 265 | 26 j

CRACKED AND MICROCONCRETE SPECIMENS |
1 R C y l in d e r s  s p l i t  a x i a l l y  I 1 0 . 0 29 246 | 27 |
1 s 1 20.0 32 1 28 |
1 T M icroconc re te  c/w l . u 18.2 28 261 | 29 |
1 U c/w 1.2 2 2 . 0 262 | 30 |

1 V Longterm (904d) leach  | 1 0 . 0 28 904 | 31 |

NON-STANDARD C<IMPACTION CONDITIONS 1
1 W Compacted 1% dry  of OMC | 1 0 .0 28 262 | 32 |
! x IX wet of  OMC | 261 | 33 j

1 2% above HDD I 264 | 34 ,

STANDARD DISK SPECIMENS 1
1 % Disk specimens (same 0 .0 28 2 59 | 15 |
1 n Vest c o n d i t i o n s  as 5 . 0 224 | 36 |
1 b si andard « y 1 1 ndi-rs) 10 .0 1 17 |
1 d 1 1 5 .0 231 | 18 j



such t e c h n i q u e s  can  be c o n s i d e r e d  c o n s e r v a t i v e , t h i s  l i m i ­

t a t i o n  must be t a k e n  i n t o  a c c o u n t  in  i n t e r p r e t i n g  them. I f  

t h i s  i s  n o t  d o n e , m a tw i ia l  which i s  s u i t a b l e  fo r  use i n  the  

a p p l i c a t i o n  u n d e r  c o n s i d e r a t i o n  may be r e j e c t e d  or  an u n ­

n e c e s s a r i l y  c o n s e r v a t i v e  d e s ig n  adop ted .  This  p o i n t  i s  o f  

p a r t i c u l a r  im p o r ta n c e  when the e f f e c t  of  i n c r e a s e d  g r a d i e n t  i s  

combined w i th  the  use of d e - a i r e d  d i s t i l l e d  w a t e r .  The 

r e s u l t s  of t h i s  r e s e a r c h  I n d i c a t e  t h a t  the use of  n a t u r a l  water  

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

p e r m e a b i l i t y  and l o s s .

A f u r t h e r  f a c t o r  which must be t a k e n  i n t o  acc o u n t  i n  com par ing  

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

compressed  a i r  in  d i r e c t  c o n t a c t  w i th  the p e r c o l a t i n g  w a te r  to 

supp ly  the d r i v i n g  head ( N e v i l l e  1971, P r i c e  1977 and o t h e r s ) .  

T e s t s  on i o i l - c e m e u t  g e n e r a l l y  adopt  the s o i l s  l a b o r a t o r y  

approach of a i r  b l a d d e r s  i n  a c c u m u la to r s  (PCA 1978b, J a c k s o n  

1965 and o t h e r s ) .  The e f f e c t  of  d i s s o l v e d  a i r  d i s c u s s e d  

p r e v i o u s l y  can be e x p e c te d  to have  a s i g n i f i c a n t  e f f e c t  on the 

r e s u l t s  of  t e s t s  conduc ted  o v e r  s e v e r a l  weeks i f  p r e c a u t i o n s  

a re  n o t  t a k e n  to  l i m i t  the d i f f u s i o n  of a i r  i n t o  th e  sp ec im en .  

Th is  would a l s o  be e x p e c te d  to  le ad  to  r*- s u i t s  t h a t  would show 

s o i l - c e m e n t  in  a l e s s  f a v o u r a b l e  l i g h t  i f  co m p ar i s o n s  were 

made w i th  v a l u e s  produced under  d i f f e r e n t  c o n d i t i o n s .

9 . 4 . 1 2  T h e o r e t i c a l  D e p t h  o f  D e t e r i o r a t i o n

C o n s i d e r a t i o n  of  the  r a t i o  of l o s s e s  in  the  l e a c h i n g  b a th  iv. 

s e c t i o n  9.4.10 i n d i c a t e d  chat  l e a c h i n g  o ccu r red  u n i f o r m l y  o v e r  the  

s u r f a c e  of the  s p e c im e n .  In s e c t i o n  9.4.1 l . a  a model f o r  l e a c h i n g  

in  the l e a c h i n g  c e l l s  was proposed .  This  model i n d i c a t e d  t h a t  a 

zo -e  of  d e t e r i o r a t i o n  in  which most of  the cement had been leached 

out would d ev e lo p  a t  the i n l e t  and  advance  i n t o  the spec im en as 

l e a c h i n g  p ro g re s s e d .  These p ro p o sa l s  a r e  c o n s i s t e n t  w i th  the form 

of l e a c h i n g  a t t a c k  t h a t  would be e x p e c t e d  fo r  the r e s p e c t i v e  t e s t  

c o n d i t i o n s .



C o n s i d e r a t i o n  of the w e t - d r y  t e s t s  i n d i c a t e s  t h a t  an e s s  n t i a l l y  

u n i fo rm  l o s s  of m a t e r i a l  occu rs  w i th  s u c c e s s i v e  c y c l e s  and 

a b r a s i o n ,  d e c r e a s i n g  w i th  s u c c e s s i v e  c y c l e s .  Leach ing  of  a l a r g e  

p r o p o r t i o n  of  the cem ent from the  s u r f a c e  of the  spec im en  w i l l  be 

r e q u i r e d  to  reduce i t s  a b r a s i o n  r e s i s t a n c e  to a l e v e l  a t  which i t  

can  be removed w i th  the wire  b rush .  T h i s  i s  s u ppor ted  by the 

r e s u l t s  of  the u n c o n f i n e d  com pre ss ion  t e s t s  d i s c u s s e d  i n  c h a p t e r  

10. The l o s s  d i s t r i b u t i o n  i n  the  w e t t i n g  and d r y i n g  t e s t  can 

t h e r e f o r e  be compared w i th  t h a t  i n  the l e a c h i n g  b a t h .  The lo s s  of  

s o i l  due to  a b r a s i o n  i s  accommodated by the  c a l c u l a t i o n  i n  te rm s  

of i n i t i a l  s o i l - c e m e n t  mass a d j u s t e d  fo r  h y d r a t i o n  as opposed to 

the l o s s  in  te rm s  of i n i t i a l  cement  c o n t e n t  a d j u s t e d  f o r  h y d r a t i o n  

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

I f  i t  i s  assumed t h a t  most of the cement i s  removed from the zone

of d e t e r i o r a t i o n ,  th e n  the dep th  of t h i s  zone of  d e t e r i o r a t i o n  

should  p ro v id e  a measure t h a t  i s  i n d e p e n d e n t  of  the  shape and s i z e  

of the t e s t  spec im en and which w i l l  p e rm i t  compar ison  be tw een  the 

d i f f e r e n t  methods of  t e s t ,  and w i th  the  s t r u c t u r e  i n  the  f i e l d .  

The t h e o r e t i c a l  dep th  of d e t e r i o r a t i o n  was t h e r e f o r e  d e f i n e d  as the  

d e p th  c a l c u l a t e d  on the  b a s i s  of com ple te  remova l  of  cement i n  the 

d e t e r i o r a t e d  zone w i th  no lo s s  of  cement i n  the r e m a in d e r  of the 

spec im en .

The r e l a t i o n s h i p  between mass l o s s  and  t h e o r e t i c a l  dep th  of 

d e t e r i o r a t i o n  f o r  the d i f f e r e n t  specimen  ty p e s  and t e s t  c o n d i t i o n s  

i s  p l o t t e d  in  graph 9.31.  The r e l a t i o n s h i p s  fo r  d i s k s  and 

c y l i n d e r s  in  the l e a c h i n g  ba th  a r e  s i m i l a r ,  r e f l e c t i n g  the 1.13 

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

,.ne d i s k  spec im ens  in  the l e a c h i n g  c e l l s  l i e s  i n  i s: m, l a r  r ange

r e f l e c t i n g  t h e i r  l a rg e  c r o s s  s e c t i o n a l  a r e a .  The cu rv e  f o r  the

c y l i n d e r s  i n  the l e a c h i n g  c e l l s  i s  much s t e e p e r  because of  t h e i r  

r e l a t i v e l y  s m a l l  c r o s s  s e c t i o n a l  a r e a  and t h a t  fo r  the w e t - d r y  

spec im ens  l i e s  ha l fw ay  between those  f o r  the o th e r  s p ec im en s ,  

r e f l e c t i n g  the s m a l l e r  a r ea  to  volume r a t i o .

L E A C H I N G  T E S T S 9 . 1 1 4
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9 . 4 . 1 3  P e n e t r a t i o n  v s  D e p t h  o f  D e t e r i o r a t i o n

In  o rd e r  to  d e t e r m i n e  the  v a l i d i t y  and s i g n i f i c a n c e  of  the 

p e n e t r a t i o n  t e s t  r e s u l t s , t h j  p e n e t r a t i o n  v a l u e s  f o r  each s e t  of  

s pec im ens  were c unpared w i th  the deo th  of  d e t e r i o r a t i o n  computed 

from the measured lo s s  a c c o r d in g  to  ty p e  of  t e s t .

The r e s u l t s  f o r  t te c y l i n d r i c a l  spec im ens  t e s t e d  i n  the  l e a c h i n g  

b a th  and l e a c h in g  Lis a r e  p l o t t e d  on graph 9.32 t o g e t h e r  w i th  the  

c o r r e s p o n d i n g  lo^ as a se >nd v e r t i c a l  a x i s .  While a r e a s o n a b l e  

amount of s c a t t e r  i s  e id t  t ,  a c l e a r  t r e n d  i s  a p p a r e n t  f o r  bo th  

the  l e a c h i n g  ba th  and  ■ e l l  r e s u l t s .  The l i n e a r  r e g r e s s i o n  on the  

l e a c h i n g  c e l l  d a t a  i n d i c a t e s : -

p e n e t r a t i o n  •  -0 .12  + 0.22 x depth  of d e t e r i o r a t i o n  

o r ,  i f  the le ach  ba th  da ta  i s  t a k e n  i n t o  a c c o u n t : -

p e n e t r a t i o n  -  0 .2 5  x depth  of  d e t e r i o r a t i o n .

The p o i n t  i n  the top  r i g h t  c o r n e r  of  graph 9.32 e x h i b i t s  the  

g r e a t e s t  d e v i a t i o n  from the l i n e a r  t r e n d  and c o r r e s p o n d s  to  the 

spec im ens  compacted dry  of OMC fo r  which v e ry  h igh  f l o w s ,  l o s s e s  

and  p e r m e a b i l i t i e s  were recorded .  The pen i t r a t i o n  v a lu e  of  10.5 

mm fo r  t h i s  p o i n t  compares w i th  the va lue  of 11.3 mm fo r  th e

u n s t a b . l i z e d  spec im ens  from the l e a c h i n g  c e l l s .  The p l o t t e d

l i n e a r  r e g r e s s i o n  y i e l d s  an e s t i m a t e d  depth  of d e t e r i o r a t i o n  of 50

mm fo r  the u n s t a b i l i z e d  spec im ens  f o r  the 11.3 mm p e n e t r a t i o n ,  

compared w i th  an e f f e c t i v e  75 mm. The s t r a i g h t  l i n e  can be 

e x p e c te d  t o  d e v i a t e  to  form an a s y m p to te  w i th  t h i s  l i m i t i n g

p e n e t r a t i o n  v a l u e .  It .hould be no ted  . nat  the d ry  of  OMC p o i n t  

l i e s  away from the  d i r e c t i o n  of c u r v a t u r e  of t h i s  a s y m p to te  

i n d i c a t i n g  t h a t  a s e p a r a t e  c a l i b r a t i o n  may app ly  i n  c a s e s  where 

s i g n i f i c a n t l y  h ig h e r  f lows  a re  e x p e r i e n c e d .  This  i s  suppor ted  by 

the o n l y  d a t a  a v a i l a b l e  f o r  d i s k  spec im ens  (code d in  t a b l e  9.3) 

which would a l s o  p l o t  w e l l  below the r e g r e s s i o n  l i n e  and fo r  which 

high f lows were a l s o  e x p e r i e n c e d .
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The v a l i d i t y  of the p e n e t r a t i o n  t e s t  as  a measure of  dep th  of  

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

the  t r u e  d e t e r i o r a t i o n  p r o f i l e  d i f f e r s  t rom the s im p l e  model 

proposed In s e c t i o n  9.4.12 but the  v a l i d i t y  of the 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  as a means of a d j u s t i n g  f o r  d i f f e r e n t  

spec im en  and t e s t  g e o m e t r ie s  i s  sup p o r ted  by the r e s u l t s  p l o t t e d  

on graph 9.32.

9 . 4 . 1 4  C o m p a r i s o n  o f  L e a c h i n g  T e s t  R e s u l t s

The r e s u l t s  of the  t e s t s  i n  the 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  

t o g e t h e r  w ith  those  fo r  the w e t t i n g  and d r y i n g  t e s t s  a re  combined 

on graph 9.33.  The measured l o s s  e x p r e s s e d  as a p e r c e n t a g e  of 

cement c o n t e n t  c o r r e c t e d  fo r  h y d r a t i o n ,  as  "sed th roughou t  t h i s  

c h a p t e r , i s  used f o r  the l e a c h in g  r e s u l t s  and the s o i l - c e m e n t  l o s s  

as a p e r c e n ta g e  of o r i g i n a l  mass a d j u s t e d  f o r  h y d r a t i o n ,  as  used i n  

c h a p t e r  «, i s  used fo r  the w e t - d r y  t e s t  r e s u l t s .  A r e c i p r o c a l  

cement c o n t e n t  a x i s ,  as  used in  graphs 8.3 and 9.25 i s  used to  

l i n e a r i z e  the w e t - d r y  and leach  b a th  da ta  and h e lp s  to  l i n e a r i z e  

the  l e a c h i n g  c e l l  d a t a ,  p a r t i c u l a r l y  i n  th o s e  c a s e s  where r e l ­

a t i v e l y  s m a l l  l o s s e s  were r e c o rd e d .

The same d a t a  i s  p l o t t e d  on graph  9.34 i n  te rm s  of  d ep th  of 

d e t e r i o r a t i o n  th u s  removing  the g e o m e t r i c a l  e f f e c t s  as  no ted  i n  

s e c t i o n  9.4.12.  The e f f e c t  of  t h i s  a d j u s t m e n t  i s  p a r t i c u l a r l y  

e v i d e n t  w i th  r e g a rd  to the d 1 sk spec im ens  and le ach  ba th  r e s u l t s .

The g e n e r a l  shape of  the p lo t  of the  w e t - d r y  t e s t  r e s u l t s ,  as  shown 

i n  graph  8.3,  i s i m i l a r  to t h a t  of  the r e s u l t s  f o r  the  low 

g r a d i e n t ,  MiddeIburg and c a r b o n a te d  t e s t  c o n d i t i o n s  as w e l l  as  the 

d i s c  s p e c im e n s .  On the s c a l e  used in  graph 9.34, the  shape of the  

le ach  ba th  r e s u l t s  i s  a l s o  s i m i l a r .

I t  shou ld  be n o te d  t h a t ,  i n  p l o t t i n g  the  da ta  a g a i n s t  cem en t  

c o n t e n t  in  t h i s  c h a p t e r ,  s t r a i g h t  l i n e s  were us to  c o n n e c t  d a t a
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p o i n t s  as  the l i m i t e d  number of  cement c o n t e n t s  d id  not  p r o v i d e  

s u f f i c i e n t  p o i n t s  to  draw smooth c u r v e s  w i th  c o n f i d e n c e .

The i n c r e a s e d  r e s i s t a n c e  of spec im ens  s u b j e c t  to  the w e t - d r y  cu re  

to  Leaching in  the  l e a c h i n g  bath,  was r e f e r r e d  to  i n  s e c t i o n  9.4 .10 

and the o b s e r v a t i o n  t h a t  the r e s i s t a n c e  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  of  the se  spec im ens  was comparable  to  t h a t  of the 

s t a n d a r d  spec im ens  was made in  s e c t i o n  9 .4 .1 1 .a .  The i n c r e a s e d  

com press ive  s t r e n g t h  of spe Imens s u b j e c t  to  the w e t - d r y  c u re  i s  

d i s c u s s e d  i n  th e  f o l l o w i n g  c h a p t e r .  I t  appea rs  t h a t  the  h igh  

t e m p e ra tu re  (72 °C) a s s o c i a t e d  w i t h  the d r y i n g  s t a g e  of the  w e t -  

dry  t e s t  l e ad s  to  an  a c c e l e r a t e d  cu re  or  f i x i n g  j f  h y d r a t i o n  

p roduc ts  which im proves  the l e a c h i n g  r e s i s t a n c e  and  s t r e n g t h  of 

the  37.5 x 75 mm c y l i n d r i c a l  w e t - d r y  s p e c im e n s .  I t  i s  l i k e l y  t h a t  

a s i m i l a r  im provem ent  occurs  i n  the s t a n d a r d  ASTM wet dry

spec im ens ,  a t  l e a s t  on the s u r f a c e ,  as  n o te d  In  s e c t i o n  8 .4 .1 .  

These f a c t o r s  appea r  to I n d i c a t e  t h a t  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  would be made c o n s i d e r a b l y  more s e v e r e  i f  the

te m p era tu re  d u r i n g  the d r y i n g  phase was reduced,  thus  r e d u c i n g  the 

a c c e l e r a t e d  c u r i n g  e f f e c t .  A l t e r n a t i v e l y ,  the t e s t  could  be s i m ­

p l i f i e d  by e l i m i n a t i n g  the d r y i n g  s t . g e  c o m p le te ly  and a d o p t i n g  a 

per iod  of l e a c h i n g  in  the  l e a c h i n g  bath  fo l lo w ed  by d r y i n g  and  

a b r a s i o n  as sugges ted  i n  s e c t i o n  8 .4 ,4 .

I f  the d r y i n g  s t a g e  of the w e t - d r y  t e s t  a c t u a l l y  Improves  the  

d u r a b i l i t y  of t ‘ «• m a t e r i a l ,  as sugges ted  above ,  then  the d e t e r i o r a ­

t i o n  observed  i n  the t e s t  must r e s u l t  from l e a c h i n g  of cement from 

the  s u r f a c e  of the spec im en d u r i n g  the f i v e  hour s o a k i n g  p e r io d .

This  was im p l ie d  in  s e c t i o n  9.4 .9 whore i t  was shown t h a t  the

p e rc e n ta g e  lo s s  a t  e q u i v a l e n t  age lay  between the e s t i m a t e d  l o s s e s  

fo r  spec im ens  t e s t e d  i n  the l e a c h i n g  c e l l s  and l e a c h i n g  b a th ,  a 

s i m i l a r  r e l a t i o n s h i p  to  t h a t  shown in  graph 9.31.  I t  i s  t h e r e f o r e  

conc luded  t h a t  the w e t t i n g  and d r y i n g  t e s t  i s  e s s e n t i a l l y  a 

su r f a c e  l e a c h i n g  t e s t  in  which the c u r i n g  o f  the m a t e r i a l  i s  

a c c e l e r a t e d  by h e a t i n g  and the e f f e c t  of l e a c h i n g  a c c e l e r a t e d  by 

a b r a s i o n .

L E A C H I N G  T E S T S 9 . 1 2 1



C o n s i d e r a t i o n  of the  r e d u c t i o n  in  l o s s  i n d i c a t e d  fo r  the  r e d u c t i o n  

i n  g r a d i e n t  from 50 to  10, i n d i c a t e s  t h a t ,  i u  the case  of  u n i t  

g r a d i e n t  i n  the Leach ing  c e l l s ,  i t  i s  l i k e l y  t h a t  a n e g l i g i b l e  or  

n e g a t i v e  l o s s  w i l l  occur  fo r  a l l  cement c o n t e n t s .  I f  the e f f e c t  

of  the use of n a t u r a l  w a te r  i s  t a k e n  i n t o  a c c o u n t  i t  i s  a p p a r e n t  

t h a t  l e a c h i n g  of  cement by p e r c o l a t i n g  w a te r  w i l l  n o t  be of  

s i g n i f i c a n c e  in  a s o i l - c c r - e n t  dam c o n s t r u c t e d  u s in g  the m a t e r i a l  

t e s t e d .  Under t h e s e  c o n d i t i o n s ,  s u r f a c e  l e a c h i n g  can be f .peered 

to  be of g r e a t e r  magnitude  a l though  a r e d u c t i o n  in  t h i s  e f f e c t  when 

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

s u r f a c e  l e a c h i n g  i s  l i k e l y  to  be the p r e d o m in a n t  e f f e c t  i n  

p r a c t i c e ,  t h e n  the  r e s u l t s  of t h i s  r e s e a r c h  can be e x . e n d e d  to 

e t h e r  s o i l  t y p e s  u s i n g  the  l e a c h i n g  ba th  and the  c o s t l y  and 

complex a p p a r a tu s  and t e s t  p rocedures  used i n  t h i s  program a r e  no t  

r e q u i r e d  f o r  r o u t i n e  t e s t i n g .

T a k i n g  a c c o u n t  of  the  e f f e c t  of e x t e n d e d  c u r i n g  and the a d d i t i o n  

of coa rse  a g g r e g a t e ,  i t  Is  a p p a r e n t  t h a t  the l o s s  r e g i s t e r e d  i n  the  

w e t - d r y  t e s t  i s  of s i m i l a r  m agni tude  to  chat  which might  be 

e x p e c te d  to  occur  i n  a tw e l v e  month per iod  from an a c t u a l  f a c i n g  

In  a r e s e r v o i r  f i l l e d  one y ea r  a f t e r  p la cem e n t .  The p r i n c i p a l  

method of l e a c h i n g  a t t a c k  i n  m a ss iv e  w a te r  r e t a i n i n g  s t r u c t u r e s  

has been shown to  be s u r f a c e  l e a c h i n g .  The mode of d e t e r i o r a t i o n  

i n  the w e t - d r y  t e s t  has a l s o  been shown to  be s u r f a c e  l e a c h i n g .  

The w e t - d i  * t e s t  i s  t h e r e f o r e  rega rded  as a r e a s o n a b l e  i n d i c a t o r  

of  the l o s s e s  t h a t  may occur  i n  p r a c t i c e .  The v a s t  body of  

e x p e r i e n c e  r e l a t i n g  the i n - s e r v i c e  behav iou r  of s o i l - c e m e n t  

f a c i n g s  to  the r e s u l t s  of the w e tc i n g  and d r y i n g  t « s t  p r o v i d e s  an 

adequa te  b a s i s  f o r  e x t e n d i n g  the f i n d i n g s  of t h i s  r e s e a r c h  to o th e r  

s o i l  t y p e s .

While the r e s u l t s  of  t h i s  r e s e a r c h  program have no t  p rov ided  any  

grounds  to sugges t  t h a t  the cement c o n t e n t  i n d i c a t e d  on the b a s i s  

of  the PCA recom m enda t ions  in S o i l -C e m e n t  fo r  Water C o n t r o l  (PCA 

1976c) a r e  i n a d e q u a t e , i t  i s  noted t h a t ,  f o r  the  s o i l  used ,  v e r y  low 

cemen.. c o n t e n t s  were i n d i c a t e d  on the b a s i s  of the w e t - d r y  t e s t s  

and t h a t  h ighe r  c o n t e n t s  were I n d i c a t e d  by s t r u c t u r a l  c o n s i d e r a -
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C i o n s . An optimum cement c o n t e n t  ot the o rd e r  of  10% cement i s  

i n d i c a t e d  by the r e s u l t s  fo r  the s t a n d a r d  l e a c h i n g  c e l l  r e s u l t s  f o r  

minimum 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 , h o w ev e r , t h e r e  i s  nr b a s i s  

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

i s  p r e d o m i n a n t .  Th is  cement  c o n t e n t  might  be adopted  as a 

minimum in  c a s e s  where h ighe r  g r a d i e n t s  were e n v i s a g e d ,  i . e .  where 

the f a c i n g  was to  be used as the  w a te r  b a r r i e r , backed  by d r a i n s .

9 . 5  CONCLUSIONS

I t  i s  conc luded  t h a t ,  fo r  a homogeneous embankment s u b j e c t  to  a 

low h y d r a u l i c  g r a d i e n t ,  r e t a i n i n g  n a t u r a l  w a te r  and  where th e  

e l a p s e d  t ime be tween s t a r t  of c o n s t r u c t i o n  and f i r s t  f i l l i n g  i s  

l i k e l y  to exceed  tw e l v e  months ,  l e a c h i n g  by p e r c o l a t i n g  w a te r  

does not  p r e s e n t  a s i g n i f i c a n t  problem.  S u r face  l e a c h i n g  and 

e r o s i o n  it, c o n s i d e r e d  to be the  most s i g n i f i c a n t  form of l e a c h i n g  

a t t a c k .  I t  i s  t h e r e f o r e  concluded  t h a t  the s t a n d a r d  AST.4 w e t t i n g  

and d r y i n g  t e s t  p r o v id e s  a r e a s o n a b l e  measure of the d u r a b i l i t y  of 

s o i l - c e m e n t  i n  m a ss iv e  w ate r  r e t a i n i n g  s t r u c t u r e s  a r  t h a t  the 

e x i s t i n g  body of knowledge w i th  reg a rd  to  t h i s  t e s t  p r o v i d e s  a 

b a s i s  f o r  e x t e n d i n g  these  r e s u l t s  to  o t h e r  s o i l  t y p e s .

The le a c h in g -  b a th  i s  shown to  p ro v id e  a s im p le  a l t e r n a t i v e  

i n d i c a t i o n  of  l e a c h i n g  r e s i s t a n c e  and i s  recommended where 

e x t e n s i o n  of the f i n d i n g s  of t h i s  r e s e a r c h  i s  c o n s i d e r e d  d e s i r ­

a b l e .  This  i s  p a r t i c u l a r l y  a p p r o p r i a t e  where 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  com pac t ion  and c u r i n g  c o n d i t i o n s  a r e  

r e q u i r e d .

I t  i s  sugges ted  t h a t  the standard 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 of surface leach ing  of s o i l -cem ent  s u b j e c t  to  an a c c e l e r ­

a t e d  cure and can he made more severe  by re d u c in g  the t e m p e ra tu r e  

d u r i n g  the d ry in g  s ta g e .  It  i s  further sugges ted  t h a t  the t e s t  

could be s i m p l i f i e d  and acce lera ted  by the use of a l e a c h i n g  ba th  

without d ry in g  i n t e r v a l s  fo l lowed by d r y i n g  and a b r a s i o n  on 

complet ion of l e a ch in g .
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While the  r e s u l t s  of  t e s t s  i n  the l e a c h i n g  c e l l  i n d i c a t e  an 

optimum cem ent c o n t e n t  of  th» o rde r  of  10%, t h e r e  does no t  appear 

to be any  s p e c i f i c  b a s i s  f o r  s e l e c t i o n  of cem ent c o n t e n t .  The 

c ment c o n t e n t  d e t e r m in e d  on the b a s i s  o f  the K ’A recom m endat ions  

i n  c h a p te r  8 i s  4%, but  i t  i s  f e l t  t h a t  a cement c o n t e n t  above the  

6% _ i n d i c a t e d  fo r  a d e c r e a s i n g  l o s s  l e v e l  be tween  s e r i e s  of

L2 v e t t i n g  and d r y i n g  c v c l e s  i s  more a p p r o p r i a t e .  The 10% cement 

c o n t e n t  r e f e r r e d  t o  above i s  f e l t  to  be i n t u i t i v e l y  a c c e p t a b l e  and 

.agrees w i t h  the low end of the rtv.-.ge of  cem en '  c o n t e n t s  r e p o r t e d  

by the PC A (1976b) w h i le  the 15% "no lo s s "  l e v e l  r e f e r r e d  to  i n  

c h a p te r  8 cou ld  be adopted as a c o n s e r v a t i v e  upper l i m i t  f~ r

d u r a b i l i t y .

The c a r b o n a te d  w a te r  used did  n o t  c o n t a i n  as much CO^ a s  would 

iccur i n  a r e s e r v o i r  in  which a n a e r o b i c  decay of  o r g a n i c  m a t t e r  

was o c c u r r i n g  l e a d i n g  to  a gas c o n t e n t  i n  e x c e s s  of  the 

e q u i l i b r i u m  l e v e l .  P a r m e a b i l i t y  of s o i l - c e m e n t  to  t h i s  w a te r  was 

s i g n i f i c a n t l y  reduced by the p re s e n c e  of d i s s o l v e d  gases  but  a 

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

however c o n s i d e r e d  t h a t  under  normal c i r c u m s t a n c e s  the e f f e c t  of 

excess  C 0 1 would be l i m i t e d  to  a c c e l e r a t e d  s u r f a c e  l e a c h i n g .

The p e r m e a b i l i t y  of  s o i l - c e m e n t  leached  with  the  w a te r  from the 

Rondebosch R e s e r v o i r  a t  *Mlddelburg was a l s o  c o n s i d e r a b l y  reduced 

by the p re s e n c e  of  d i s s o l v e d  a i r  and the degree of  l e a c h i n g  was 

f u r t h e r  reduced by the p re s e n c e  of d i s s o l v e d  s o l i d s  in  the  w a te r .  

Magnesium d i s s o l v e d  in  the Mlddelburg  w a te r  was abso rbe r  by 

- s tab i l i zed  spec im ens  and magnesium le ached  from the  u n s t a b l l t z e d  

spec im ens  was n o t  p r e s e n t  in  the l e a c h a t e  from the s t a b i l i z e d  

spec im ens  i n d i c a t i n g  a s i g n i f i c a n t  demand f o r  magnesium by the 

h y d r a t i n g  cement.

The s o lu b i l . i t ' *  o f  v a r io u s  ca lc ium  s a l t s  was found to v a ry  

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

-a te  w i th  i n c r e a s e d  spec im en age and a c c e l e r a t e d  c u r i n g  in  te rm s  

the chem ica l  changes  a s s o c i a t e d  w i t h  h y d r a t i o n .  I t  was found 

int p e r m e a b i l i t y  and degree of l e a c h i n g  dec re a se d  s i g n i f i c a n t l y



wiuh i n c r e a s e  i n  c u r i n g  p e r i o d .  A c c e l e r a t e d  c u r i n g  by m e  

a p p l i c a t i o n  of  heat in  t he  w e t - d r y  t e s t  and  improved c u r i n g  by the  

a p p l i c a t i o n  of  a d d i t i o n a l  wa t e r  had a s i m i l a r  e f f e c t .  The l i m i t e d  

ca l c ium c a p a c i t y  of p e r c o l a t i n g  wate r  a s s o c i a t e d  with the low 

p e r m e a b i l i t y  of  the s o i l - c e m e n t  and the  s i z e  of  the proposed 

embankment  i n d i c a t e d  that  l e a c h i n g  by p e r c o l a t i n g  wate r  would not 

p r e s e n t  a problem.

pH does not  p r ov i d e  a r e l i a b l e  measure of c a l c i u m c o n t e n t  i n  

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

s o l i d s  a re  f e l t  t o  have p o t e n t i a l ,  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 .

The use of  i n c r e a s e d  h y d r a u l i c  g r a d i e n t  to a c c e l e r a t e  l e a c h i n g  

t e s t s  l eads  to  a c o n s i d e r a b l e  i n c r e a s e  i n  l e a c h i n g  r a t e  which i s  

no t  i n  s i mpl e  p r o p o r t i o n  to t he  i n c r e a s e  i n  g r a d i e n t .  Care must 

t h e r e f o r e  be e x e r c i s e d  i n  i n t e r p r e t i n g  the  r e s u l t s  of  t e s t s  

c onduc t ed  a t  e l e v a t e d  g r a d i e n t s  as both 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  may be c o n s i d e r a b l y  o v e r e s t i m a t e d .

An i n c r e a s e  i n  p e r m e a b i l i t y  o f  s t a b i l i z e d  spec imens  o ve r  u n s t a -  

b i l l z e d  from about  I x i o " 1 ' m/s to about  1x10“  ̂ m/s was o b s e r ve d  

w i t h  s c a t t e r  of about  one o r de r  of magni tude  for  any  t e s t  c a t e g o r y .  

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

was g e n e r a l l y  o b s e r ve d  and r a t e  of l e a c h i n g  de c r ea se d  p r o g r e s ­

s i v e l y  towards  an a s ympt o t e  w i t h  i n c r e a s e d  pe r i od  of  l e a c h i n g .

P e r m e a b i l i t y  of the  m i c r o c o n c r e t e  spec i mens  was c o n s i d e r a b l y  

lower  than t h a t  for  most  of t he  s t a n d a r d  s o i l - c e m e n t  spec i mens  and  

dec reased  w i t h  I n c r e a s i n g  cement  c o n t e n t .  The mix d e s ig n  r e ­

q u i r eme n t s  f o r  p e r m e a b i l i t y  w i t h i n  a r ange  p e r m i t t i n g  compar i son  

w i t h  s o i l - c e m e n t  were,  however ,  s a t i s f i e d .  I t  was ob s e r v e d  t h a t  

s o i l  cement  spec imens  wet cured form s even  days  e x h i b i t e d  

c o n s i d e r a b l y  lower  p e r m e a b i l i t y  than the s t a n d a r d  s o i l - c e m e n t  

s pec i mens .  I t  i s  sugges t ed  t h a t  the lower  m i c r o c o n c r e t e  p e r me a b i ­

l i t y  may l a r g e l y  r e f l e c t  the e f f e c t  of  wet c u r i n g  from 24 hours .
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Very low f lows  and  l o s s e s  weie a l s o  a s s o c i a t e d  w i t h  the  spe c i me ns  

s u b j e c t  to a g r a d i e n t  of  10 m/m, a ga i n  i n  mass b e i n g  ob s e r ve d  f o r  

the spec imens  c o n t a i n i n g  10% cemen t .  E x t r a p o l a t i o n  of t h i s  t r e n d  

s u p p o r t s  the  e x p e c t a t i o n  t h a t  l e a c h i n g  by p e r c o l a t i n g  wa t e r  i s  no t  

a major  problem i n  a ma s s i ve  s t r u c t u r e .

The use of a i r  as  the c e l l  f l u i d  f o r  the  high g r a d i e n t  l e a c h i n g  

t e s t s  l ead to  a s u b s t a n t i a l  r e d u c t i o n  i n  measured p e r m e a b i l i t y , 

c o n f i r m i n g  the o b s e r v a t i o n s  made w i t h  r e ga r d  to the  c a r b o na t e d  and 

Middelburg w a t e r .  These o b s e r v a t i o n s  c on f i r med  the need f o r  t he  

s t e p s  t a k e n  to e x c l ud e  d i s s o l v e d  gases  from the l e a c h i n g  wa t e r  and  

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

The d i s k  spec i mens  s u b j e c t  t o  p e r c o l a t i o n  e x h i b i t e d  h igh  i n i t i a l  

p e r m e a b i l i t i e s  but  t he se  decayed to s i m i l a r  l e v e l s  t o  the e q u i ­

v a l e n t  c y l i n d r i c a l  s p e c i m e n s i m i l a r  behav i our  was o bs e r ved  f o r  

the  spec imens  w i t h  l o n g i t u d i n a l  t e n s i o n  c r a c k s .  Compar i son of  

the l o s s e s  obse r ved  i n  the  l e a c h i n g  ba t h  fo r  d i s k  and c y l i n d r i c a l  

spec imens  i n d i c a t e d  a r a t i o  e qua l  to the a r ea  r a t i o  of  t he  

spec i mens ,  c o n f i r m i n g  t h a t  the obse rved  l o s s  was a s u r f a c e  e f f e c t .

Specimens  compacted 1% dry  of OMC e x h i b i t e d  much h i g h e r  pe rmea­

b i l i t i e s  and l e a c h i n g  l o s s e s  than  normal  whi l e  t hose  compacted IX 

wet  of OMC e x h i b i t e d  lower  p e r m e a b i l i t i e s .  Compact ion 2% above 

MUD had no s i g n i f i c a n t  e f f e c t  on  the  l e a c h i n g  r e s i s t a n c e  and 

p e r m e a b i l i t y  of the m a t e r i a l .  I t  i s  recommended t h a t  compac t i on  

s p e c i f i c a t i o n s  should c a l l  fo :  t i g h t e r  t o l e r a n c e s  on the  ups t r eam 

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

compac t i on  wet of opt imum.  T o l e r a n c e s  towards  the downst ream 

face  might  be r e l a x e d  and a b i a s  to compact ion  dry  of  opt imum 

I n t r o d u c e d  i n  o r de r  to  l i m i t  c r a c k  f o r m a t i o n  and p rov i de  a 

r e l a t i v e l y  more permeable  b a c k i n g  to the  ups t r eam f a c i n g .  Note,  

however ,  t h a t  the l e a c h i n g  bath r e s u l t s  I n d i c a t e  v e r y  l i t t l e  

d i f f e r e n c e  i n  l o s s e s  f o r  the d i f f e r e n t  compact ion c o n d i t i o n s  when 

s u b j e c t  to s u r f a c e  l e a c h i n g  so rnat v a r i a t i o n s  i n  compac t i on  

contro l  a r e  not  as  s e r i o u s  as they appear  a t  f i r s t .



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  be tween t o t a l  f low t h r ough  the 

spec imen and t o t a l  mass l o s s  was found to e x i s t ,  s u p p o r t i n g  the 

o b s e r v a t i o n s  on l i m i t i n g  c a p a c i t y  of the l e a c h i n g  w a t e r .  A 

t e n d e n c y  f o r  the l o s s  to approach an a sy mp t o t e  wi t h  i n c r e a s i n g  

r low was a l s o  o b s e r v e d ,  s u g g e s t i n g  t h a t  a minimum c o n t a c t  t i me  was 

r e q u i r e d  f o r  l e a c h i n g  t o  occur .

A model f o r  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 proposed whereby a 

zone of d e t e r i o r a t i o n  a t  the i n l e t  end of the  spec imen  advanc ed  

i n t o  the  spec imen as  l e a c h i n g  p r ogr e s sed .  Thi s  model was sugges ­

ted by the obse r ved  d e t e r i o r a t i o n  of the spec imens  and s ugges t ed  

t h a t  the ob s e r ve d  l o s s e s  could  be i n t e r p r e t e d  i n  t e rms  of a 

t h e o r e t i c a l  dep t h  of d e t e r i o r a t i o n  d e t e r mi n e d  as  the  dept h  t o  which 

a l l  cement  would be removed i f  a d e t e r i o r a t i o n  g r a d i e n t  d i d  not  

a p p l y .  The dep t h  of  d e t e r i o r a t i o n  was compared w i t h  t he  r e s u l t s  

of  the o e n e t r a t i o n  t e s t s  wi th  good c o r r e l a t i o n  f o r  spec i mens  i n  

both the l e a c h i n g  c e l l s  and l e a c h i n g  ba th ,  c o n f i r m i n g  i t s  v a l u e  as  

a means of  c ompar i ng  the  d i f f e r e n t  t e s t  r e s u l t s  and the v a l u e  of  

the p e n e t r a t i o n  t e s t  as  an i n d i c a t o r  of e x t e n t  of  d e t e r i o r a t i o n .  

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  equa l  to a p p r o x i m a t e l y  25% of  depth 

of  d e t e r i o r a t i o n  was i n d i c a t e d .

The depth  of  d e t e r i o r a t i o n  was used to compare the mass l o s s  da t a  

f o r  the l e a c h i n g  t e s t s  wi t h  the  w e t - d r y  t e s t s ,  s e r v i n g  to 

e l i m i n a t e  t he  g e o m e t r i c a l  e f f e c t s  of the d i f f e r e n t  spec imen  and 

t e s t  t y p e s .  I t  i s  c o n s i d e r e d  t h a t  the depth  of d e t e r i o r a t i o n  i s  a 

v a l u a b l e  t o o l  f o r  compar ing  the  r e s u l t s  of l e a c h i n g  t e s t s  u s i n g  

d i f f e r e n t  spec imen g e o m e t r i e s  and t e s t  c o n d i t i o n s .  The dep t h  of 

d e t e r i o r a t i o n  could p r ov i d e  a use fu l  means of  c ompar i ng  the 

r e s u l t s  of s i m p l i f i e d  w e t t i n g  and d r y i n g  t e s t s  w i t h  t hos e  of  the 

s t a n d a r d  t e c h n i q u e .
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C H A P T E R  1 0

UNCONFINED COMPRESSION AND CYLI NDE R S P L I T T I N G

1 0 . 1  INTRODUCTION

The o b j e c t i v e s  of  the  u n c o n f i n e d  compress ion  t e s t s  w e r e : -

a .  To p r o v i d e  d a t a  fo r  compar i son  wi th  t he  r e s u l t s  of  o t h e r  

r e s e a r c h .  Most work i n  the f i e l d  of s t a b i l i z e d  s o i l s  has been 

r e l a t e d  to  the  u n c o n f i n e d  co mp re s s i v e  s t r* . igth.

b.  To e xami ne  the e f f e c t s  of  v a r i o u s  c u r i n g  and t e s t i n g  c o n d i ­

t i o n s  on the p h y s i c a l  p r o p e r t i e s  of the m a t e r i a l .  The u n c o n ­

f i n e d  c ompre ss i on  t e s t  can be conduc ted  i n  much l e s s  t ime than  

the t r i a x i a l  t e s t ,  p e r m i t t i n g  the  e x a m i n a t i o n  of  a l a r g e r

number of  v a r i a b l e s  i n  the a v a i l a b l e  t i me .

c .  To make use of  the s u r p l u s  spec imens  pr epa red  as p a r t  of the 

l e a c h i n g  t e s t  program.

The o b j e c t i v e s  of  tne c y l i n d e r  s p l i t t i n g  t e s t s  we r e : -

i .  To p rov i de  some measure of  the t e n s i l e  s t r e n g t h  of  the

m a t e r i a l .

b. To provide cracked specimens f o r  use i n  the  l e a c h i n g  t e s t  

program.

c .  To make use of the surplus specimens prepared  as p a r t  of the 

leach ing  t e s t  program.

UN CONFI NED STRENGTH 10. I



Apar t  from spec i mens  p r epared  s p e c i f i c a l l y  for t e s t i n g  a t  ages of  

28, 140 and 290 days  a t  the s t a n d a r d  cement  c o n c e n t s ,  those

spec imens  r e s u l t i n g  from the w e t t i n g  and d r y i n g  t e s t  program a n a  

the m i c r o c o n c r e t e  s p e c i m e n s , the  r e ma i nde r  of t h i s  program was 

d e t e r mi n e d  on an ad hoc b a s i s  to i n v e s t i g a t e  s p e c i f i c  c o n d i t i o n s  

and t o  make use of  spec imens  which were su rp l us  t o  o t h e r  p a r t s  o', 

the program.  A number of s pec i mens  p repared  f o r  p r e l i m i n a r y  

t r i a x i a l  t e s t s  t o  e s t a b l i s h  t e s t  t e c h n i q u e s  and no t  t e s t e d  due to  

problems wi t h  the  t r i a x i a l  a p p a r a t u s  were t e s t e d  i n  u n c o n f i n e d  

compre ss i on .

The c y l i n d e r  s p l i t t i n g  t e s t  was chosen f o r  d e t e r m i n i n g  the  

t e n s i l e  s t r e n g t h  of  the m a t e r i a l  a f t e r  c o n s i d e r a t i o n  of  a number 

of  r e f e r e n c e s .  Raad,  Moni smi t h  end M i t c h e l l  (1977a)  compared the 

v a r i o u s  methods of t e s t  and c u n c l u d e d : -

"The s p l i t  t e n s i o n  t e s t  woulo seem bes t  f o r  use i n  
p r a c t i c e  f o r  e v a l u a t i o n  of t e n s i l e  s t r e n g t h  because  of  
i t s  s i m p l i c i t y .  The t r ue  t e n s i l e  s t r e n g t h  can  be 
e s t i m a t e d  to  be 1.11 t i mes  the s p l i t  t e n s i l e  s t r e n g t h .
On t h i s  b a s i s  the t t r o r  i n  the  e s t i m a t e d  v a l u e  would 
n o t  exceed > / -  13% a c c o r d i n g  to the r e s u l t s  of  t h i s  
a n a l y s i s . "

1 0 . 2  APPARATUS

I n i t i a l  u n c o n f i n e d  compress ion  t e s t s  were c onduc t ed  on a 4000 kg 

Losenhausen h y d r a u l i c  t e s t i n g  machine which was found to be too 

s o f t ,  l a rge  amounts  of  s t r a i n  e n e r g y  be i ng  r e l e a s e d  on f a i l u r e .  

As the  f i n a l  oven  dry  specimen mass was r e q u i r ed  f o r  a n a l y s i s  of  

the l e a c h i n g  t e s t  r e s u l t s ,  the r e m a i n i n g  t e s t s  were  conduc t ed  on a 

600 kN T t n i u s  Olsen h y d r a u l i c  t e s t i n g  machine which produced a 

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

C y l i n d e r  s p l i t t i n g  t e s t s  were conducted on t he  Losenhausen  

t e s t i n g  machine.  Cons i derat ion  of the a v a i l a b l e  l i t e r a t u r e  i n d i ­

ca t ed  that  there was no standard method of c o n d u c t i n g  s p l i t
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t e n s i l e  t e s t s  on s o i l - c e m e n t .  N e v i l l e  (197 3) i n d i c a t e s  t i  

p a c k i n g  s t r i p s  f o r  c o n c r e t e  g e n e r a l l y  have a w i d t n  of 1/ the

spec imen d i a m e t e r  and i n d i c a t e s  t h a t  p l a t e n s  should  . -rm'  

r o t a t i o n  a l ong  t he  a x i s  of  the spec imen  whi l e  p r e v e n t i n g  r o t a t i o n  

a t  r i g h t  a n g l e s  t o  the s pec i men .  B o f i n ge r  (1970) quo t e s  r e s ea t  ch 

which i n d i c a t e s  t h a t  pack i ng  s t r i p s  a r e  no t  r e q u i r e d  for  s o i l -  

cement  and p r e s e n t s  r e s u l t s  f o r  spec imens  t e s t e d  w i t h  ruboer  

pa c k i n g  s c r i p s  and  wi thou t  p a c k i n g .  The spec imens  t e s t e d  wiuh 

rubber  p a c k i n g  i n d i c a t e d  h i ghe r  t e n s i l e  s t r e n g t h s .

As the  use of  r ub b e r  s t r i p s  i n t r o d u c e s  a f u r t h e r  unknown to  the 

t e s t  procedure  and  s i n c e  the i n c l u s i o n  of a n y  form of loose  

p a c k i n g  i n t r o d u c e s  problems wi t h  r ega r d  to a l i g n m e n t ,  i t  was 

dec i ded  to c o n d u c t  the t e s t s  w i t h o u t  any  form of p a c k i n g .  In 

o r de r  to a c h i e v e  the  r equ i r ed  p l a t e n  r o t a t i o n ,  i t  was n e c e s s a r y  to 

f a b r i c a t e  s u i t a b l e  p l a t e n s  f o r  the t e s t  program.  The p l a t e n s  were 

des i gned  to comply wi th  the wid th  r a t i o  sugges t ed  by N e v i l l e  and 

were manufa c t u r ed  .rcm s t e e l  t e e  s e c t i o n  wi t h  t he  u p s t a n d i n g  l eg

of  the t ee  p r o v i d i n g  a 3 mm wide l o a d i n g  s t r i p .

The l o a d i n g  a p p a r a t u s  i s  shown i n  p l a ce  10.1.  The wooden b l o c k s  

on e i t h e r  s ide  of  the t e s t i n g  r i g  p r o v i d e  a s l o t  a p p r o x i m a t e l y  2.5 

qq wide r  t han  t he  specimen i n  which i t  can be o p t i c a l l y  c e n t e r e d  

p a r a l l e l  to i t s  a x i s  as we l l  as p r o v i d i n g  a gauge f o r  c e n t e r i n g  

a l on g  the l e n g t h  of the  s pec i men .  The b lo c ks  a l s o  s e r v e  to  

p r e v e n t  the spec imen  h a l v e s  from r o l l i n g  o f f  the p l a t e n  a t e r  

f a i l u r e .

To produce the c r a c k e d  specimens  fo r  the  l e a c h i n g  r e s t  program,  the 

p l a t e n s  were r e p l a c e d  wi t h  k n i f e  edges as i t  was found t h a t  the

s t a n d a r d  t e s t  produced l o c a l  c r u s h i n g  which i t  was not  p o s s i b l e  to

s e a l  i n  the l e a c h i n g  c e l l s .  The k n i f e  edge p l a t e n s  were machined 

from the same t e e  s e c t i o n  used fo r  the  s t a n d a r d  p l a t e n s  shaped to 

g i v e  a c r e s t  w i d t h  of a p p r o x i m a t e l y  0.25 mm wi t h  an i n c l u d e d  a n g l e  

of a p p r o x i m a t e l y  60°.

U N C O N F I N E D  S T R E N G T H 1 0 . 3



PLATE 10.1
APPARATUS FOR CYLINDER SPLITTING I l STS

1 0 . 3  T E S T  P R O C E D U R E S

A l l  spec imens  t e s t e d  were the s t a n d a r d  37.5 mm d i a m e t e r  by 75 mm 

spec imens  used in  the l e a c h i n g  program.  Specimens were compacted 

as  d es c r ib e d  In c h a p t e r  9 and the s t a n d a r d  cure  of  7 days  i n  the  

humid chamber f o l l owed  by s e a l i n g  i n  f o i l  and wax was adop t ed .  

Some specimens  were s u b j e c t  to humid c u r i n g  as recommended by the 

PCA (137be),  some were s u b j e c t  to w e t t i n g  and d r y i n g  c; c l e s  as  

d e s c r ib e d  i n  c h a p t e r  ti and o t h e r s  were p laced i n  the  l e a c h i n g  ba th ,  

d es c r ib e d  i n  c h a p t e r  9, a t  ages of 1, 7 and 28 d a y s .  Only
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specimens  s u b j e c t  to the s t a n d a r d  cure  and those  pl aced  i n  the  

l e a c h i n g  ba t h  a t  age 7 days  were used i n  the c y l i n d e r  s p l i t t i n g  

t e s t s .

Specimens  were t e s t e d  "as cured"  and a f t e r  s o a k i n g  fo r  fou r  hours 

in  d e - a i r e d  d i s t i l l e d  w a t e r .  T e s t i n g  wi t hou t  s o a k i n g  i s  s t i p u l a ­

ted i n  BS 1924 (1975) for  measurement s  of u n c o n f i n e d  c o m p r e s s iv e  

s t r e n g t h  whi l e  t he  PCA recommends s o a k i n g  fo r  pe r iods  of  one or  

four  hour s  a c c o r d i n g  to spec imen s i z e  (PCA 1976c).  The soaked 

t e s t  was adopted as  s t a n d a r d  s i n c e  the PCA s p e c i f i c a t i o n s  had been 

adopted i n  o t h e r  p a r t s  of  the t e s t  program.  The l o n g e r  s o a k i n g  

per iod was adopted as i t  a l l owed  g r e a t e r  f l e x i b i l i t y  i n  s chedu­

l i n g .  I t  was a l s o  c o n s i d e r e d  t h a t  v a r i a t i o n s  i n  s o a k i n g  t ime 

would have  l e s s  I n f l u e n c e  on the  r e s u l t s  and t h a t  t he  l o n g e r  

s oa k i n g  pe r i od  would,  i f  a n y t h i n g ,  y i e l d  more c o n s e r v a t i v e  

r e s u l t s .  The same c o n d i t i o n s  were employed i n  the c y l i n d e r  

s p l i t t i n g  t e s t s .  In  a d d i t i o n ,  some spec imens  t e s t e d  i n  u n c o n ­

f i n e d  c o mp r e s s i o n  were s u b j e c t  to p r o longed  s oa k i n g  and  o t h e r s  

were s u b j e c t  to  the vacuum s a t u r a t i o n  procedure  used i n  p r e p a r i n g  

spec imens  for  the t r i a x i a l  t e s t s  and d e s c r ib e d  in  c h a p t e r  11.

A» wi t h  t he  l e a c h i n g  t e s t  program,  spec imen masses and d i m e n s i o n s  

were n o t e d  a t  a l l  changes  i n  c u r e ,  be fore  and a f t e r  s o a k i n g ,  as 

a p p l i c a b l e ,  and a f t e r  oven d r y i n g  on c o m p l e t i o n  of  the t e s t .

1 0 . 3 . 1  T e s t  r o c e d u r e  f o r  U n e o n  f i n e d  C o m p r e s s i o n  T e s t

Specim ns  were a l i g n e d  on the c e n t e r  of the t e s t i n g  machine p l a t e n  
by means of a c i r c u l a r  s t e e l  p l a t e  wi t h  c o n c e n t r i c  c i r c l e  to s u i t  

the spec imen d i a me t e r .

The PCA s p e c i f i e s  t e s t i n g  a t  a l o a d i n g  r a t e  of 20 p s l / s e c  ( + / -  140 

kP^ / s e c ) .  An a p p r o x i m a t e l y  un i f o r m r a t e  of  l o a d i n g  was a ch i eved  

by c o n t i n u a l l y  a d j u s t i n g  the load c o n t r o l  to m a i n t a i n  a c o n s t a n t  

r a t e  of  change of the d i g i t a l  r e a d - o u t  on the  - -es t lng machine .  

Tes t s  w i t h  ex t r e me  r a t e s  of l o a d i n g  I n d i c a t e d  t h a t  ove r  the range
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used i n  the  t e s t  program,  no s i g n i f i c a n t  v a r i a t i o n  i n  i n d i c a t e d  

s t r e n g t h  occur r ed  whi l e  a t  s u b s t a n t i a l l y  g r e a t e r  r a t e s  i n d i c a t e d  

s t r e n g t h  i n c r e a s e d .

Specimens  were loaded pas t  f a i l u r e ,  u n t i l  a s u b s t a n t i a l  r e d u c t i o n  

i n  load o . c u r r e d ,  and t hen  oven d r i e d .  Due to the  s t i f f n e s s  of 

the  machine,  no s i g n i f i c a n t  s u r f a c e  d i s r u p t i o n  of  the spec imen  

occur r ed  d u r i n g  the t e s t .

1 0 . 3 . 2  T e a t  P r o c e d u r e  f o r  C y l i n d e r  S p l i t t i n g  T e s t

The spec imens  were a l i g n e d  on the bot tom p l a t e n  of  the l o a d i n g  

a p p a r a t u s  by means of  t he  b l o c k s  d es c r ib e d  above and t he  top 

p l a t e n  brought  i n t o  c o n t a c t  u n d e r  manual  c o n t r o l .  Load was

a p p l i e d  a t  a r a t e  of  a p p r o x i m a t e l y  15 k Pa / s ec  g i v i n g  a " i m l l a r

t ime to f a i l u r e  as  t h a t  o b t a i n e d  f o r  t.<e u n c o n f i n e d  c ompre s s i on  

spec imens .

1 0 . 4  TEST RESULTS

S t r e s s e s  were c a l c u l a t e d  on the b a s i s  of the n o m i n a l  spec imen 

d i m e n s i o n s  of d i a m e t e r  37.5 mm and l e n g t h  75 mm. Owing t o  t ime 

c o n s t r a i n t s ,  l e n g t h  and d i a me t e r  measurement s  were not  p rocessed  

as the  r e p e a t a b i l i t y  and p r e c i s i o n  ot the o b s e r v a t i o n s  was not

g r e a t  and i t  was f e l t  t h a t  the  r e s u i t s  were u n l i k e l y  t o  be 

p a r t i c u l a r l y  s i g n i f i c a n t .

Mass change d a t a  i n  the form of moi s t u r e  c o n t e n t  a t  t ime of  t e s t  

and f i n a l  oven  dry moi s t u r e  c o n t e n t  were o n l y  p roces sed  f o r  those  

u n c o n f i n e u  compress i on  spec imens  where the s t r e n g t h  r e s u l t s  

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

useful  i n f o r m a t i o n  r e g a r d i n g  the e f f e c t s  of  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  might  be d e r i v e d  from a f u l l  s c a l e  a n a l y s i s  of  t hese  

r e s u l t s ,  the t ime r eq u i r e d  for  t h i s  a n a l y s i s  could no t  be 

j u s t i f i e d .

U N  C O N F I N E D  S T R E N G T H 1U. 6



I n  g e n e r a l ,  Che i n f l u e n c e  of v a r i a t i o n s  i n  t e s t  and  c u r i n g  

c o n d i t i o n s  f o r  the u n c o n f i n e d  compress ion  and the  c y l i n d e r  

s p l i t t i n g  t e s t e  are  s i m i l a r .  These r e s u l t s  a r e  p r e s e n t e d  i n  

graphs  1U.1 to  10.b, odd numbered graphs  c o n t a i n i n g  u n c o n f l n e d  

c ompre ss i on  r e s u l t s  and e v e n  numbered graphs  c o n t a i n i n g  the 

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

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

t i o n s h i p  between u n c o n f i n e d  c o r . p r e s s i v e  s t r e n g t h  and mo i s t u r e  

c o n t e n t  a t  t ime of t e s t  and f i n a l  ( h y d r a t i o n )  mo i s t u r e  c o n t e n t  a r e  

p r e s e n t e d  i n  graphs  10.7 and 10. ti.

In  a l l  c a s e s ,  the da t a  p o i n t s  on t he se  graphs a r e  the a v e r a g e s  of  

s e t s ,  most  of  which c o n t a i n e d  s i x  n o m i n a l l y  i d e n t i c a l  spec i mens .  

A t o t a l  of s i x t y  s e t s  were t e s t e d  in  c ompre s s i on ,  of which s e ve n  

c o n t a i n e d  l e s s  t han  four  spec i mens .  Twenty s e t s  were s p l i t ,  of 

which two c o n t a i n e d  l e s s  t ha n  f i v e  spec imens .

1 0 . 4 . 1  V a r i a t i o n  w i t h  C e m e n t  C o n t e n t  a n d  Age

Graph 10.1 shows the v a r i a t i o n  o'5 c o mpre s s i ve  s t r e n g t h  w i t h  cement  

c o n t e n t  a t  ages of 26, 140 and 290 days  fo r  spec imens  s u b j e c t  to 

the  s t a n d a r d  cure  and t e s t e d  a f t a r  s o a k i n g  fo r  four  h o u r s .  L i n e a r  

r e g r e s s i o n s  performed on the da t a  I n d i c a t e  r e g r e s s i o n  c o e f f i c i e n t s  

g e n e r a l l y  b e t t e r  than  0.99 c o n f i r m i n g  the normal  l i n e a r  r e l a t i o n ­

s h i p .  The s lope  of the r e g r e s s i o n  l i n e  a t  an age of 28 days  i s  0.56 

MPa/X (81 psl /%) which c o r re s ponds  wi t h  the boundary  between 

g r a n u l a r  and f i n e  g r a i n e d  s o i l s  sugges t ed  by Abboud (1969) and 

r e p o r t e d  by M i t c h e l l  (1976d).  The r e g r e s s i o n  l i n e s  f o r  the 

c o r r e s p o n d i n g  s p l i t t i n g  s t r e n g t h  a t  ages of 28 and 290 days  a r e  

shown f o r  compar i son .  Graph 10.2 shows the s p l i t  t e n s i o n  t e s t  

r e s u l t s  f o r  s t a n d a r d  cure  and four  hour soak i n  g r e a t e r  d e t a i l .

Graph 10.3 p r e s e n t s  the v a r i a t i o n  of compre ss i ve  s t r e n g t n  wi t h  age 

f o r  cement  c o n t e n t s  of 5, 10, 15, 20 and 25%. The f a m i l y  of cu r ves  

f o r  t hese  cement  c o n t e n t s  was drawn by eye  through the r e g r e s s i o n  

p o i n t s  d e t e r mi n e d  for  the  iges r e f l e c t e d  i n  graph 10.1.  Thi s  da t a
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i s  p l o t t e d  a g a i n s t  log(age)  I n  graph 10.9 where a f a m i l y  of  

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

t e d  by Abbov ' (1969) and r ep o r t e d  by M i t c h e l l  (1976d).  Graph 10.4 

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

Graph 10.3 a l s o  shows the da t a  p o i n t s  f o r  spec i mens  s u b j e c t  t o  

v a r i o u s  ocher  c u r i n g  a n r  t e s t i n g  c o n d i t i o n s  as w e l l  as those  fo r  

the mi c r oc o nc r e t e  produced for  the l e a c h i n g  program.  The . i g n i f i -  

cance  of  t he se  r e s u l t s  i s  d i s c us s e d  i n  the f o l l o w i n g  s e c t i o n s .

1 0 . 4 . 2  E f f e c t  o f  V a r i a t i o n s  i n  T e s t  C o n d i t i o n s

Graphs 10.5 and 10.6 show the e f f e c t  on 28 day s t r e n g t h  of s o a k i n g  
the spec imens  b e f o r e  t e s t i n g .  As round i n  the p r e l i m i n a r y  t e s t s ,  

a s i g n i f i c a n t  r e d u c t i o n  i n  u n c o n f l n e d  c o mpre s s i ve  s t r e n g t h  occur s  

i n  spec imens  soaked for  four  hour s .  The e f f e c t  of s o a k i n g  on the 

s p l i t  t e n s i l e  s t r e n g t h  i s  not  as pronounced.

I t  i s  n o t a b l e  t h a t  the p a r a l l e l  a l i g n m e n t  of  t he  soaked and  

unsoaked  l i n e s  noted  i n  s e c t i o n  6.7 i s  not  e v i d e n t  h e r e .  The 

r e s u l t s  f o r  the p r e l i m i n a r y  t e s t  spec imens  soaked be f o r e  t e s t i n g  

are  a l s o  p l o t t e d  on graph 10.5,  t he se  spec imens  were s u b j e c t  to  a 

humid cu%e. 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  to  d e t e r m i n e  

whether  the p a r a l l e l  or  d i v e r g e n t  c h a r a c t e r i s t i c s  f o r  soaked and 

unsoaked spec imens  a pp l y ,  the f a c t  t h a t  an u n s t a b i l i z e d  spec imen 

soaked f o r  fou r  hours  can be e xpe c t e d  to c o l l a p s e  s u g g e s t s  t h a t  

t he r e  i s  some j u s t i f i c a t i o n  for  the p a r a l l e l  b e ha v i ou r  no t e d  i n  

s e c t i o n  6.7

I t  i s  no t e wo r t h y  t h a t  the l i n e  for  the spec imens  s u b j e c t  t o  the 

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

t h a t  f o r  the p r e l i m i n a r y  spec imens  which were no t  soaked before  

t e s t i n g ,  t h i s  l i n e ,  which i s  shown on graph 6.3 i s  not  p l o t t e d  on 

graph 10.5.  The lower  s t r e n g t h  of  spec imens  s u b j e c t  t o  28 days  

humid,  as opposed to 7 days  humid and 21 days  s e a l e d  c u r e ,  c o n f i r m s

U N C O N F I N E D  S T R E N G T H 1 0 .  1 2
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Che o b s e r v a t i o n  t h a t  mo i s t u r e  l o s s  occur r ed  a t  t he  r e l a t i v e  

humi d i ty  of  a p p r o x i m a t e l y  9i>% which was m a i n t a i n e d  i n  t he  c u r i n g  

chambev.

Graph 10.6 a l s o  i n d i c a t e s  the s p l i t  t e n s i l e  s t r e n g t h  of the 10% and 

20% cement  c o n t e n t  spec imens  used i n  the  l e a c h i n g  t e s t  program 

and s p l i t  u s i n g  the k n i f e  edges .  A s i g n i f i c a n t  r e d u c t i o n  i n  

s p l i t t i n g  s t r e n g t h  i s  e v i d e n t  due to the v e r y  nar row p l a t e n  wid th  

and co n s e q u e n t  h i gh  s t r e s s  c o n c e n t r a t i o n s .

1 0 . 4 . 3  R a t i o  o f  T e n s i l e  t o  C o m p r e s s i v e  S t r e n g t h

The r a t i o  of s p l i t  t e n s i l e  s t r e n g t h  to u n c o n f i n e d  c o mpre s s i ve  

s t r e n g t h  f o r  comparable  c o n d i t i o n s  was e xami ned .  In  a l l  c a s e s , 

s e t s  of s i x  spec imens  compacted on the same day and s u b j e c t  to  the 

same c u r i n g  c o n d i t i o n s  were compared.  The s e t s  were t l  as no mi ­

n a l l y  i d e n t i c a l  w i t h  v a r i a t i o n s  be tween ba t ches  and da^es  of

compac t i on  e f f e c t i v e l y  e l i m i n a t e d .  For spec imens  s u b j e c t  to  the 

s t a n d a r d  cure and  soaked for  f our  hours  before  t e s t i n g  a t  ages 

r a n g i n g  from 28 t o  290 days  and cement  c o n t e n t s  of 10, 15, 20 and 

25%, the  r a t i o  v a r i e d  between 0.094 and 0.099 w i t h  s t a n d a r d  

d e v i a t i o n  of be t ween  0.002 and 0.011.

For  spec imens  s u b j e c t  to the s t a n d a r d  cure  and t e s t e d  uns oaked  a t

an age of  28 days  and cement  c o n t e n t s  of  5, 15 and 20%, the a verage

r a t i o  was 0.098 wi th  s t a n d a r d  d e v i a t i o n  of 0.004,  ef  a c t i v e l y

i d e n t i c a l  to the r e s u l t s  f o r  soaked s pec i mens .

For the spec imens  c o n t c i n i n g  10% cement  and cured i n  the l e a c h i n g  
bath from seven  d a y s ,  the r a t i o  was 0.104 wi t h  s t a n d a r d  d e v i a t i o n  

oJ 0.001.  A s i g n i f i c a n c e  t e s t  per formed on t h i s  d a t a  i n d i c a t e d  

t h a t  t h e se  r e s u l t s  were no t  s i g n i f i c a n t l y  d i f f e r e n t  from the 

specimens  s u b j e c t  to s t a n d a r d  cure  a t  the 95% l e v e l  of c o n f i d e n c e .  

I t  was f u r t h e r  obse r ved  t h a t  the d a t a  fo r  t he se  spec imens  l a y  

w i t h i n  the  s c a t t e r  zone of the da t a  for  the  s t a n d a r d  spec imens .



For  spec imens  s u b j e c t  to the  s t a n d a r d  c u r e ,  soaked be f o r e  t e s t i n g  

a nd  c o n t a i n i n g  5% cement ,  t he  r a t i o  was found to be 0.113 wi t h  a 

s t a n d a r d  d e v i a t i o n  of 0.003 as compared to the a v e r ag e  of 0.097 

w i t h  a s t a n d a r d  d e v i a t i o n  of  0.007 f o r  the r e m a i n i n g  s pec i mens .  

Theue r e s u l t s  were found to be s i g n i f i c a n t l y  d i f f e r e n t  a t  a l e v e l  

of  c o n f i d e n c e  of 99.5%. App l y i ng  the r e g r e s s i o n  v a l ue s  of  

c o mpre s s i ve  s t r e n g t h  d e r i v e d  from graph  10.1 to p l o t  the c u r ve s  

shown i n  graph 10.3,  the r a t i o  a t  5% cement  reduces  to 0.098 w i t h  a 

s t a n d a r d  d e v i a t i o n  of 0.006 which a g r e e s  wi th  the r e s u l t s  f o r  the 

r e m a i n i n g  spec i mens .

E x a m i n a t i o n  of graph 10.3 co n f i r ms  t h a t  the r e l e v a n t  d a t a  p o i n t s  

f o r  compre s s i ve  s t r e n g t h  a t  5% cement  l i e  below the smooth cu r ve  

i n d i c a t e d  from graph 10.1.  This  i s  p a r t i c u l a r l y  e v i d e n t  w i t h  the 

spec imens  a t  ages of 140 and 290 days  and i t  should  be no t e d  t h a t  

t he  second s e t  of spec imens  i n d i c a t e d  a t  age 290 days  does n o t  show 

an a p p re c i a b l e  d e v i a t i o n  from the r e g r e s s i o n  l i n e .  I t  i s  t h e r e ­

f o r e  c o n s i de r e d  t h a t  t h i s  r e s u l t  r e p r e s e n t s  an e x t r e me  accumula ­

t i o n  of e x p e r i m e n t a l  e r r o r s  and t h a t  t he r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  in  the r a t i o .

S p l i t  t e n s i l e  s t r e n g t h  fo r  the t e s t  c o n d i t i o n s  d e s c r i be d  above i s  

t h e r e f o r e  s l i g h t l y  l e s s  t ha n  10% of  the u n c o n f i n e d  c y l i n d e r  

co mp re s s i v e  s t r e n g t h .  On the b a s i s  of  the f i n d i n g s  of  Raad,  

Monl smi t h  and M i t c h e l l  (1977a) quoted i n  s e c t i o n  10.1,  the t r u e  

t e n s i l e  s t r e n g t h  of  t he  m a t e r i a l  i s  of  the o r de r  of 10.8% of the 

u n c o n f l n e d  c o mpre s s i ve  s t r e n g t h .

1 0 . 4 . 4  I n f l u e n c e  o f  M o i s t u r e  C o n t e n t  a t  Time  o f  T e s t

In  p r o ce s s i n g  the r e s u l t s  of  the u n c o n f i n e d  compress ion  t e s t s ,  i t  

was observed  t h a t  f a i r l y  c o n s i d e r a b l e  s c a t t e r  of r e s u l t s  for  

n o m i n a l l y  i d e n t i c a l  spec imens  was e v i d e n t .  C o n s i d e r i n g  the  case  

of  soaked and unsoaked specimens  d i s c u s s e d  i n  s e c t i o n  10.4.2,  i t  

was a p p a r en t  t h a t  the moi s t u r e  c o n t e n t  of the specimen a t  the t ime 

of  t e s t  had a b ea r i n g  on the co mp re s s i v e  s t r e n g t h .  Compress ive

U N C O N F I N E D  S T R E N G T H 1 0 . 1 6



s t r e n g t h  i s  p l o t t e d  a g a i n s t  mo i s t u r e  c o n t e n t  a t  t e s t  i n  graph 10.7.  

S i nce  h y d r a t i o n  l e a ds  t o  an i r r e v e r s i b l e  ga i n  i n  mass as d i s c u s s ed  

i n  c h ap t e r  8,  the m o i s t u r e  c o n t e n t  was c a l c u l a t e d  i n  t e rms  of  the 

dry mass of  tne specimen d e t e r mi n e d  i mme d i a t e l y  a f t e r  t e  t i n g  by 

d r y i n g  a t  11U°C.

L i ne s  0 - 1 ,  E-F and G-U show the same da t a  r e f l e c t e d  i n  f i g u r e  10.5 

f o r  spec imens  n e t  s u b j e c t  to s o a k i n g  and soaked for  f ou r  hours  

r e s p e c t i v e l y ,  ; t  cement  con t e n  cs of  5, 15 and 20%, A s i m i l a r  

t r e n d  i i  e v i d e n t ,  p a r t i c u l a r l y  a t  t he  h i ghe r  cement  c o n t e n t s .  

L i ne  B-C r e f l e c t s  the e f f e c t  of s t a k i n g  the  spec imens  s u b j e c t  to 

one v e r i e s  of t w e l v e  w e t t i n g  and d r y # ng c y c l e s .

L i n e s  2-3 ,  <. - a - 5 ,  9-A,  I - J  and K-L show the e f f e c t  on spec imens  

of  v a r i o u s  cement  c o n t e n t s ,  s u b j e c t  t o  a v a r i e t y  of  c u r i n g

c o n d i t i o n s  and t e s t e d  a t  v a r i o u s  ages ,  of s a t u r a t i n g  i n  a 

d e s i c c a t o r  under  vacuum, the procedure  used fo r  s a t u r a t i n g  c o n t r o l  

spec imens  f o r  the t r i a x l a l  t e s t s .  I t  w i l l  be no t ed  t h a t  tne s lopes  

of  t he se  l i n e s  a r e  g e n e r a l l y  s i m i l a r  and c o n s i d e r a b l y  f l a t t e r  t ha n  

those  r e f l e c t i n g  the e f f e c t  of s o a k i n g .

On the b a s i s  of the 5.1% a i r  vo i ds  r e f e r r e d  to i n  s e c t i o n  6.2 and 

measured l i n e a r  e x p a n s i o n  of  about  1%, the  t h e o r e t i c a l  s a t u r a t e d  

f i n a l  mo i s t u r e  c o n t e n t  of the m a t e r i a l  i s  of the o rde r  of  16%. 

Thi s  ag r ee s  w e l l  w i t h  the p o i n t s  f o r  vacuum s a t u r a t e d  spec i mens  

p l o t t e d  on graph 10.7 and I n d i c a t e s  t h a t  t h i s  t e ch n i q u e  was

e f f e c t i v e  i n  s a t u r a t i n g  t e s t  s pec i mens .  Moi s t u r e  c o n t e n t s  a t  

t e s t  f o r  the spec imens  cured in the l each  ba t h  were s i m i l a r , t hose  

spec imens  s u o j e c t  to  l onge r  pe r i ods  of Leaching showing mo i s t u r e  

c o n t e n t s  a p p r o x i m a t e l y  0.5% h i g h e r .  Thi s  i s  c o n s i s t e n t  w i t h  the 

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

I t  i s  a p p a r e n t  t h a t  the I n i t i a l  pe r i od  of s o a k i n g  has a f a r  mote

pronounced e f f e c t  on the u n c o n f i n e d  c o mpre s s i ve  s t r e n g t h  than

subsequent  p ro longed  s o a k i n g  or  s a t u r a t i n g  under  vacuum. I t
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would appear  t n a t  moat of the r e d u c t i o n  i n  s t r e n g t h  due to s o a k i n g  

occur s  in the four  hour  per iod  adopted.  I t  should be noted  t h a t  the 

poini  ; I a re  e q u i v a l e n t  to the p o i n t  H but  wi th  a s o a k i n g  pe r i od  of  

s even  days  as  opposed to four  hours  and t h a t  an i n c r e a s e  i n  

s t r e n g t h  of the  m a t e r i a l  r e s u l t i n g  from the a d d i t i o n a l  cure  might  

be e xpe c t e d .  In v iew of the s c a t t e r  of  the p o i n t s  I ,  and the 

o b s e r v a t i o n s  i n  s e c t i o n  10.4.6 below,  i t  i s  l i k e l y  t h a t  the l i n e  

G - H - I - J  g i v e s  an I n d i c a t i o n  of  the  probable  : e l a t i o n s h i p  t h a t  

a p p l i e s  o ve r  a f u l l  r ange of mo i s t u r e  c o n t e n t s .

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

i s  d i s c us s e d  i n  the s e c t i o n s  which f o l l o w .

I t  should be noted  tha t ,  whi l e  s t r a i g h t  l i n e s  have  been used to 
i n d i c a t e  the t r e n d s  i n  graph 10.7,  i t  i s  p o s s i b l e  t h a t  a more 

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

r e l a t i o n s h i p  between s t r e n g t h  and mo i s t u r e  c o n t e n t  a t  t i me  of 

t e s t .  Such an I n v e s t i g a t i o n  would need to e l i m i n a t e  t he  v a r i a ­

b i l i t y  between ba t ches  and d a t e  of  compac t ion  and the  e f f e c t s  of  

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  i n  o r de r  to e s t a b l i s h  an a c c u r a t e  

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

1 0 . 4 . 5  I n f l u e n c e  o f  F i n a l  M o i s t u r e  C o n t e n t

|
P o i n t  6 on graph 10.7 r e f l e c t s  spec imens  cured in  t he  l e a c h i n g  b a t h  

from age one day and t e s t e d  a t  -8 days  and i n d i c a t e s  a probaule  

l o s s  in  s t r e n g t h  when compared wi t h  p o i n t s  5, 7 and 8 Imme d i a t e l y  

above i t  ( p o i n t s  and b a r e  c o i n c i d e n t ) .  Resu l t s  f o r  spec imens  

placed in  the l e a c h i n g  bath and t e s t e d  a t  ages of 140 and 290 days  

showed s u b s t a n t i a l l y  g r e a t e r  r e d u c t i o n s  i n  s t r e n g t h .  While com­

p a r a t i v e  vacuum s a t u r a t e d  r e s u l t s  were no: a v a i l a b l e ,  the t r e n d  

from soaked o l each  ba th  c i t e d  r e s u l t s  was g e n e r a l l y  s t e e p e r  than 

t h a t  from soaked to vacuum s a t u r a t e d  r e s u l t s  a l t h o u g h  mo i s t u r e  

c o n t e n t  a t  t ime of t e s t  was s i m i l a r .  As a r e d u c t i o n  i n  h y d r a t i o n  

ga i n  fo r  spec imens  cured i n  the l e a c h i n g  ba th  had been obs e r ved ,  

the u n c o n f l n e d  compress ion  r e s u l t s  f o r  s e l e c t e d  spec imens  ve re

U N C O N F I N E D  ' T R E N G T H  1 0 . 1 9



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

These r e s u l t s  are. r e f l e c t e d  in graph 10.8.

The a l p h a b e t i c  and numer i c  codes used i n  graph 10.7 a r e  employed 

for  the same ‘ s i n  graph 10.3 fo r  ease of  compa r i s on .  In the

case of the s^^Ked and unsoaked  s pec i mens ,  the symbol  f o r  the

insnaked spec imen  has been used f o r  both  spec imens  fo r  c o n v e n ­

i e nc e .  N on- a l phanumer i c  symbols  a r e  used f o r  spec imens  no t

r e f l e c t e d  i n  graph 10.7.

The t r e n d  a t  ages of 28, 140 and 290 days  i s  I mmedia t e ly  a p p a r e n t ,  

p a r t i c u l a r l y  a t  28 days  where spec imens  laced  in  t he  l each  ba th  a t  

d i f f e r e n t  ages a r e  r e f l e c t e d .

Che e f f e c t  of s o a k i n g  on spec imens  a t  cement  c o n t e n t s  of  5, 15 and 

20% s u b j e c t  to s t a n d a r d  - u r e  as . e f f e c t e d  by l i n e s  0 - 0 ,  E-E and G- 

f: i s  n o t  p ronounced ,  a s l i g h t  i n c r e a s e  i n  h y d r a t i o n  be i ng

. n d l c a t e d  but no d i s t i n g u i s h a b l e  e f f e c t  on compre s s i ve  s t r e n g t h .  

Thi s  s uppo r t s  the o b s e r v a t i o n  of  a s ma l l  but  measurable  i n c r e a s e  

.n mass wi th  e v e r y  s o a k i n g  c y c l e  i n  the w e t - d r y  t e s t s ,  r e f e r r e d  to 

i n  c h a p t e r  8. However,  e f f e c t i v e l y  no mass g a i n  occur s  f o r  the 

spec imens  s u b j e c t  to one a e r i e s  of t w e l ve  w e t - d r y  c y c l e s  ( l i n e  B- 

B). I t  should be no ted  t h a t  t he se  spec imens  were he l d  o v e r  i n  the 

oven f o r  some t ime a f t e r  compl e t i on  of the w e t - d r y  t e s t s ,  and the  

o b s e r v a t i o n  d u r i n g  the second s e r i e s  w e t - d r y  t e s t s  was t h a t  ve ry  

l i t t l e  mass g a i n  occur r ed  d u r i n g  the f i r s t  few c y c l e s  a f t e r  

p ro longed s to r ag e  in  the  oven a t  72°G but  t h a t  t h e r e a f t e r  mass 

ga i ns  r e t u r n e d  to normal .

There i s  no c o n s i s t e n t  t r e n d  f o r  spec imens  s u b j e c t  i > vacuum 

s a t u r a t i o n  and i n d i c a t e d  oy l i n e s  2 -3 ,  4 - 5 ,  7 - 8 ,  9 -A,  I - J  and K-L.  

There i s  no b a s i s  on which a t r e n d  might  be e xpe c t e d  and the 

c ompl e t e l y  random o r i e n t a t i o n  of t hese  l i n e s  conf i rm?  t h i s .  Th i s  

Is Ln marked c o n t r a s t  wi t h  the c o r r e s p o n d i n g  l i n e s  on graph 10.7.
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I 1

*, u* r -c > *r
-c d -T r c ■e c z . - r
e cr V* •r uo CD ■cT %> cr. v . fX

OK .X '•J fN ■ V Ok 3
cr r r V c e *? o UD c C 0 U
z . w r c e r Q c c
c cr r cr > > r cr r> cr. cr : ~C c

c
T “C r fX c X u c
<£> j ~ 6 cr V T JC

c X . j N cr _c c TN C C V
z c e c
c r -c « u

: -
& CD cr. cr. O

*r
in

cr u ~c u (X <N
% 0
c “O £ V Q Q

3 e X 06
QC cr r cr U or r *

orc
7vl
IT

6

NtCz

CD £B

♦ c cr X
Z K ) f

r\- v . o
3 ..v c C OK

u e © C
ft, J

■ c r err V- ,% v  • X
CD c

c T T c c •r
- r X X cr. =» V. 4":

X “J X
r X

c e J >1
cr - J

3 c
w •ts

• j
'O -w •t? F c

U
cr cr cr r

K
If. c .

(N C J

UJ X! i

<N •W U’. *  (D  fX  CD an cr CD &
I i UJ (5 —

IT

C
r

or.c
05 z  • w
c  *> — c.
r  - j

6  icr —

>

%
c
z
u.a:
cr

cr
cr
;«jcc
CL.rcu
c
u J
Z

cuz3
oc

-c
z

F
1 v-' i tt ; i | r. . ) j i m . , 'i i i |T '. r r p ? ? ; ] "  1 rrTTTTTTTTTT^

' -jJ 
■ T I"TT

M3

a.
c

F
-
-

Qcr
: n

c

\

CD

\ 1
\ r

<

\  \  

\
\

|\u:
i \

\

k

\

t
\ I 1 »

' . . . I m /  i i i . i l  .-i-.t 1 1: ■ ' 1 n  t > 1 Cn L .ifctx l J

c
n:

u
c
3

o
Z

€
T
r

. t y W)  4 > 6 u » i  >s  l e t u  1 I <3  o e u  i f u o o u n

I



Jn
e

o
n

#
 

L
ne

o 
C

y
1 

In
 

ae
 

r 
C

o
m

p
re

s
s

.v
e

 
S

tr
e

n
g

th
 

JH
P

a
l

GRAPH 1 0 . H
CTLIHOfR UNCONF! NLO COHPRCSRIVf.  STRENGTH v .  EI  NHL OVEN ORT MOISTURE CON I ENT I OR VARIOUS CONOf f l ONS

T - r ~r

- f l

-fi'

i .o 1 .0

F i n a l  ( H y d r a t i o n )  Mo I * t u  r e  C o n t e n t  a  * % o f  I n i t i a l  f i r  y Mn * «

o- — e SX St  d C u r e  2hd  So ak / No
... .»*. . . . . . ►fiim I d  I ^ S d :
2 So e k e d
3 / a S a l

I0X St d C u r e  28d."
4 So a k # d
5 Vac Sol
i A v e r a g e  of  d A S
6 Loot 1. B o t h  1 t o  2b  d
? ? 1 n 26  d
8 d i t t o  Vac  S e t
•• ■" ** R c g r o - I o n  H . ’ . b  A e
— — -  — Hum i d I 2Sd  ."

9 S o a k e d
A Vac  S a l
B - B V/D 1 Say t o e  S o a k / N o

B v / o 2 S o r i a *  S o a k e d
—  ~-  - Age 140  d a y * ?

♦ S t a n d a r d  C u r e
• l e a c h  R a t h  2d t
—  .— A p e 2 9 0  d a y * ?
» S t a n d a r d  C u r e
1 C o a h R o t h  28,1*
E - E ISX St  d 1 ii * e 28d  S,  ok No
fi

1

20% S t  4

»t d
C u r e  . Rd S.  ok 'Hr, 
t o  2  R ?

So a k  t o  3S
J < a c 1 o 3

.— H i d . d K ' Sd?
K S o a k
L / a  i, ’ i t

C !i a t Co d ' ' o' , l i ra* h ' 0 . 2

cs rwc i n ?  i r / o i / e t  » rio*«  « i i



With r egard  to  the l i n e  G - H - I - J  i n  graph 10. ' ' ,  r e f e r r e d  t o  i n  

s e c t i o n  10.4.4 above ,  i t  i s  a p p a r e n t  t h a t  a l o s s  of s t r e n g t h  of  the 

spec imens  I and J due t o  l e a c h i n g  probably  o c cu r r ed  as the  

spec imens  were soaked  i n  a r e l a t i v e l y  l a rge  volume of  d e - a i r e d  

d i s t i l l e d  w a t e r ,  t h i s  i s  c o n f i r med  i n  graph 10.8 where a s i g n i f i ­

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

l i k e l y  t h a t  t h i s  compensa ted fo r  the expec t ed  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  from the  e x t r a  s e v e r  day cu re .  Thi s  s up p o r t s  the t r e n d ,  

r e f e r r e d  to  i n  s e c t i o n  10.4.4,  which could be h y p e r b o l i c  i n  form.

1 0 . 4 . 6  V a r i a t i o n s  i n  S t r e n g t h  f o r  I d e n t i c a l  l e t s

The s e t s  i n d i c a t e d  by the p o i n t s  I on graphs  10.7 and 10.8,  were 

p r epa red  t o g e t h e r ,  s u b j e c t  to e x a c t l y  the  same c u r i n g  c o n d i t i o n s  

and t e s t e d  c o n s e c u t i v e l y .  Two of  t he se  s e t s  had e f f e c t i v e l y  

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

10.7 whi l e  the  f i n a l  mo i s t u r e  c o n t e n t  of one of  t h e se  s e t s  was 

v e r y  s i m i l a r  to  t h a t  of  the t h i r d  s e t  as  seen  i n  graph 10.8.  

U nconf i ned  c o m p r e s s iv e  s t r e n g t h  f o r  t he se  s e t s  was 11.31,  10.71 

and 10.68 MPa wi t h  s t a n d a r d  d e v i a t i o n s  of 0.43,  0.86 and 0.82 MPa. 

S i g n i f i c a n c e  t e s t s  I n d i c a t e d  t h a t  the f i r s t  s e t  was s i g n i f i c a n t l y  

d i f f e r e n t  from the o t h e r  j w o  a t  the 90% l e v e l  of c o n f i d e n c e  but  

not  a t  the 95% l e v e l .  I t  was t h e r e f o r e  concluded t h a t  d i f f e r e n c e  

a t  a l e v e l  of  s i g n i f i c a n c e  of  a t  l e a s t  95% was r e q u i r e d  when 

compar ing a i y  o t h e r  u n c o n f i n e d  compress ion  r e s u l t s .

The spread of  t he se  r e s u l t s  g i v e s  an I n d i c a t i o n  of  the p o t e n t i a l  

r ange  of v a r i a t i o n  i n  the o t h e r  p o i n t s  p l o t t e d  on t he se  g r aphs .  I t  

should be noted t h a t  a d e t a i l e d  a n a l y s i s  of  the mass h i s t o r y  of  the 

spec imens  could w e l l  i n d i c a t e  d i f f e r e n c e s  i n  c u r i n g  c o n d i t i o n s  

which would acc oun t  for  t h i s  v a r i a t i o n .



1 0 . 4 . 7  I n f l u e n c e  o f  A g e i n g  o f  C e m e n t

I
As men t ioned  I n  s e c t i o n  7.5,  t e s t s  on the cement  on c o m p l e t i o n  of 

the t e s t  program i n d i c a t e d  t h a t  no s i g n i f i c a n t  d e t e r i o r a t i o n  had 

occu r r ed .  At t he  same t ime t h a t  t he  t e s t s  d i s c u s s e d  i n  s e c t i o n  7 o  

were be i ng  con d u c t ed ,  two s e t s  of spec imens  c o n t a i n i n g  10% cement  

were compacted and t e s t e d  i n  soaked u n c o n f i n e d  c ompre ss i on  a t  28 

days .

The d a t a  for  t h e se  two s e t s  i s  r e p r e s e n t e d  by the two c l o s e l y  

grouped p o i n t s  4 on graphs  10.7 and  10.8.  Compress ive  s t r e n g t h  f o r  

t he se  s e t s  was 6.02 and 6.10 MPa r e s p e c t i v e l y .  The t h i r d  p o i n t  4 

shown on the graphs  was for  a s e t  compacted 108 days  a f t e r  the 

s t a r t  of  the t e s t  program,  37) days  before  the f i n a l  spec imens  were 

prepared ,  and a l s o  t e s t e d  a t  an age of  28 days .  S t r e n g t h  f o r  t h i s  

s e t  was 5.57 MPa and i t  was found t h a t  t h i s  was s i g n i f i c a n t l y  

weaker  than t he  two l a t e r  s e t s  a t  the 97.5% l e v e l  of c o n f i d e n c e  

thus  s u g g e s t i n g  an improvement  i n  the s t a b i l i z i n g  p r o p e r t i e s  of 

the cement .

However,  c o n s i d e r a t i o n  of  graph 10.7 r e v e a l s  a v e r y  c l o s e  

r e l a t i o n s h i p  be t ween t he se  t h r e e  p o i n t s  and the  mo i s t u r e  c o n t e n t  

a t  t e s t .  Thi s  r e l a t i o n s h i p  i s  s uppor t ed  by the f u r t h e r  p o i n t  5 for  

a c o r r e s p o n d i n g  s e t  s u b j e c t  to vacuum s a t u r a t i o n . L i n e a r  r e g r e s ­

s i o n  on these  fou r  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 0.99.

No s i g n i f i c a n t  c o r r e l a t i o n  w i t h  f i n a l  mo i s t u r e  c o n t e n t  e x i s t s  

( r 2 ■0.04).

These r e s u l t s  t h e r e f o r e  c on f i r m t h a t  no s i g n i f i c a n t  change i n  the 
p r o p e r t i e s  of the  cement  as a s t a b i l i z i n g  a g e n t  occur r ed  d u r i n g  the 

t e s t  program.

1 0 . 4 . 8  V a r i a t i o n  i n  S t r e n g t h  w i t h  C o m p a c t i o n  D e l a y

I t  vas  observed  i n  s e c t i o n  6.7 t h a t  the r e s u l t s  f o r  the p r e l i m i n a r y  

u nc o n f i n e d  compre s s i on  t e s t s  i n d i c a t e d  an i n c r e a s e  in  s t r e n g . h
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wi t h  de l ay  between m i x i n g  of the  m a t e r i a l  and compac t i on  of the 

spec imen .  Thi s  phenomenon was no t  obse rved  i n  the  main t e s t  

program and i t  i s  c o n s i d e r e d  t h a t  the behav i our  obs e r ved  i n  the 

p r e l i m i n a r y  t e s t s  was probab ly  due to the r e l a t i v e l y  l o ng  t ime 

t a k e n  i n  compac t i ng  the f i r s t  s e t s  be fo r e  the procedure  was 

f i n a l i s e d .

1 0 . 4 . 9  I n f l u e n c e  o f  R a t e  o f  L o a d i n g

As me n t i oned  i n  s e c t i o n  10.3.1,  the r eq u i r e d  c o n s t a n t  r a t e  of  load 

a p p l i c a t i o n  fo r  the compress ion  t e s t s  was a c h i eve d  by manual  

a d j u s t m e n t  of the load c o n t r o l  v a l v e  on the t e s t i n g  mach ine .  The 

f i n a l  v a l v e  s e t t i n g  was g e n e r a l l y  between 5 and 5.3.  To examine  

the  e f f e c t  of r a t e  of  l o a d i n g  on i n d i c a t e d  compre ss i ve  s t r e n g t h ,  

t h r e e  n o m i n a l l y  i d e n t i c a l  s e t s  of  s i x  spec imens  were t e s t e d  a t  t.ge 

140 days  a f t e r  s t a n d a r d  cure  and s o a k i n g .  These s e t s  were t e s t e d  

by s e t t i n g  a s c a l e  va l ue  on the  c o n t r o l  v a l v e  and a l l o w i n g  the 

spec imen to f a l l  a t  the r e s u l t i n g  r a t e .

S e t t i n g s  used were 4, 5 and 6 wi t h  r e s u l t i n g  ave rage  l o a d i n g  r a t e s  

of 41, 66 and 245 k Pa / s ec  and co mp re s s i v e  s t r e n g t h s  of  9.19,  9.28 

and 9.79 MPa r e s p e c t i v e l y .  In  a l l  c a s es ,  the load i n c r e a s e d  

r a p i d l y  i n i t i a l l y  w i t h  the r a t e  becoming p r o g r e s s i v e l y  s l ower  

w i t h  i n c r e a s i n g  load.  S e t t i n g  3 was found to be i n s u f f i c i e n t  to 

f a i l  the s pec i mens .

A p l o t  of  c o mpre s s i ve  s t r e n g t h  vs load s e t t i n g  y i e l d s  a s t r a i g h t  

l i n e  wi t h  r e g r e s s i o n  c o e f f i c i e n t  0.99.  The da t a  i s  r e p r e s e n t e d  by 

the t h r e e  diamond shaped p o i n t s  on graph 10.8. Range i n  moi s t u r e  

c o n t e n t  a t  t ime of t e s t  was 0.21 pe r ce n t a g e  p o i n t s  and showed no 

c o r r e l a t i o n  wi t h  the observed  v a r i a t i o n  i n  s t r e n g t h .  On the b a s i s  

of the obse rved  r a t e  of l o a d i n g  under  manual  c o n t r o l ,  and the 

l i m i t e d  range of f i n a l  s e t t i n g s ,  i t  i s  concluded t h a t ,  whi l e  

v a r i a t i o n  i n  r a t e  of l o a d i n g  produces  a measurable  v a r i a t i o n  i n  

co mpre s s i ve  s t r e n g t h ,  the r a t e  was s u f f i c i e n t l y  c o n t r o l l e d  no t  to 

have an a p p r e c i a b l e  e f f e c t  on the r epo r t e d  r e s u l t s .



The r e s u l t s  f o r  the spec imens  s u b j e c t  to w e t t i n g  and d r y i n g  c y c l e s  

have been r e f e r r e d  to above I n s o f a r  as the e f f e c t  of s o a k i n g  I s  

c o n c e r n e d .  I t  i s  no t a b l e  t h a t  the compre s s i ve  s t r e n g t h  a f t e r  

t we l ve  c y c l e s  of  w e t t i n g  and d r y i n g ,  which c o r r e s p o n ds  to a 

nomi na l  age of  33 days ,  i s  s u b s t a n t i a l l y  g r e a t e r  t han  t h a t  f o r  

spec imens  s u b j e c t  to the s t a n d a r d  cure  and t e s t e d  a t  an age of  28 

days .  In a d d i t i o n ,  the f i n a l  dry m o i s t u r e  c onc e n t  i s  s u b s t a n t i a l ­

l y  g r e a t e r  t han  t h a t  for  spec imens  wi t h  10 and 15% cement  s u b j e c t

to  s t a n d a r d  cure  a t  ages up to 290 d ay s .  As men t i oned  i n  s e c t i o n
o

9 . 4 . 1 1.a,  i t  appea r s  t h a t  h e a t i n g  of  the  spec imens  a t  72 C has the 

e f f e c t  of  a c c e l e r a t i n g  the cure  wh i l e  t h e r e  i s  mo i s t u r e  a v a i l a b l e .  

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  be t ween the s e t  s u b j e c t  t o  

d r y i n g  a t  110°C and t ha t  he l d  a t  72°.

I t  should be no t e d  t h a t  the spec imens  were held ove r  i n  the  oven  a t  

72°C f o r  a c o n s i d e r a b l e  per iod  be f o r e  t e s t i n g  a f t e r  both the f i r s t  

and second w e t - d r y  s e r i e s  due to d e l a y s  i n  o t h e r  p a r t s  of  the 

program.  In v iew of  the f a c t  chat  no mass ga i n  o c cu r r ed  d u r in g  

t h i s  p e r i o d ,  i t  i s  c o n s id e r e d  u n l i k e l y  t h a t  any  s t r e n g t h  g a i n  

o ccur r ed .  I t  should  a l so  be noted t h a t  a l l  of  the second s e r i e s  

s e t s  were hea t ed  to t e mp e r a t u r es  i n  e x c e s s  of  180°C due to 

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

The s t r e n g t h  of  the second s e r i e s  w e t - d r y  spec imens ,  r e p r e s e n t e d  

by the p o i n t s  D on graph 10.8 which c o r r e s pond  to t he  s e t s  

p r e s e n t e d  i n  t a b l e  8.2,  appear s  to  be i n d e p e n d e n t  of f i n a l  mo i s t u r e  

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

spec imens  s u b j e c t  to w e t t i n g  and d r y i n g  c y c l e s .  The f i r s t  s e r i e s  

r e s u l t s  c on f i r m t h i s .

An i n c r e a s e  i n  s t r e n g t h  i s  a p p a r e n t  f o r  the spec imens  s u b j e c t  to 

two s e r i e s  of w e t t i n g  and d r y i n g  c y c l e s  r e l a t i v e  to t h o t e  s u b j e c t  

to one s e r i e s .  The p o in t  D to the l e f t  i n  graph 10.7 and to the 

r i g h t  i n  graph 10.8 r e p r e s e n t s  the s e t  removed from the oven  a f t e r  

d r y i n g  on comp l e t i on  of the second s e r i e s  for  compre s s i on  t e s t s .
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T h e  r e m a i n i n g  t w o  p o i n t s  r e p r e s e n t  t h e  t w o  s e t s  t h a t  w e r e  s u b j e c t  

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

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

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

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

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

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

i n  s p e c i m e n s  s t o r e d  a t  7 2 °  i n  a  d r y i n g  o v e n  w i t h  t o  a v a i l a b l e  

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

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

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

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

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

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

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

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

1 - 1  o n  g r a p h  1 0 . 2 .  L i n e  2 - 2  o n  t h e  s a m e  g r a p h  a s s u m e s  t h a t

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

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

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

t h e  o v e n .  L i n e  3 - 3  r e f l e c t s  t h e  r e l a t i o n s h i p  i f  t h e  n o m i n a l  a g e s , 

i n c l u d i n g  d r y i n g  a t  1 1 0 D C ,  a t  t h e  e n d  o f  1 2  a n d  2 4  c y c l e s  o f  3 3  a n d  

4 9  d a y s ,  a - a  a p p l i e d .

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

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

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

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

h e a t .  T h i s  i s  c o n f i r m e d  b y  C l a r e  a n d  P o l l a r d  ( 1 9 5 4 )  a n d  M e t c a l f  

( 1 9 b 4 )  w h o  r e p o r t  t h a t  c u r i n g  a t  h i g h  t e m p e r a t u r e s  i n c r e a s e s  t h e  

s t r e n g t h  g a i n  o f  s o i 1 - c e m e n t  a n d  s o l l - l i m e  m i x t u r e s .

I n  m a n y  a r e a s ,  g r o u n d  s u r f a c e  t e m p e r a t u r e s  m a y  e x c e e d  4 3 ° C  ( B l i g h t  

1 9 6 2 )  a n d  i t  i s  l i k e l y  t h a t  u n d e r  s u c h  c o n d i t i o n s ,  s t r e n g t h  g a i n s  

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

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

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

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

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

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

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

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

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

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

l e a c h i n g ,  a s  d i s c u s s e d  i n  c h a p t e r  9 .

1 0 . 4 . 1 1  E f f e c t  o f  N o n - S t a n d a r d  C o m p a c t i o n  C o n d i t i o n s

O n e  s e t  e a c h  o f  t h e  n o n - s t a n d a r d  s p e c i m e n s  p r e p a r e d  f o r  t h e  

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

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

c o n t e n t  a n d  a t  a  d e n s i t y  2% a b o v e  p r o c t o r  m a x i m u m  d r y  d e n s i t y .  

A l l  w e r e  c o m p a c t e d  a t  a  c e m e n t  c o n t e n t  o f  1 0 % ,  s u b j e c t  t o  t h e  

s t a n d a r d  c u r e  a n d  s o a k e d  b e f o r e  t e s t i n g  a t  a g e  2 9 0 .  T h e s e  p o i n t s  

a r e  p l o t t e d  o n  g r a p h  1 0 . 3  a n d  a r e  d e s i g n a t e d  b y  t h e  s y m b o l s  m ,  d ,  

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

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

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

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

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

t i o n s  o f  F e t z  ( 1 9 7 3 )  w i t h  r e g a r d  t o  c r a c k  c o n t r o l ,  r e f e r r e d  t o  

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

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

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

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

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

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

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

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

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

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

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

1 0 .  . 1 2  C o n c r e t e  M o r t a r  ( M i c r o c o n c r e t e )

G r a p h  1 0 . 3  a l s o  r e f l e c t s  t h e  r e s u l t s  f o r  t h e  m i c r o c o n c r e t e  p r e p a r e d  

b y  t h e  P o r t l a n d  C e m e n t  I n s t i t u t e .  R e s u l t s  f o r  c o r e d  c y l i n d e r s  a s  

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

t h e  c u b e  t e s t s  p e r f o r m e d  b y  P C I  o n  1 0 0  mm c u b e s  ( T h o m p s o n  1 9 8 0 a  & 

b ) .  T h e  c u b e  r e s u l t s  h a v e  b e e n  d i v i d e d  b y  1 . 2 5  t o  g i v e  t h e  

e q u i v a l e n t  c y l i n d e r  c o m p r e s s i v e  s t r e n g t h  ( F u l t o n  1 9 7  7 ) ,  R e a s o n ­

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

s c a t t e r  c o m p a r a b l e  t o  t h a t  f o r  t h e  s o i l - c e m e n ' .  a n d  n o  c o n s i s t e n t  

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

v i c e  v e r s a .

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

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

r e d u c e d  r a t e  o f  s t r e n g t h  g a i n  w i t h  a g e .  F u l t o n  ( 1 9 7  7 )  i n d i c a t e s  

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

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

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

t i e s  ( B l a k e  1 9 7 5 ,  N e v i l l e  1 9 7 3 ,  U S B R  1 9 7 5 ) .  A b b o u d  ( 1 9 6 9 )  r e p o r t e d  

b y  M i t c h e l l  ( 1 9 7 6 d )  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  f o r  s o i l -  

c e m e n t .

T h e  d a t a  f o r  t h e  s t a n d a r d  s o  1 1 - c e m e n t  s p e c i m e n s  s h o w n  i n  g r a p h

1 0 . 3  i s  d e p i c t e d  a g a i n s t  l o g ( a g e )  i n  g -  1 0 . 9  a n d  c o n f i r m s  t h e  

l i n e a r  n a t u r e  o f  t h e  s t r e n g t h  v s  i o g (  l a t i o n s h i p  f o r  s o i l -

c e m e n t .  R e g r e s s i o n  c o e f f i c i e n t s  r a n g e  m 0 . 8 7  t o  1 . 0 0  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 .  T h e  l i n e s  p i o v t e d  f o r  t h e  s o i l - c e m e n t  

c o r r e s p o n d  t o  t h e  c u r v e s  i n  f i g u r e  1 0 . 3 .  N o t e  t h a t  a n  u p w a r d  t r e n d  

i s  p o s s i b l y  I n d i c a t e d  b y  t h e  d a t a  p o i n t s  f o r  1 0  a n d  2 0 %  c e m e n t .
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G r a p h  1 0 . 9  a l s o  s h o w s  t h e  d a t a  p o i n t s  f o r  t h e  o i c r o c u n c r e t e  

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

I t  i s  n o t a b l e  t h a t  w i t h i n  2 9 0  d a y s ,  t h e  s o i l - c e m e n t  u s e d  i n  t h i s  

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

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

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

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

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

c o n t a i n e d  o n l y  t h e  f r a c t i o n  p a s s i n g  t h e  4 . 7 5  mm  s i e v e  a n d  t h a t  t h e  

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

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

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

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

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

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

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

o b s e r v e d  v a l u e s  a n d  t r e n d  a s  i n d i c a t e d  b y  l i n e  M —M i n  g r a p h  1 0 . ^ .  

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

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

1 0 . 4 . 1 3  E f f e c t  o f  L e a c h i n g  B a t h  C u r e

T h e  e f f e c t  o n  c o m p r e s s i v e  s t r e n g t h  o f  c u r i n g  s p e c i m e n s  i n  t h e  

l e a c h i n g  b a t h  w a s  r e f e r r e d  t o  i n  s e c t i o n  1 0 . 4 . 5  a n d  i s  d e p i c t e d  o n  

g r a p h  1 0 . 8 .  T h e s e  r e s u l t s  c o n f l i c t  w i t h  t h e  f i n d i n g s  o f  M a j u m d a r  

( 1 9 6 8 )  w h o  f o u n d  t h a t  s u b m e r g e d  c u r i n g  l e d  t o  a n  i n c r e a s e  i n  

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

r e p o r t e d  i n  c h a p t e r  9 .  T h i s  s u p p o r t s  t h e  v i e w  t h a t  t h e  l e a c h i n g  

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

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

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

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

t h e  d a t a  p o i n t s  f o r  s p a c i m e n s  w i t h  1 0 Z  c e m e n z  p U c . d  i n  t h e  

L e a c h i n g  b a t h  a t  a g e  s e v e n  d a y s  a n d  t e s t e d  a t  a g e s  2 6  a n d  1 4 0  a r e  

i n d i c a t e d  b y  t h e  p o i n t s  X o n  g r a p h  1 0 . 3  t h e  c o r r e s p o n d i n g  p o i n t ,

( f )  a r e  p l o t t e d  o n  g r a p h  1 0 . 4  I n d i c a t i n g  t h e  s a m e  e f f e c t  o n  s p l i t  

t e n s i l e  s t r e n g t h .  A s  n o t e d  i n  s e c t i o n  1 0 . 4 . 3 .  t h e  r a t i o  o f  s p l i t  

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

s p e c i m e n s e

T h e  d a t e  p o i n t s  f o r  t h e  s p e c i m e n s  l e a c h e d  f r o .  7 t o  2 6  a n d  7 t o  1 4 0  

d a y .  t o g e t h e r  w i t h  t h a t  f o r  t h o . e  l e e c h e d  f r o .  2 6  t o  3 0 1  d a y .  a r e  

p l o t t e d  o n  g r a p h  1 0 . 9  f r o m  w h i c h  I t  c a n  b e  s e e n  t h a t  a  p r o g r e s s i v e  

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

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

t h e  s t a n d a r d  1 0 %  l i n e  a t  a n  a g e  o f  7 d a y s ,  t h e  a g e  a t  w h i c h

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

s p e c i m e n s  l e a c h e d  f r o .  7 d a y s ,  t o g e t h e r  w i t h  t h e  p o i n t  0  

d i v e r s i o n ,  y i e l d  a  r e g r e s s i o n  c o e f f i c i e n t  o f  1 . 0 0  e n d  s l o p e  2 . 4 5 .  

T h i s  c o m p a r e s  w i t h  t h e  s l o p e  o f  2 . 1 0  f o r  t h e  l i n e  f o r  5% c e m e n t .  

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

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

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

ce ment  c o n t e n t s

P r o v i d e d  t h i s  t r e n d  i s  l i n e a r ,  t h e  l o s s  i n  l o n g  t e r m  s t r e n g t h  g a i n  

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

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

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

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

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

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

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

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

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

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

a c t e d  t h a t  d e s i g n  i s  g e n e r a l l y  b a s e d  o n  t h e  2 6  d a y  o r  p o s s i b l y  9 0

• l a y  s t r e n g t h .
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The above discusalon assumes tha t  the observed reduct ion in 
s t reng th  represen ts  a uniform d e te r io ra t io n  throughout the spec i ­
men. However, as with observat ions  discussed in previous chap­
t e r s ,  i t  is considered l i k e l y  tha t  th i s  is  in fac t a surface e f fe c t .  
The pene t ra t ion  t e s t s  discussed in  chapter 9 in d ica te  that  the 
s t ren g th  of the surface of the specimen is  reduced to a leve l  which 

ind ica tes  almost complete removal of cement.

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

r e d u c t i o n  i 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  c a l c u l a t e d  i n  C t - r m s  

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

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

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

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

t i o n  o f  t h e s e  r e s u l t s  w a s  t h e r e f o r e  r e s t r i c t ^ '  t o  a  c o m p a r i s o n  w i t h  

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

The data in graph 10.7 was used to es timate  the expected
compressive s t reng th  for the standard specimens a t  the moisture 
con ten t  a t  t e s t  of the specimens cured in tht leaching bath. The 
fa i lu re  loads for the leach J specimens were used to es t imate  the 
equ iva len t  diameter of unleached mater ia l  and hence the depth of 
d e te r io ra t io n .  This was compared with the depth ot penet ra t ion  
for the set  determined as the average of the two g rea te s t
pene tra t ion  values for each specimen, the same value used as an 
acceptance c r i t e r i o n  for t e s t i n g  leached specimens p r io r  to 

conducting the t r i a x i a l  te s t s .

For the set  cured in the leaching bath from 7 to 140 days, the depth 
of pene t ra t ion  was 1.2 mm and the estimated depth of d e te r io ra t io n  
was 1.92 mm, a r a t io  of 62%. For the set  cured in  the leaching
bach from 28 to 301 days the depth of pene t ra t ion  was 0.8 mm and
the depth of d e te r io ra t io n  2.72 mm, a r a t i -  29% which compares 
favourably with the 26% referred to in sec t ion  9.4.13 and 
indicated  on graph 9.32 for specimens subject  to s im i la r  i n i t i a l  
cure and leaching period. The suggestion in chapter 9 that



leaching in  Che leaching bath is  a surface e f fec t  is  confirmed by 
th is  observat ion based on a completely d i f f e r e n t  a n a ly s i s .  It  is 
considered l i k e l y  tha t  the reduct ion in  pene t ra t ion  with i n c r e a ­
sed curing r e f l e c t s  an i r r e v e r s ib l e ,  or more leaching r e s i s t a n t ,  
s t reng th  ga in .  This is  c o n s i s t e n t  with the s u b s ta n t i a l  reduc­
t io n  in  leaching loss  associated with the increase in  age a t  s t a r t  
of leaching from 7 to 28 days as depicted in graph 9.26.

1 0 . 4 . 1 4  C o m p a r i s o n  w i t h  O th e r  Da t a

The s t ren g th  v ,  log(.ge) l i n e ,  for  the standard so l l -cem ent  
specimens are dupl icated on graph 10.10 for comparison with a 
number of other m a te r ia l s .  Corresponding symbols are applied to 
the end points  of the l in e s  for ease of i d e n t i f i c a t i o n  and do not 
r e f l e c t  observed data .  I t  should be noted tha t  the cement 
con ten ts  used in  t h i s  research are determined as a percentage of 
the s o i l  f ra c t io n  passing the 4.75 mm sieve as th is  is the f ra c t io n  
used in the majori ty  of the t e s t  specimens. Expressed in  terms of 
t o t a l  s o i l ,  the percentages are 3.2, 6.4, 9 . 6 ,  ! - • «  a n d

r e sp ec t iv e ly  for the cement con ten ts  re fer red  to as 5, 10, 13, 20 
and 25% throughout th is  t h e s i s .  The basis  of th is  equivalence is  
de ta i led  in sec t ion  12.1. Note tha t  as no compressive s t reng th  
t e s t s  were conducted on the mater ia l  c o n ta in ing  the coarse 
f r a c t io n ,  the d i re c t  conversion of the cement content  -  s t r eng th  - 
age curves is not necessa r i ly  e n t i r e l y  co r rec t .  However, i t  is 
considered u n l ik e ly  tha a s u b s ta n t i a l  reduction in s t ren g th  wil l  
r e su l t  from the add i t ion  o the coarse f r a c t io n  and the two l im i t s  
o f  cement con ten t  applied . 0  each l in e  give an in d ic a t io n  of 
probable range for  comparison with the data discussed below.

As a number of m etr ica t ion  e r ro rs  were ev ident  in  one of the 
references  from which data was ex t rac ted  for comparison, i t  was 
considered prudent t o  compare the r e su l t s  o f  th is  research on the 
basis o f  the u n i t s  o f  lb /ydJ in which the data for the reference

UNCONFINED STRENGTH
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was generated.  In these u n i t s ,  the cement c o n t e n t s  for the 

f r a c t i o n  pass ing  the 4.75 mm s i e v e  are 154, 2Y4, 422, 540 and 647 

l b / y d 3 and in  terras of  the t o t a l  s o i l  100, 195, 284, 36 7 and 446
3

lb /yd r e s p e c t i v e l y .

Abboud (1969) reported by M itche l l  (I976d) suggested an upper bound 

for s o i l - c e m e n t  c o n t a i n i n g  10% cement and produced with coarse  

grained s o i l s ,  t h i s  l i n e  (A-A) i s  reproduced on the graph, from 

which i t  w i l l  be seen that the s t r e n g th  values  for the m ater ia l  

considered in  t h i s  research are comparable. I t  should be noted 

that th i s  data suggests  that the t e s t  r e s u l t s  should be compared on 

the bas is  of  t o t a l  cement con ten t  rather than as a percentage of  

the f r a c t io n  p ass ing  the 4.75 mm s i e v e .

The PC A reported the r e s u l t s  of compress ive s t r e n g th  t e s t s  on 

cores taken from the Bonny R eservoir  Test  Sect ion  in 1961 whii_h 

in d ica ted  a l i n e a r  r e l a t io n s h i p  with log(age) (PCA 1961). Cement 

c o n te n t  of th i s  m ater ia l  was 10% by volume, 8.1% by mass (USBR 

1961a). Line B-B on graph 10.10 r e f l e c t s  th i s  data and compares 

w e l l  with the r e s u l t s  of  th i s  research .

Schrader (1982), r ep ort ing  on the proposed Willow Creek Dam to be 

constructed  from r o l l e r  compacted concre te  ( r o l l c r e t e ) ,  p lo t ted  

s tren g th  vs log(age) for the c o n v e n t i o n a l  mass concre te  used in  

Dworshak Dam as w e l l  as the various  mixes to be used in  Willow 

Creek Dam. The data for Dworshak (* -* )  and the Willow h eart in g  

(H-H) and fa c in g  ( U - U  and D-D) mixes i s  a lso  p lo t ted  on graph 

10.10. It  i s  notable  that the data tor Dworshak i s  l i n e a r ,  

r e f l e c t i n g  the i n f lu e n c e  of the f l y a s h  component and that  the 

Willow Creek mixes show an upward curve with in c r e a s i n g  age which 

i s  a t tr ibu ted  to the e f f e c t s  of r o l l e r  compaction.  The presence  of  

f l y a s h  and up to 7% of f i n e s  pass ing  the No 200 s i e v e  p o s s ib ly  

con tr ib u te s  to th i s  behaviour.

T h e  D w o r s h a k  m i x  d e p i c t e d  b y  S c h r a d e r  e x h i b i t s  almost i d e n t i c a l  
c h a r a c t e r i s t i c s  t o  t h e  1 5 % ( 9 . 6 % )  s o i l - c e m e n t  used in th is  program. 

O n  t h e  b a s i s  o f  t h e  f i n e  f r a c t i o n  a l o n e ,  t h e  r a t i o  o f  ceraent it ious

U N  C O N F I N E D  S T R E N G T H 1 0 . 3 5



co n ten t  In the s o i l - c e m e n t  to that of the Dworshak c o n cre te  i s  of 

the order of  1.9 and i f  reckoned in  terms of the t o t a l  s o i l ,  the 

r a t io  reduces to 1.3.

The Willow Creek h ear t in g  mix shows s im i la r  s tren gth  ch a ra c te r ­

i s t i c s  to the Bonny Test Sect ion  s o i l - c e m e n t  and to the 10% (6.4%) 

s o i l - c e m e n t  adopted as standard in t h i s  pivgram. This supports  

the d e c i s io n  to adont th i s  cement c o n t e n t  as standard and conf irms  

that s o i l - c e m e n t  of the type used in  t h i s  research i s  s u i ta b le  for 

use in a major embankment dam ( c r e s t  height of  Willow Creek i s  

66m). The Willow h ear t in g  mix c o n t a in s  80 lb/yd cement and 32 

Ib/vd* f l y a s h  (80+32),  r e p re se n t in g  a t o t a l  c e m e n t i t io u s  co n ten t  

of  112 l b /y d 3. At 28 days th i s  i s  d i r e c t l y  comparable with the 

s o i l - c e m e n t  used in  th is  program.

The Willow fac in g  mixes show greater  s tren gths  than the s o i l -  

cement for e q u iv a le n t  c em e nt i t io u s  c o n t e n t .  It i s  however n o t ­

able that the s t r e n g th s  obtained  from these mixes can be read i ly  

obtained from the s o i l - c e m e n t  t e s t e d ,  a l b e i t  at  comparat ive ly  high 

cement c o n t e n t s .

Comparison of c e m e n t i t io u s  c o n t e n t s  for eq u iv a le n t  s t r e n g th  to 

the Willow mixes at  age 1000 days in d ic a t e s  cement c o n t e n t s  of 

between 2.7 z nd 3.1 t imes  the t o t a l  Willpw c e m e n t i t io u s  con ten t  

for th i s  s o i l - c e m e n t  for the proven s tren g th s  of the f r a c t i o n  

passing the 4.75 mm s i e v e .  When reckoned in terras of t o t a l  s o i l ,  

the ra t io  decreases to between 1.8 and 2.1 and at age 28 days ,  the 

rat io  reduces further .

I t  i s  thus apparent that whi le  the range of s trengths  applied  at 

Willow Creek Dam can be achieved  us ing the s o i l - c e m e n t  in 

quest ion ,  s i g n i f i c a n t l y  higher cement c o n te n ts  w i l l  be required to 

achieve them. This does not n e c e s s a r i l y  in d ic a te  that the s o i ] -  

cement a l t e r n a t i v e  w i l l  not be economic, 70% of the aggregate for 

Willow Creek was required to be quarried,  so that i t  i s  reasonable  

to assume that u n i t  cost  o. aggregate w i l l  be s i g n i f i c a n t l y  higher  

than cos t  of s o i l  from s u i ta b le  borrow areas.
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Referr ing  to the M errit t  Dam cos t  comparison in  chapter 3, an 

approximate assessment  of  eq u iv a le n t  c o s t s  for a s o i l - c e m e n t  dam 

for Willow Creek was undertaken .  I t  was assumed that the cos t  ot  

producing the aggregate at  Willow Creek was h a l f  the remaining  

c os t  per u n i t  volume a f t e r  a l lo w in g  for the cos t  of cement and 

that the cost  of producing the s o i l  for s o i l - c e m e n t  was half  the 

cos t  of producing the concre te  aggregate .  It  was furtner assumei  

that the s o l l - c e m e n c  a l t e r n a t i v e  would c o n ta in  twice as much 

cement.  This comparison Indicated  that the s o i l - c e m e n t  a l t e r n a ­

t i v e  would cos t  approximately the same as the r o l l c r e t e  dam. 

While the above es t im a te  i s  e n t i r e l y  a r b i t r a r y ,  i t  i s  f e l t  that i t  

s e r v e s  to confirm that s o i l - c e m e n t  can be expected to be 

c o m p et i t iv e  on s u i t a b le  p i t e s .

It  i s  notable  that a s im i l a r  c em e n t i t io u s  c o n ten t  i s  in d ic a te d  for 

the h eart in g  mix whether r o l l c r e t e  or s o i l - c e m e n t  i s  used.  In 

a d d i t io n ,  the s t r e n g th  of  the Willow h ea r t in g  mix i s  s im i l a r  to 

that of the Bonny Test Section slope p ro tec t io n  with a r e l a t i v e l y  

smal l  a d d i t ion  of c em e n t i t io u s  mater ia l  being in d ica te d  to exceed  

the s t ren g th  of the Lonny fa c in g  at  a l l  ages .  In view of the 

e x c e l l e n t  behaviour of the Bonny fa c in g  and other s lope protec­

t io n  with s im i l a r  p ro p er t ie s ,  graph 10.10 again  s e r v e s  to h i g h l i g h t  

the anomalies between the p r in c i p l e s  used in the des ign  of 

concrete  and e a r t h f i l l  dams referred to in chapter 3. In t h i s  

case ,  s o i l - c e m e n t  of the type used at  Bonny i s  deemed adequate to 

protect an earth embankment from wave a c t io n  when placed with an 

e f f e c t i v e  th ick n es s  of l e s s  than one meter, but :he m ater ia l  used 

in fa c in g  a concrete  dam is  s p e c i f i e d  to be se v e r a l  t imes  s tronger  

at e a r ly  ages with greater  d ivergence  at  greater  ages d esp i te  tne 

fact  that the upstream fa c in g  i s  to be protected by precast  
c ladding  panels  and the u n d e r ly in g  mater ia l  has s u b s t a n t ia l  

s t r e n g th .  In a d d i t io n ,  these mixes ,  whi le  c o n t a in in g  l e s s  cemen­

t i t i o u s  m ater ia l ,  are appreciably s tronger  than that used at 

Dworshak Dam. It  should a lso  be noted that the maximum u n c o n f i n ­

ed compressive s t ren g th  ind icated  by the a n a l y s i s  in  chapter 3, as 

r e f l e c t e d  in f igure  11, is  approximately 12 MPa for a 100 m

embankment.
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A llowing  for the fac t  that Willow Creek i s  e s s e n t i a l l y  an 

exp er im en ta l  s tructure  and that there may be s i g n i f i c a n t  d i f f e r ­

ences  between the r e s p e c t iv e  s i t e s ,  i t  would appear that the high 

r o l l c r e t e  s t ren gth s  are not a c t u a l l y  necessary ,  ^n th i s  case ,  the 

cement co n te n t s  required for a s o i l - c e m e n t  dam can be expected to  

be s im i l a r  to those used for Willow Creek.

1 0 . 5  C O N C L U S I O N S

The unconf ined  compress ive s trength  and s p l i t  t e n s i l e  s t ren g th  of 

the s o i l - c e m e n t  i s  found to in crease  l i n e a r l y  with cement c o n te n t  

and logarithm of age. Soaking of the specimens prior to t e s t i n g  

produces a s i g n i f i c a n t  reduct ion  in  compress ive and t e n s i l e  

s tr e n g th  but the uniform reduction  in d ica te d  by the pre l im inary  

t e s t s  i s  not conf irmed,  further i n v e s t i g a t i o n  i s  required to 

e s t a b l i s h  t h i s  r e l a t i o n s h i p .  Humid cur ing  in  the chamber u ed in  

t h i s  program led to lower s tren g th s  than for specimens sea led  

a f t e r  seven  days.

Reduction of the p la ten  width in the s p l i t  t e n s i l e  t e s t  from the 3 

mm (1 /1 2th diameter) width used to a k n i f e  edge of 0.25 mm produces 

a s i g n i f i c a n t  reduction in in d ica te d  s trength .

The ;-pllt  t e n s i l e  s tren gth  i s  found to be approximately  10% of the 

unconf ined  compressive s tren g th  i n d i c a t i n g  a true t e n s i l e  s tr  

ength of the ord'r of 10.8% of compress ive  s t r e n g th .

The moisture con ten t  of  the mater ia l  at the time of 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 the compressive s t r e n g th  and i s  

used to account for a number of apparent anomalies  in  the t e s t  

r e s u l t s .  No measurable e f f e c t  due to ageing  of the cement was 

observed.  F in a l  (hydrat ion)  moisture c o n te n t  i s  a l s o  found to 

in f lu e n c e  compressive s t ren g th .

A l e v e l  of confidence of at l e a s t  95% i s  ind icated  as the minimum 

required to Ind ica te  a rea l  d i f f e r e n c e  between s e t s  of t e s t
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r e s u l t s .  Compaction d e l a y , w i th in  the half  hour batching  
m ixing  -  compaction c y c l e  used, had no d i s c e r n i b l e  i n f l u e n c e  on 

the r e s u l t s  and,  whi le  v a r i a t i o n s  in rate of loading from 41 to 245 

kPa/sec  produced a s i g n i f i c a n t  v a r i a t i o n  in  s t r e n g th ,  i t  i s  

considered  that the c o n tr o l  applied  during the t e s t  program 

e f f e c t i v e l y  e l im in a te d  t h i s  factor .

Specimens subjec t  to w e t t in g  and d ry in g  c y c l e s ,  as described in  

chapter 8, show a greater compress ive s t ren g th  than those subject  

to the standard cure and i t  i s  suggested that t h i s  i s  probably aue 

to the high temperatures used in  the w et-dry  t e s t .  Further t e s t s  

are required to e s t a b l i s h  the exact e f f e c t ,  but i t  i s  p o s s ib le  that  

higher ground surface temperatures than those used i f  rh_ labora­

tory could account for the higher s tren g th  of s o l l - c e m e n t  as  

determined from cores taken in  the f i e l d .  I t  i s  suggested that  

a cce lerated  cur ing  of c r i t i c a l  areas of s o l l - c e m e n t  could be 

accomplished by the use of black p l a s t i c  s h e e t in g  to apply a 

moisture s e a l  and ra i se  curing temperature.

Compaction of specimens at a moisture c o n ten t  of 1% below optimum 

and at a d e n s i t y  of 2% above standard proctor maximum produces no 

change in  compress ive  s trength ,  however,  compaction 1 % wet of  

optimum produces a s i g n i f i c a n t  reduct ion in s t r e n g t h .  In the 

l i g h t  of the f i n d i n g s  of Fetz (1973) with regard to crack c o n t r o l ,  

compaction dry of optimum would appear to be in d ica te d  as the  

standard c o n s tr u c t io n  co n d i t io n  in zones where s tr e n g th  i s  the 

primary des ign c o n s i d e r a t i o n .  This i s  c o n s i s t e n t  with the graded 

moisture co n tr o l  proposed in  chapter 9 which i n d i c a t e s  that  

compaction ten d ing  to wet of optimum i s  to be preferred  near the 

water r e t a i n i n g  face provided that adequate crack c o n tr o l  and 

compressive s t reng th  can be ach ie ved .

The concrete  mortar (microconcrete)  prepared by the Portland  

Cement I n s t i t u t e  i s  comparable to the s o l l - c e m e n t  in tetms of the 

r e l a t io n s h i p  between compressive s t ren g th  and cement c o n t e n t ,  

conf irm ing  the v a l i d i t y  of the mix d e s ig n .  The r a t io  of cube to  

c y l in d e r  s tren g th  of  1.25 i s  confirmed for these mixes and
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r e s u l t s .  Compaction d e l a y , w i th in  the half  hour batching -  

m ix in g  -  compaction c y c l e  used, had no d i s c e r n i b l e  i n f l u e n c e  on 

the r e s u l t s  and,  whi le  v a r i a t i o n s  in rate of loading from 41 to 245 

k Pa/sec  produced a s i g n i f i c a n t  v a r i a t i o n  in  s t ren g th ,  i t  i s  

considered that the contra'  applied during the t e s t  program 

e f f e c t i v e l y  e l im in a te d  th i s  fa c to r .

Specimens subject  to w e t t in g  and d ry in g  c y c l e s ,  as described in  

chapter 8, show a greater  compcess^ve s tren gth  than those subject  

to the standard cure and i t  i s  suggested that th i s  i s  probably due 

to the high temperatures used in  the wet-dry  t e s t .  Further t e s t s  

are required to e s t a b l i s h  the ex a c t  e f f e c t ,  but i t  i s  po i i b l e  that  

higher ground surface temperatures than those used in  the labora­

tory  could account for the higher s treng th  of s o l l - c e m e n t  as 

determined from cores taken in  the f i e l d .  It i s  suggested that 

acce lera te d  curing of c r i t i c a l  areas of s o l l - c e m e n t  could be 

accomplished by the use of  black p l a s t i c  s h e e t in g  to apply a 

moisture s e a l  and r a i s e  curing temperature.

Compaction of specimens at a moisture con ten t  of 1% below optimum 

and at a d e n s i t y  cf 2X above standard proctor maximum produces no 

change in  compress ive s trength ,  however,  compaction IX wet of 

optimum produces a s i g n i f i c a n t  reduct ion  in s t r e n g t h .  In the 

l i g h t  of the f i n d i n g s  of Fetz (1973) with regard to crack con tro l ,  

compaction dry of optimum would appear to be in d ica te d  as the 

standard c o n s tr u c t io n  c o n d i t io n  in  zones where s tren g th  i s  the 

pLinary des ign  c o n s i d e r a t i o n .  This Is  c o n c l s t e n t  with the graded 

moisture c o n tr o l  proposed in  chapter 9 which in d i c a t e s  that 

compaction tend ing  to wet of optimum i s  to be preferred near the 

water r e t a i n i n g  face provided that adequate crack c o n t r o l  and 

compressive s t ren g th  can be ach ieved .

The concrete  mortar (microconcrete)  prepared by the Portland  

Cement I n s t i t u t e  i s  comparable to the s o l l - c e m e n t  in terms of the 

r e l a t i o n s h i p  between compressive s t ren g th  and cement con ten t ,  

c on f irm in g  the v a l i d i t y  of the mix d e s ig n .  The r a t io  of cube to 

c y l i n d e r  s t ren gth  ol 1.25 i s  confirmed for these mixes and
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specimen s i z e s . The s tren g th  gain with log(age) occurs at  a 

reducing rate as i s  normal for concre te  but which c o n t r a s t s  with  

the l i n e a r  behaviour of s o i l - c e m e n t ,  i n d i c a t i n g  a p o s s i b l e  l o n g ­

term advantage for s o i l - c e m e n t .  It i s  however noted that  the mix 

was d e l i b e r a t e l y  designed  as a low q u a l i t y  heart ing  c o n c r e te .

Curing of  specimens in  the le a ch in g  bath with c o n t in u a l  f lu s h in g  

with d i s t i l l e d  water leads to a reduct ion in both ind ica ted  

t e n s i l e  and compress ive s t r e n g th  with the s trength  r a t i o  remain­

ing e f f e c t i v e l y  c o n s t a n t .  T e n ta t iv e  c o r r e la t io n  with the r e s u l t s  

of p enetra t ion  t e s t s  on a few of the specimens conf irm s  the 

o b servat ion  in chapter 9 that the d e te r i o r a t io n  i s  a surface  e f f e c t  

and leads  to a reduct ion in  e f f e c t i v e  cross  s e c t i o n  of the 

specimen. Further i n v e s t i g a t i o n  of t h i s  phenomenon i s  required.

On the basis  of  unconf ined  compress!v> s trength ,  the s o i l - c e m e n t  

used in  th is  i n v e s t i g a t i o n  compares v e i l  with the data for other  

i n v e s t i g a t i o n s ,  and i s  a l s o  s im i l a r  to the mater ia l  used in  the 

Bonny Dam te s t  s e c t i o n .  The s tren g th s  obtained are comparable to  

those for the c o n v e n t i o n a l  mass concre te  used at Dworshak Dam and 

the ro l lcretr .  used at Willow Creek Dam although larger  amounts of  

cement i t  ious mater ia l  are required.  Increased s t a b i l i z e r  c o n t e n t s  

of the order of 20 to oCv would be in d ica ted  for d e s ig n s  based on 

the 2« day s tren g th  of the m ater ia l .  The e x t e n t  of t h i s  d i f f e r ­

ence i s  such that  on s i t e s  where s u i ta b le  s o i l  i s  a v a i l a b l e  in  

c o n v e n ie n t  borrow areas ,  and quarrying of r o l l c r e t e  aggregate is  

required,  s o i l - c e m e n t  can be expected  to be com p et i t ive  as regards  

o v e r a l l  cost  of m ater ia l .  This i s  p a r t i c u la r ly  ap p l icab le  in  the 

South African c o n te x t  where large d ep os i t s  of a l l u v i a l  g r a v e l s  are 

r e l a t i v e l y  uncommon.

I t  i s  '■'bserved that there appears to be a d iscrepancy  between the 

s treng th  of s o i l - c e m e n t  cons idered  adequate to produce durable 

slope p ro tec t ion  and the s tren g th  of concrete  v,ed for  the fac in g  

of Willow Creek Dam. It would appear that i f  s trength  req u ir e ­

ments are l im ited  to those required for s t a b i l i t y  and proved



adequate for slope p r o te c t io n ,  the e x tr a  c em e n t l t lo u s  c o n t e n t  for  

s o i l - c era en t  referred to above w i l l  prove l a r g e ly  u nnecessary .  

The er cement c o n t e n t  of s o i l - c e m e n t  for e q u iv a le n t  s t r e n g th  

w i l l ,  however, s t i l l  apply.
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