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1 T h e i m p o r t a n c e 
o f w o r k a b i l i t y 

1 . 1 THE MEANING OF WORKABILITY 
T h e w o r d workabi l i ty i s a t e r m t h a t r e f e r s t o p r o p e r t i e s o f f r e s h 
c o n c r e t e , t h a t i s , o f t h e c o n c r e t e b e f o r e i t h a s s e t a n d h a r d e n e d , a n d i t 
i s l e g i t i m a t e t o a s k w h y a n y a t t e n t i o n s h o u l d b e g i v e n t o t h e s e p r o 
p e r t i e s a t a l l . T h e p e r f o r m a n c e o f c o n c r e t e w i l l i n p r a c t i c e b e a s s e s s e d 
i n t e r m s o f w h e t h e r t h e h a r d e n e d m a t e r i a l p e r f o r m s i n t h e w a y i n 
t e n d e d a n d c o n t i n u e s t o d o s o : i t w i l l b e j u d g e d i n t e r m s o f s h a p e 
a n d f i n i s h , s t r e n g t h , d e f l e c t i o n , d i m e n s i o n a l c h a n g e s , p e r m e a b i l i t y a n d 
d u r a b i l i t y . S o w h y s h o u l d t h e p r o p e r t i e s o f t h e f r e s h c o n c r e t e b e 
c o n s i d e r e d t o b e i m p o r t a n t , a n d w h y s h o u l d t h e y b e t h e c o n c e r n o f 
t h e p r a c t i s i n g e n g i n e e r ? 

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

(a) Transport 

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

(b) Flow 

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



2 The importance of workability 

F i g u r e 1 . 1 C o n g e s t e d r e i n f o r c e m e n t (Photo Courtesey o f O v e Arwp P a r t n e r s h i p ) , 

(c) Compaction 

I t m u s t b e c a p a b l e o f b e i n g t h o r o u g h l y c o m p a c t e d t o e x p e l a i r t o a c h i e v e 
t h e m a x i m u m p o t e n t i a l s t r e n g t h a n d d u r a b i l i t y o f t h e h a r d e n e d c o n -
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c r e t e . T h e p r e s e n c e o f 5 % r e s i d u a l a i r r e d u c e s s t r e n g t h b y a b o u t 3 0 % , 
a n d 1 0 % a i r r e s u l t s i n a l o s s o f s t r e n g t h o f m o r e t h a n h a l f . C o m p a c t i o n 
i s s o m e t i m e s c a r r i e d o u t m a n u a l l y b u t i t i s n o r m a l p r a c t i c e t o u s e 
v i b r a t o r s o r , f o r p r e c a s t p r o d u c t s , s u c h p r o c e s s e s a s h y d r a u l i c p r e s s i n g 
o r e x t r u s i o n ( s e e F i g u r e 1 . 2 ) . 

(d) Finishing 

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

A w o r k a b l e c o n c r e t e i s o n e t h a t s a t i s f i e s t h e s e r e q u i r e m e n t s w i t h o u t 
d i f f i c u l t y a n d , i n g e n e r a l , t h e m o r e w o r k a b l e i t i s , t h a t i s , t h e h i g h e r i t s 
w o r k a b i l i t y , t h e m o r e e a s i l y i t c a n b e p l a c e d , c o m p a c t e d a n d f i n i s h e d . 
W o r k a b i l i t y c a n b e i n c r e a s e d b y s i m p l y i n c r e a s i n g t h e w a t e r c o n t e n t 
o f t h e m i x b u t , i f t h a t m e t h o d i s u s e d , a p o i n t w i l l b e r e a c h e d a t 
w h i c h s e g r e g a t i o n a n d / o r b l e e d i n g b e c o m e u n a c c e p t a b l e s o t h a t t h e 
c o n c r e t e i s n o l o n g e r h o m o g e n e o u s a n d , b e f o r e t h a t , t h e w a t e r / c e m e n t 
r a t i o m a y h a v e r e a c h e d a l e v e l s u c h t h a t t h e h a r d e n e d c o n c r e t e w i l l 

F i g u r e 1 . 2 C o m p a c t i o n w i t h p o k e r v i b r a t i o n s (Photo C o u r t e s y o f O v e A r u p 
P a r t n e r s h i p ) . 
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n o t a t t a i n t h e r e q u i r e d s t r e n g t h . I f , o n t h e o t h e r h a n d , w o r k a b i l i t y i s 
i n c r e a s e d b y i n c r e a s i n g b o t h t h e w a t e r c o n t e n t a n d t h e c e m e n t c o n t e n t 
t o a v o i d t h e p r o b l e m s o f a h e i g h t e n e d w a t e r / c e m e n t r a t i o , t h e c o s t o f 
t h e m a t e r i a l w i l l b e g r e a t e r a n d t h e r e w i l l b e m o r e s e v e r e p r o b l e m s 
w i t h h e a t e v o l u t i o n , s h r i n k a g e , a n d c r e e p . 

T h u s t h e r e a r e c o n f l i c t i n g f a c t o r s a n d t h e t e c h n o l o g y ( a n d a r t ) o f m i x 
d e s i g n a n d s p e c i f i c a t i o n l i e s i n r e c o n c i l i n g t h e m . I f t h e r e a r e n o f u r t h e r 
r e s t r i c t i o n s , s u c h a s a r e q u i r e d m i n i m u m c e m e n t c o n t e n t , t h e m o s t 
e c o n o m i c a l m i x i s t h e o n e f o r w h i c h t h e w o r k a b i l i t y i s a s l o w a s p o s s 
i b l e , w h i l e s t i l l p e r m i t t i n g t h e o b j e c t i v e s l i s t e d a b o v e t o b e a c h i e v e d . 
C l e a r l y t h e m i n i m u m w o r k a b i l i t y n e c e s s a r y w i l l d e p e n d v e r y m u c h o n 
t h e n a t u r e o f t h e j o b t o b e d o n e ; c o n c r e t e o f e x t r e m e l y l o w w o r k a b i l i t y 
m a y b e s u i t a b l e f o r r o a d c o n s t r u c t i o n w i t h p a v i n g t r a i n s t h a t u t i l i z e 
v i b r a t i o n t o a i d i n c o m p a c t i o n , b u t a m u c h h i g h e r w o r k a b i l i t y w i l l b e 
n e e d e d f o r t h e t r e m i e i n g o f d i a p h r a g m w a l l s . 

I t f o l l o w s t h a t t h e r e a r e t w o i m p o r t a n t p r a c t i c a l q u e s t i o n s t h a t m u s t 
b e a n s w e r e d : 
( a ) W h a t i s t h e m i n i m u m w o r k a b i l i t y t h a t i s n e c e s s a r y f o r t h e p a r 

t i c u l a r j o b i n h a n d ? 
( b ) W h a t s p e c i f i c a t i o n w i l l p r o d u c e a m i x t h a t p o s s e s s e s a t l e a s t t h a t 

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

T h e s e t w o q u e s t i o n s l i e a t t h e b a s i s o f a l l m e t h o d s o f m i x d e s i g n . T o 
a n s w e r t h e m p r o p e r l y i t i s n e c e s s a r y f i r s t : 
( a ) t o d e f i n e u n a m b i g u o u s l y w h a t i s m e a n t b y w o r k a b i l i t y ; 
( b ) t o d e f i n e a s c a l e o f m e a s u r e m e n t ; 
( c ) t o p r o v i d e a m e t h o d o f m e a s u r e m e n t , b a s e d o n t h e d e f i n i t i o n s ; 
( d ) t o p r o v i d e , i n t e r m s o f m e a s u r e m e n t s s o o b t a i n e d , q u a n t i t a t i v e 

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

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

T h e s e a r e t h e b a r e m i n i m u m r e q u i r e m e n t s t o p r o v i d e a f u l l y s a t i s f a c 
t o r y b a s i s f o r m i x d e s i g n a n d q u a l i t y c o n t r o l , b u t t h e r e i s a n o t h e r 
h i g h l y d e s i r a b l e o n e r e l a t e d t o c o n t r o l : 
( f ) t o b e a b l e t o i n d i c a t e , i f w o r k a b i l i t y i s n o t a s s p e c i f i e d , w h y i t i s 

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

T h e s e s i x r e q u i r e m e n t s s h o u l d b e b o r n e i n m i n d ; t h e w a y s i n w h i c h 
t h e y h a v e b e e n d e a l t w i t h , o r i g n o r e d , w i l l b e c o n s i d e r e d i n d e t a i l . 
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1.2 D E F I N I T I O N O F W O R K A B I L I T Y 

I n s o m e a r e a s o f c o n c r e t e w o r k t h e r e m a y b e a c o n s c i o u s d e c i s i o n 
n o t t o a t t e m p t a t a l l t h e d i f f i c u l t t a s k o f d e f i n i n g w h a t i s s e e n a s 
a c o m p l e x p r o p e r t y , a n d w o r k a b i l i t y i s r e f e r r e d t o s i m p l y i n t e r m s 
s u c h a s ' h i g h ' , ' m e d i u m ' , o r T o w ' , o r m i x e s a r e d e s c r i b e d a s b e i n g 
' s e m i - d r y ' o r ' p l a s t i c ' a n d s o o n . T h e s e d e s c r i p t i o n s m a y b e o f s o m e 
u s e i n v e r y r e s t r i c t e d c i r c u m s t a n c e s a n d f o r c o m m u n i c a t i o n b e t w e e n 
v e r y r e s t r i c t e d n u m b e r s o f p e o p l e , b u t i t i s e v i d e n t t h a t t h e y a r e o f 
l i t t l e u s e f o r d e a l i n g w i t h t h e p r o b l e m i n g e n e r a l , a n d t h e r e i s n o 
g u a r a n t e e t h a t a n y p a r t i c u l a r o n e o f t h e s e t e r m s m e a n s t h e s a m e t h i n g 
t o d i f f e r e n t u s e r s . T h e y a r e a t b e s t e x t r e m e l y v a g u e . 

E v e n w o r s e i s t h e unconscious d e c i s i o n , o r t a c i t a s s u m p t i o n , t h a t 
n o d e f i n i t i o n i s n e c e s s a r y , a n d i t i s r e a d i l y a p p a r e n t t h a t s u c h i s t h e 
i n a d e q u a t e b a s i s f o r m a n y o f t h e p l e t h o r a o f p r o p o s a l s f o r e m p i r i c a l 
t e s t s b y m e t h o d s t h a t l a c k e i t h e r a n y t h e o r e t i c a l b a s i s o r a n y c o n n e c 
t i o n w i t h p r a c t i c e . T h i n k i n g s e e m s t o h a v e b e e n o n t h e v e r y s u p e r f i c i a l 
l e v e l t h a t i f t h e n e w t e s t s e e m s t o i n d i c a t e a c h a n g e i n w o r k a b i l i t y i n 
t h e s a m e d i r e c t i o n ( i . e . h i g h e r o r l o w e r ) a s t h a t o b s e r v e d s u b j e c t i v e l y , 
i t m u s t h a v e s o m e m e r i t . 

T h e w o r d ' w o r k a b i l i t y ' o b v i o u s l y h a s t h e m e a n i n g ' t h e a b i l i t y t o b e 
w o r k e d ' , b u t t o d e f i n e i t i n s u c h a w a y i s t o p r e s e n t a t a u t o l o g y t h a t i s 
o f n o p r a c t i c a l v a l u e . C o n s i d e r a t i o n o f t h i s m e a n i n g h a s h o w e v e r l e d 
s o m e w o r k e r s t o a t t e m p t a d e f i n i t i o n o f w o r k a b i l i t y t h a t i n c l u d e s a 
c o n s i d e r a t i o n n o t o n l y o f t h e c o n c r e t e i t s e l f b u t a l s o o f t h e j o b i n w h i c h 
i t i s t o b e u s e d . F o r e x a m p l e , B a r o n a n d L e s a g e 1 s u g g e s t e d a d e f i n i t i o n 
b a s e d o n a s s e s s m e n t o f t h e p o r o s i t y o f c o n c r e t e t h a t h a d b e e n l a i d i n a 
p a r t i c u l a r w a y . T h o s e w h o a r g u e t h a t t h e d e f i n i t i o n s h o u l d b e o f t h i s 
f o r m , s o t h a t t h e w o r k a b i l i t y o f a g i v e n c o n c r e t e s h o u l d b e r e c k o n e d a s 
d i f f e r e n t i f i t w e r e t o b e u s e d i n a d i f f e r e n t w a y , m i g h t w e l l b e a s k e d 
w h y t h e y d o n o t a p p l y t h e s a m e p r i n c i p l e t o o t h e r p h y s i c a l p r o p e r t i e s . 
F o r e x a m p l e , d o e s a n y b o d y s u g g e s t t h a t t h e v a l u e o f t h e Y o u n g ' s 
m o d u l u s o f a m a t e r i a l s h o u l d d e p e n d o n w h e t h e r t h e m a t e r i a l i s u s e d 
f o r a s i m p l y s u p p o r t e d b e a m o r f o r a c a n t i l e v e r ? A t t e m p t s a t m e a s u r 
i n g p h y s i c a l p r o p e r t i e s s h o u l d a l w a y s b e a i m e d a t t h e e x p r e s s i o n o f 
r e s u l t s i n q u a n t i t a t i v e t e r m s t h a t a r e i n d e p e n d e n t n o t o n l y o f t h e w a y 
i n w h i c h t h e m a t e r i a l i s t o b e u s e d , b u t a l s o i n d e p e n d e n t o f t h e n a t u r e 
o f t h e a p p a r a t u s u s e d t o m e a s u r e t h e m . 

S o m e t i m e s , p r o p o s e d m e t h o d s f o r w o r k a b i l i t y m e a s u r e m e n t h a v e 
b e e n i n t e n d e d t o i m i t a t e p r a c t i c a l c o n d i t i o n s , b u t i n a m o r e o r l e s s 
c l o s e l y d e f i n e d w a y . T h e V B c o n s i s t o m e t e r , t o b e c o n s i d e r e d i n d e t a i l 
l a t e r , c l e a r l y r e p r e s e n t s a n a t t e m p t t o t a k e a c c o u n t o f t h e u s e o f v i b r a 
t i o n f o r p l a c i n g a n d c o m p a c t i n g . A n g l e s 2 m a d e a v e r y s p e c i f i c s t a t e -
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m e n t i n s u p p o r t o f t h i s t y p e o f a p p r o a c h w h e n h e s a i d , ' S u r e l y i t 
w o u l d n o t b e c o n t e s t e d t h a t t h e m o s t e f f e c t i v e m e a s u r i n g d e v i c e w o u l d 
s i m u l a t e a s f a r a s p o s s i b l e t h e o p e r a t i o n o f p l a c i n g c o n c r e t e i n t y p i c a l 
c o n d i t i o n s / I n f a c t , t h i s s t a t e m e n t c a n n o t o n l y b e c o n t e s t e d , i t c a n , 
a s w i l l a p p e a r l a t e r , b e s h o w n t o b e w r o n g . 

T h e o n l y s a t i s f a c t o r y w a y i s t o a t t e m p t t o d e f i n e w o r k a b i l i t y i n t h e 
w a y u s e d f o r a n y o t h e r p h y s i c a l p r o p e r t y , a n d t h a t m e a n s a n a t t e m p t 
t o s a t i s f y c e r t a i n c r i t e r i a a s f o l l o w s : 
( a ) W o r k a b i l i t y i s a p r o p e r t y o f t h e c o n c r e t e a l o n e . 
( b ) W o r k a b i l i t y w i l l b e e x p r e s s e d q u a n t i t a t i v e l y i n t e r m s o f o n e o r 

m o r e p h y s i c a l c o n s t a n t s w h i c h m a y b e c a l l e d Wlf W2 . . . W„. T h i s 
s e t m a y b e w r i t t e n i n s h o r t h a n d f o r m a s W j . T h e r e i s n o a p r i o r i 
w a y o f k n o w i n g h o w m a n y c o n s t a n t s t h e r e w i l l b e i n t h e s e t . I t 
m a y b e p o i n t e d o u t t h a t a l l t h e B r i t i s h S t a n d a r d s , a n d a l l o t h e r 
s t a n d a r d t e s t s , i n v o l v e t h e u n d e r l y i n g a s s u m p t i o n t h a t o n l y o n e 
c o n s t a n t i s n e e d e d , i . e . t h a t w o r k a b i l i t y c a n b e e x p r e s s e d q u a n 
t i t a t i v e l y a s a s i n g l e f i g u r e , s u c h a s t h e s l u m p , o r t h e v e b e t i m e . 

( c ) A l l t h e c o n s t a n t s i n t h e s e t W j s h o u l d b e e x p r e s s i b l e i n t e r m s o f 
t h e f u n d a m e n t a l u n i t s o f m a s s , l e n g t h , a n d t i m e , o r o f u n i t s 
d e r i v e d f r o m t h e m , s u c h a s s t r e s s a n d s h e a r r a t e . I n o t h e r w o r d s , 
t h e r e s u l t s s h o u l d b e i n d e p e n d e n t o f t h e a p p a r a t u s u s e d t o o b t a i n 
t h e m . 

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

I n p r a c t i c e , a n d f o r p r a c t i c a l i n d u s t r i a l p u r p o s e s , i t m a y b e n e c 
e s s a r y , a n d a c c e p t a b l e , t o s e t t l e f o r s o m e t h i n g l e s s t h a n p e r f e c t a d 
h e r e n c e t o t h e s e c r i t e r i a . I f t h e n u m b e r o f c o n s t a n t s n e e d e d f o r a 
p r o p e r d e s c r i p t i o n o f w o r k a b i l i t y w e r e l a r g e , t h e p r o b l e m s i n p r a c t i c a l 
a p p l i c a t i o n s w o u l d p r o b a b l y b e i n t r a c t a b l e , s o i t m a y b e p e r m i s s i b l e 
t o u s e a p p r o x i m a t i o n s i f , b y s o d o i n g , t h e n u m b e r c o u l d b e r e d u c e d , 
b u t o n l y p r o v i d e d t h a t c r i t e r i o n ( d ) i s n o t v i o l a t e d . S i m i l a r l y , a l t h o u g h 
i t i s h i g h l y d e s i r a b l e t h a t r e s u l t s b e e x p r e s s i b l e i n f u n d a m e n t a l u n i t s , 
t h e s o m e w h a t l e s s e r r e q u i r e m e n t t h a t t h e y b e e x p r e s s i b l e i n t e r m s t h a t 
a r e u n d e r s t a n d a b l e i n r e l a t i o p t o f u n d a m e n t a l p r o p e r t i e s w o u l d s u f f i c e 
i n p r a c t i c e . T h i s w o u l d m e a n t h a t r e s u l t s w o u l d n o t b e i n d e p e n d e n t 
o f t h e d e s i g n d e t a i l s o f t h e a p p a r a t u s u s e d t o m e a s u r e t h e m , b u t t h e 
a p p a r a t u s c a n b e s t a n d a r d i s e d s o t h a t r e s u l t s f r o m s e p a r a t e s e t - u p s 
a g r e e . 

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

1.3 T E R M I N O L O G Y 

P r o g r e s s i n a n y s p h e r e i s l i k e l y t o b e i n h i b i t e d i f t h e w o r d s u s e d m e a n 
d i f f e r e n t t h i n g s t o d i f f e r e n t p e o p l e o r i f , o n t h e H u m p t y D u m p t y 
p r i n c i p l e , a n i n d i v i d u a l a u t h o r c a n c h o o s e w h a t e v e r m e a n i n g h e 
h a p p e n s t o l i k e a t t h e t i m e . T h e r e i s n o d o u b t t h a t , i n t h e f i e l d o f 
w o r k a b i l i t y m e a s u r e m e n t , m u c h c o n f u s i o n h a s b e e n c a u s e d b y c a r e l e s s 
a n d i n a c c u r a t e u s e o f t e r m i n o l o g y a n d b y t h e f o r m u l a t i o n o f a r b i t r a r y 
d e f i n i t i o n s t h a t a r e i n c o n f l i c t w i t h t h e e q u a l l y a r b i t r a r y d e f i n i t i o n s o f 
o t h e r s , o r w i t h e s t a b l i s h e d u s a g e . 

O n t h e o n e h a n d , t e r m s l i k e w o r k a b i l i t y i t s e l f , w h i c h w a s o r i g i n a l l y 
a g e n e r a l d e s c r i p t i v e w o r d , a n d c o n s i s t e n c y , w h i c h i s d e f i n e d o n l y b y 
t h e c o m p l e t e f l o w / f o r c e c u r v e o f a m a t e r i a l , h a v e h a d t h e i r m e a n i n g s 
r e s t r i c t e d i n u n d e s i r a b l e w a y s , w h i l e , o n t h e o t h e r h a n d , w o r d s l i k e 
v i s c o s i t y a n d m o b i l i t y , w h i c h p r o p e r l y d o h a v e r e s t r i c t e d a n d r i g o r 
o u s l y d e f i n e d m e a n i n g s , h a v e b e e n u s e d t o d e s c r i b e t h e r e s u l t s f r o m 
q u i t e e m p i r i c a l t e s t s . T h i s i s c l e a r l y a v e r y u n s a t i s f a c t o r y s t a t e o f a f f a i r s 
a n d a t t e n t i o n s h o u l d b e g i v e n t o s t a n d a r d i z a t i o n o f t e r m i n o l o g y . 

U n l e s s a n d u n t i l i t b e c o m e s p o s s i b l e t o d e f i n e w o r k a b i l i t y w i t h r i g o r 
o u s a d h e r e n c e t o t h e c r i t e r i a l i s t e d e a r l i e r , t h e t e r m s h o u l d b e r e t a i n e d 
f o r t h e m o s t g e n e r a l u s e w i t h o u t q u a n t i f i c a t i o n . T h u s i t i s v a l i d t o r e f e r 
t o h i g h , m e d i u m , o r l o w w o r k a b i l i t y o r , i n p a r t i c u l a r c i r c u m s t a n c e s , t o 
m a k e s t a t e m e n t s o f t h e t y p e ' t h i s c o n c r e t e i s m o r e w o r k a b l e t h a n t h a t 
o n e ' , b u t n o t t o a t t e m p t t o p u t n u m b e r s t o t h e d e s c r i p t i o n . I t m a y a l s o 
b e u s e f u l , o n o c c a s i o n s , t o u s e w o r d s l i k e f l o w a b i l i t y , c o m p a c t a b i l i t y , 
s t a b i l i t y , a n d s o o n , t o d e s c r i b e t h e c o n s t i t u e n t p r o p e r t i e s , b u t a g a i n , 
w i t h o u t a n y a t t e m p t t o q u a n t i f y . T h e s e w o r d s a r e c l u m s y b u t t h e y 
a l l h a v e t h e m e r i t o f e n d i n g i n '. . . a b i l i t y ' , a n d t h e i r m e a n i n g s a r e 
r e a s o n a b l y s e l f - e v i d e n t . 

R e s u l t s f r o m e m p i r i c a l t e s t s s h o u l d b e q u o t e d q u a n t i t a t i v e l y b u t w i t h 
r e f e r e n c e t o t h e t e s t . S u c h t e s t s d o n o t m e a s u r e w o r k a b i l i t y a n d 
i t i s m i s l e a d i n g t o q u o t e r e s u l t s a s i f t h e y d o . T h u s t h e s l u m p t e s t 
m e a s u r e s t h e s l u m p o f a c o n c r e t e c o n e t h a t h a s b e e n c a s t a n d r e l e a s e d 
i n a p a r t i c u l a r w a y ; t h a t i s a l l t h a t i t m e a s u r e s , s o t h e r e s u l t s h o u l d 
b e s t a t e d s i m p l y a s a s l u m p v a l u e a n d r e f e r r e d t o a s s u c h . S i m i l a r 
c o n s i d e r a t i o n s a p p l y t o a l l t h e o t h e r s t a n d a r d t e s t s . 

S o f a r , t w o c l a s s e s o f t e r m s h a v e b e e n c o n s i d e r e d : t h e g e n e r a l o r 
q u a l i t a t i v e , a n d t h e s p e c i f i c q u a n t i t a t i v e , r e l a t e d t o t h e r e s u l t s o f 
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e m p i r i c a l t e s t s . T h e r e i s a t h i r d a n d v e r y i m p o r t a n t c l a s s c o n s i s t i n g 
o f t h o s e t e r m s t h a t h a v e b e e n d e f i n e d r i g o r o u s l y i n t e r m s o f f u n d a 
m e n t a l q u a n t i t i e s , a n d t h e s e s h o u l d n o t b e u s e d i n a n y o t h e r w a y . 
S o m e o f t h e m w i l l b e d i s c u s s e d l a t e r ; t h e y i n c l u d e v i s c o s i t y , f l u i d i t y , 
m o b i l i t y , a n d y i e l d v a l u e 3 . 

T h i s p r o p o s e d s c h e m e o f t e r m i n o l o g y 4 , w h i c h e x t e n d s s u g g e s t i o n s 
m a d e b y N e w m a n 5 , R i t c h i e 6 , a n d H u g h e s 7 , m a y b e s u m m a r i z e d a s i n 
T a b l e 1 . 1 . 

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

1.4 S U B J E C T I V E A S S E S S M E N T O F W O R K A B I L I T Y 

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

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

Table 1.1 S c h e m e o f n o m e n c l a t u r e f o r w o r k a b i l i t y 

Class I Qualitative 
W o r k a b i l i t y 

F l o w a b i l i t y 
C o m p a r a b i l i t y 
S t a b i l i t y 
F i n i s h a b i l i t y 
P u m p a b i l i t y 

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

e t c . 
Class II Quantitative empirical 

S l u m p 
C o m p a c t i n g f a c t o r 
V e b e t i m e 
F l o w t a b l e s p r e a d 

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

e t c . 
Class III Quantitative f u n d a m e n t a l 

V i s c o s i t y 
M o b i l i t y 
F l u i d i t y 
Y i e l d v a l u e 

T o b e u s e d s t r i c t l y i n c o n f o r m i t y w i t h 
t h e d e f i n i t i o n s i n B S 5 1 6 8 : 1 9 7 5 
Glossary of rheological t e r m s . 

e t c . 
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d e s c r i p t i o n . F o r e x a m p l e , Road Note 4 8 , w h i c h f o r m a n y y e a r s w a s t h e 
b e s t - k n o w n a c c o u n t i n t h e U K o f a m e t h o d o f m i x d e s i g n , g a v e f i g u r e s 
f o r s l u m p a n d c o m p a c t i n g f a c t o r o f c o n c r e t e s s u i t a b l e f o r v a r i o u s t y p e s 
o f j o b , b u t a l s o u s e d t h e t e r m s h i g h , m e d i u m , l o w , a n d v e r y l o w w o r k 
a b i l i t y , a n d E r n t r o y a n d S h a c k l o c k 9 , i n t h e i r w o r k o n h i g h - s t r e n g t h 
m i x e s , f o u n d i t n e c e s s a r y t o i n t r o d u c e a f u r t h e r c a t e g o r y o f e x t r e m e l y 
l o w w o r k a b i l i t y . O t h e r m e t h o d s o f m i x d e s i g n , s u c h a s t h o s e p r o p o s e d 
b y M c i n t o s h 1 0 , O w e n s 1 1 , M u r d o c k a n d B l a c k l e d g e 1 2 , H u g h e s 7 a n d 
A l e x a n d e r s o n 1 3 a l l g i v e a q u a l i t a t i v e d e s c r i p t i o n o f t h e w o r k a b i l i t i e s 
r e q u i r e d f o r p a r t i c u l a r t y p e s o f j o b , a n d q u o t e c o r r e s p o n d i n g v a l u e s o f 
o n e o r m o r e o f s l u m p , c o m p a c t i n g f a c t o r , a n d V e b e t i m e . 

T h e r e i s n o d o u b t t h a t s u b j e c t i v e a s s e s s m e n t o f w o r k a b i l i t y , a s o f 
m a n y o t h e r p h y s i c a l p r o p e r t i e s , c a n b e a u s e f u l g u i d e w h e n c a r r i e d 
o u t b y a v e r y e x p e r i e n c e d m a n , b u t i t h a s s e v e r e l i m i t a t i o n s . I t c a n n o t 
r e a d i l y b e q u a n t i f i e d , s o i n f o r m a t i o n i s n o t e a s y t o p a s s o n , a n d a l s o i t 
m u s t b e r e a l i s e d t h a t t h e d e s c r i p t i o n ' e x p e r i e n c e d ' d o e s n o t i m p l y j u s t 
a w i d e g e n e r a l e x p e r i e n c e b u t a f a i r l y s p e c i f i c e x p e r i e n c e o f p a r t i c u l a r 
m i x c o m p o n e n t s a n d p r o p o r t i o n s . I n Design of Normal concrete mixes14, 
w h i c h i s i n t e n d e d a s a r e p l a c e m e n t f o r Road Note 4 , t h e r e i s n o a t t e m p t 
t o d e s c r i b e t h e w o r k a b i l i t y f o r v a r i o u s j o b s . I n s t e a d , i t i s s t a t e d : ' I t 
i s n o t c o n s i d e r e d p r a c t i c a l f o r t h i s p u b l i c a t i o n t o d e f i n e t h e w o r k a b i l i t y 
r e q u i r e d f o r v a r i o u s t y p e s o f c o n s t r u c t i o n o r p l a c i n g c o n d i t i o n s s i n c e 
t h i s i s a f f e c t e d b y m a n y f a c t o r s . ' * 

1 . 5 E M P I R I C A L M E T H O D S O F M E A S U R E M E N T 

T h e l i m i t a t i o n s o f s u b j e c t i v e a s s e s s m e n t s o o n m a d e i t o b v i o u s t h a t 
m o r e o b j e c t i v e m e t h o d s w e r e n e e d e d , a n d t h e i m p o r t a n c e a t t a c h e d t o 
t h e m a t t e r i s i n d i c a t e d b y t h e f a c t t h a t o v e r o n e h u n d r e d d i f f e r e n t 
m e t h o d s h a v e b e e n p r o p o s e d f o r m e a s u r e m e n t o f w o r k a b i l i t y . T h e y 
m a y b e r o u g h l y c l a s s i f i e d a s f l o w t e s t s , r e m o u l d i n g t e s t s , d e f o r m i n g 
t e s t s , c o m p a c t i n g t e s t s , p e n e t r a t i o n a n d p u l l - o u t t e s t s , d r o p t e s t s , a n d 
m i x e r t e s t s , w i t h o t h e r s t h a t d o n o t f i t c o n v e n i e n t l y i n t o o n e o f t h e s e 
c a t e g o r i e s . T h e y h a v e b e e n l i s t e d e l s e w h e r e a n d h a v e b e e n r e v i e w e d 
r e c e n t l y b y W i e r i g 1 6 ; t h e r e i s n o t h i n g t o b e g a i n e d b y a f u r t h e r d e t a i l e d 
c o n s i d e r a t i o n o f t h e m h e r e . 

I n g e n e r a l , t h e s e t e s t s l a c k a n y s o u n d t h e o r e t i c a l b a s i s a n d t h e y 
o f t e n i n v o l v e t h e f o r m u l a t i o n o f q u i t e a r b i t r a r y d e f i n i t i o n s o f w o r k 
a b i l i t y t h a t h a v e b e e n c r i t i c i s e d e a r l i e r . A n o t h e r c u r i o u s f e a t u r e i s 
t h a t s o m e a u t h o r s h a v e p r o p o s e d a n e w t e s t o n t h e g r o u n d s t h a t t h e 
e s t a b l i s h e d s l u m p t e s t ( t o b e d i s c u s s e d l a t e r ) i s i n a d e q u a t e , a n d h a v e 
t h e n s o u g h t t o j u s t i f y t h e i r n e w t e s t b y s h o w i n g t h a t i t g i v e s r e s u l t s 
t h a t c o r r e l a t e w i t h t h o s e o f t h e s l u m p t e s t . T h e r e h a v e b e e n s e v e r a l 

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

M o s t o f t h e s e e m p i r i c a l t e s t s h a v e b e e n u s e d o n l y b y t h e i n v e n t o r ; 
t h e o n e s t h a t h a v e s u r v i v e d a n d b e c o m e m o r e w i d e l y k n o w n a r e t h o s e 
t h a t h a v e b e e n s e l e c t e d f o r i n c o r p o r a t i o n i n o n e o r m o r e n a t i o n a l 
s t a n d a r d s . B y f a r t h e b e s t k n o w n o f t h e s e i s t h e s l u m p t e s t , w h i c h , 
w i t h t h e o t h e r i m p o r t a n t o n e s , w i l l b e c o n s i d e r e d i n t h e n e x t c h a p t e r . 
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C o n c r e t e , L o n d o n , M a y 1 9 5 4 , 5 5 - 7 3 . L o n d o n : C e m e n t & C o n c r e t e 
A s s o c i a t i o n . 

1 0 . M c i n t o s h , J . D . ( 1 9 6 4 ) C o n c r e t e M i x D e s i g n . L o n d o n : C e m e n t & C o n c r e t e 
A s s o c i a t i o n . 

I I . O w e n s , P . L . ( 1 9 7 3 ) Basic M i x M e t h o d . Selection of Proportions f o r M e d i u m 
S t r e n g t h C o n c r e t e s . L o n d o n : C e m e n t a n d C o n c r e t e A s s o c i a t i o n . 

1 2 . M u r d o c k , L . J . a n d B l a c k l e d g e , G . F . ( 1 9 6 8 ) C o n c r e t e Materials and Practice, 
4 t h e d n . L o n d o n : E . A r n o l d . 

1 3 . A l e x a n d e r s o n , J . ( 1 9 7 3 ) T h e i n f l u e n c e o f t h e p r o p e r t i e s o f c e m e n t a n d 
a g g r e g a t e o n t h e c o n s i s t e n c e o f c o n c r e t e , i n Fresh C o n c r e t e : Important Pro
perties a n d their M e a s u r e m e n t , P r o c e e d i n g s of a R I L E M S y m p o s i u m 2 2 - 2 4 M a r c h 
1 9 7 3 , 2, 3 . 2 - 1 - 3 . 2 - 1 6 . L e e d s , T h e U n i v e r s i t y . 

1 4 . T e y c h e n n e , D . C . , F r a n k l i n , R . F . a n d E r n t r o y , H . C . ( 1 9 8 8 ) D e s i g n of N o r m a l 
C o n c r e t e M i x e s , r e v i s e d e d n . B u i l d i n g R e s e a r c h E s t a b l i s h m e n t . 

1 5 . T a t t e r s a l l , G . H . ( 1 9 7 6 ) The Workability of C o n c r e t e , V i e w p o i n t P u b l i c a t i o n , 
C e m e n t & C o n c r e t e A s s o c i a t i o n . 

1 6 . W i e r i g , H . - J . ( 1 9 8 4 ) Verfahren z u r P r u f u n g der Konsistenz von F r i s c h m o r t e l 
und F r i s c h b e t o n . S c h r i f t e n r e i h e d e s B u n d e s v e r b a n d e s d e r D e u t s c h e n 
T r a n s p o r t b e t o n i n d u s t r i e . 
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I n h i s r e v i e w o f w o r k a b i l i t y t e s t s , a l r e a d y m e n t i o n e d , W i e r i g i n d i c a t e s 
w h i c h o f t h e m h a v e b e e n a d o p t e d a s s t a n d a r d i n 2 4 d i f f e r e n t c o u n t r i e s , 
b y m e a n s o f a t a b l e , a s l i g h t l y c o m p r e s s e d v e r s i o n o f w h i c h i s g i v e n 
h e r e a s T a b l e 2 . 1 . A l t h o u g h t h e i n f o r m a t i o n i s n o t c o m p l e t e l y u p t o 
d a t e ( e . g . t h e f l o w t e s t h a s b e e n w i t h d r a w n f r o m t h e A S T M s p e c i f i c a 
t i o n s i n t h e U S A ) , W i e r i g ' s t a b l e s h o w s v e r y c l e a r l y t h e e m p h a s i s l a i d 
b y t h e v a r i o u s a u t h o r i t i e s . T h e r e i s a l m o s t c o m p l e t e u n a n i m i t y i n 
s e l e c t i o n o f t h e s l u m p t e s t a n d t h e r e i s s t r o n g s u p p o r t f o r a f l o w t e s t 
( u s u a l l y a f l o w t a b l e ) , t h e V e b e c o n s i s t o m e t e r , a n d a c o m p a c t i o n t e s t , 
s o t h e s e w i l l b e d i s c u s s e d i n d e t a i l . 

M o s t n a t i o n a l s t a n d a r d s s p e c i f y s e v e r a l d i f f e r e n t t e s t s a n d t h e r e a s o n 
f o r t h i s , o f c o u r s e , i s t h a t n o o n e o f t h e t e s t s i s c a p a b l e o f d e a l i n g 
w i t h t h e w h o l e r a n g e o f w o r k a b i l i t i e s t h a t i s o f i n t e r e s t i n p r a c t i c e . 
S o m e t i m e s t h e r a n g e f o r w h i c h a p a r t i c u l a r t e s t i s c o n s i d e r e d t o b e 
s u i t a b l e i s s t a t e d ; f o r e x a m p l e , i n B S 1 8 8 1 t h e r e c o m m e n d a t i o n s s h o w n 
i n T a b l e 2 . 2 a r e g i v e n . D e v e l o p m e n t s i n c o n c r e t e t e c h n o l o g y m a y r e s u l t 
i n t h e a d d i t i o n o f f u r t h e r t e s t s a t i n t e r v a l s ; f o r e x a m p l e , f o r m a n y 
d e c a d e s B S 1 8 8 1 c o n t a i n e d t h r e e t e s t s , s l u m p , c o m p a c t i n g f a c t o r a n d 
V e b e , b u t s i n c e n o n e o f t h e s e i s c a p a b l e o f d e a l i n g w i t h v e r y h i g h 
w o r k a b i l i t y , t h e a d v e n t o f f l o w i n g c o n c r e t e s a s s o c i a t e d w i t h t h e u s e o f 
s u p e r p l a s t i c i z e r s r e s u l t e d i n t h e a d d i t i o n o f t h e f l o w - t a b l e t e s t t a k e n 
f r o m t h e G e r m a n D I N s p e c i f i c a t i o n . 

T h e i n c l u s i o n o f a t e s t i n a s t a n d a r d d o e s n o t n e c e s s a r i l y m e a n t h a t i t 
i s a c t u a l l y u s e d i n p r a c t i c e . I n t h e U K , t h e V e b e c o n s i s t o m e t e r i s r a r e l y 
( i f e v e r ) u s e d o u t s i d e a l a b o r a t o r y a n d i t i s p r o b a b l y t r u e t o s a y t h a t 
m o s t p r a c t i s i n g e n g i n e e r s h a v e n e v e r e v e n h e a r d o f i t . B y f a r t h e m o s t 
c o m m o n l y u s e d t e s t , i n s p e c i f i c a t i o n s a n d i n p r a c t i c e , i s t h e s l u m p t e s t ; 
l e s s f r e q u e n t l y , t h e c o m p a c t i n g f a c t o r i s u s e d f o r l o w e r - w o r k a b i l i t y 
c o n c r e t e s o f t h e p a v e m e n t q u a l i t y t y p e . 
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Table 2.2 R e c o m m e n d e d r a n g e s f o r t e s t m e t h o d s 
a s i n B S 1 8 8 1 

Workability M e t h o d 

V e r y l o w V e b e t i m e 
L o w V e b e t i m e , c o m p a c t i n g f a c t o r 
M e d i u m C o m p a c t i n g f a c t o r , s l u m p 
H i g h C o m p a c t i n g f a c t o r , s l u m p , f l o w 
V e r y h i g h F l o w 

2.1 S A M P L I N G 

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

P a r t 1 0 1 o f B S 1 8 8 1 l a y s d o w n a m e t h o d o f s a m p l i n g f r e s h c o n c r e t e 
o n s i t e , a n d t h e l a t e r p a r t s , d e a l i n g w i t h t h e w o r k a b i l i t y t e s t s , r e q u i r e 
t h a t t h e s p e c i f i e d m e t h o d b e u s e d . A s t a n d a r d s c o o p o f a p p r o x i m a t e l y 
5 k g c a p a c i t y i s s p e c i f i e d a n d t h e n u m b e r o f s c o o p f u l s n e e d e d f o r e a c h 
o f t h e t e s t s i s g i v e n ( s i x f o r c o m p a c t i n g f a c t o r , f o u r f o r e a c h o f t h e 
o t h e r s ) , e a c h o n e t o b e t a k e n f r o m a d i f f e r e n t p a r t o f t h e b a t c h . W h e n 
s a m p l i n g f r o m a b a t c h m i x e r o r a r e a d y - m i x e d c o n c r e t e t r u c k , t h e v e r y 
f i r s t a n d v e r y l a s t p a r t s o f t h e d i s c h a r g e a r e t o b e d i s r e g a r d e d , a n d , 
f o r t h e t r u c k , t h e d i v i s i o n i n t o p a r t s m a y b e o n t h e b a s i s o f a g i v e n 
n u m b e r o f d i s c h a r g i n g r e v o l u t i o n s o f t h e r o t a t i n g d r u m . S a m p l i n g 
f r o m a s t r e a m o f c o n c r e t e i s t o b e d o n e b y p a s s i n g t h e s c o o p t h r o u g h 
t h e w h o l e w i d t h o f t h e s t r e a m i n a s i n g l e o p e r a t i o n . 

P a r t 1 0 2 o f t h e S t a n d a r d p e r m i t s a m o d i f i c a t i o n o f s a m p l i n g p r o 
c e d u r e f o r t h e m e a s u r e m e n t o f s l u m p o f c o n c r e t e d e l i v e r e d i n a t r u c k , 
i n t h a t t h e s a m p l e m a y b e t a k e n f r o m t h e i n i t i a l d i s c h a r g e a f t e r a l l o w 
i n g a d i s c h a r g e o f a b o u t 0 . 3 m 3 , b u t w h e n t h i s i s d o n e t h e s a m p l e 
s h o u l d b e s p l i t i n h a l f a n d a t e s t c a r r i e d o u t o n e a c h h a l f . B e c a u s e t h e 
s a m p l e c a n n o t b e r e g a r d e d a s f u l l y r e p r e s e n t a t i v e , t h e p e r m i t t e d l i m i t s 
o n t h e r e s u l t a r e i n c r e a s e d b e y o n d t h o s e a p p l y i n g f o r t h o s e f r o m 
s a m p l e s o b t a i n e d a s i n P a r t 1 0 1 . 

O n c e t h e s a m p l e h a s b e e n o b t a i n e d , t h e s p e c i f i c a t i o n f o r e a c h o f t h e 
f o u r B S w o r k a b i l i t y t e s t s r e q u i r e s t h a t i t b e f u r t h e r h o m o g e n i z e d b y 
t h o r o u g h m i x i n g b y h a n d o n a t r a y a n d t u r n i n g o v e r t h r e e t i m e s . 

T h e r e q u i r e m e n t s o f t h e A S T M S t a n d a r d C 1 7 2 - 8 2 a r e s i m i l a r t o , 
t h o u g h s o m e w h a t l e s s d e t a i l e d t h a n , t h o s e o f B S 1 8 8 1 . S a m p l i n g f r o m 
e i t h e r s t a t i o n a r y o r t r u c k m i x e r s i s t o b e ' a t t w o o r m o r e r e g u l a r l y 
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s p a c e d i n t e r v a l s d u r i n g d i s c h a r g e o f t h e m i d d l e p o r t i o n o f t h e b a t c h ' 
a n d a r e c e p t a c l e ( n o t s p e c i f i e d ) i s t o b e p a s s e d t h r o u g h t h e e n t i r e 
d i s c h a r g e s t r e a m . I n d i v i d u a l s a m p l e s a r e t o b e c o m b i n e d . 

T h e j u s t i f i c a t i o n f o r t h e s e s a m p l i n g p r o c e d u r e s w i l l b e d i s c u s s e d 
l a t e r i n r e l a t i o n t o m i x i n g p r o c e s s e s . T h e r e i s n o d o u b t t h a t , i n p r a c t i c e , 
i t i s c o m m o n f o r i n a d e q u a t e a t t e n t i o n t o b e p a i d t o t h e m . T h e ASTM 
Manual of Aggregate and Concrete Testing s p e c i f i c a l l y w a r n s a g a i n s t t h e 
d e v e l o p m e n t o f u n s a t i s f a c t o r y p r o c e d u r e s w h e n i n S e c t i o n 1 5 i t r e f e r s 
t o t h e s t a n d a r d C I 7 2 a n d g o e s o n t o s a y : T h e p r a c t i c e o f s a m p l i n g 
c o n c r e t e f r o m t h e d i s c h a r g e s t r e a m o f a m i x e r o r t r u c k , o r f r o m a p i l e , 
b y m e a n s o f a s c o o p o r s h o v e l , a n d t h e n f i l l i n g a t e s t c o n t a i n e r ( e . g . a 
s l u m p c o n e ) w i t h s e v e r a l s u c h s a m p l e s w i t h o u t t h e r e q u i r e d r e m i x i n g 
s h o u l d n o t b e p e r m i t t e d ' . 

2.2 T H E S L U M P T E S T 

A s r e m a r k e d e a r l i e r , t h e s l u m p t e s t i s b y f a r t h e b e s t k n o w n a n d m o s t 
c o m m o n l y u s e d t e s t a n d i s b a s e d o n o r i g i n a l p r o p o s a l s b y A b r a m s . T h e 
a p p a r a t u s a s s p e c i f i e d i n B S 1 8 8 1 P a r t 1 0 2 i s s h o w n i n F i g u r e 2 . 1 . I t 
c o n s i s t s o f a h o l l o w f r u s t r u m o f a c o n e m a d e o f s h e e t m e t a l a n d o p e n 
a t b o t h e n d s ( h e i g h t 3 0 0 m m , b o t t o m d i a m e t e r 2 0 0 m m , t o p d i a m e t e r 
1 0 0 m m ) . I t i s h e l d d o w n f i r m l y o n a n o n - a b s o r b e n t b a s e p l a t e b y t h e 
o p e r a t o r s t a n d i n g o n t h e f o o t p i e c e s p r o v i d e d , a n d i s f i l l e d f r o m t h e t o p 
i n a s t a n d a r d m a n n e r , i . e . i n t h r e e l a y e r s w i t h a s t a n d a r d m e t h o d o f 
r o d d i n g . A f t e r f i l l i n g , t h e c o n e i s l i f t e d v e r t i c a l l y ( ' s l o w l y a n d c a r e f u l l y 
i n 5 s t o 1 0 s ' ) a n d t h e c o n c r e t e i s a l l o w e d t o s l u m p . T h e a m o u n t o f 
s l u m p i s m e a s u r e d a n d i s r e c o r d e d t o t h e n e a r e s t 5 m m . 

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

T h e r e a r e v a r i o u s t y p e s o f s l u m p a s i l l u s t r a t e d i n F i g u r e 2 . 2 : t h e t r u e 
s l u m p , t h e c o l l a p s e , a n d t h e s h e a r s l u m p , w h e n o n e h a l f o f t h e c o n e 
s h e a r s o f f a l o n g a n i n c l i n e d p l a n e . T h e S t a n d a r d s a y s t h a t t h e t e s t 
i s v a l i d o n l y i f i t y i e l d s a t r u e s l u m p w h e r e t h e c o n c r e t e r e m a i n s 
s u b s t a n t i a l l y i n t a c t a n d s y m m e t r i c a l , a n d t h a t i f t h e s p e c i m e n s h e a r s o r 
c o l l a p s e s a n o t h e r s a m p l e m u s t b e t a k e n a n d t h e t e s t r e p e a t e d . T h e 
r e p o r t i s r e q u i r e d t o s t a t e w h a t f o r m o f s l u m p w a s o b t a i n e d a n d , i f i t 
w a s a t r u e s l u m p , t h e v a l u e o f t h e s l u m p a s m e a s u r e d t o t h e h i g h e s t 
p o i n t o f t h e s l u m p e d s p e c i m e n . I n p r a c t i c e i t i s q u i t e c o m m o n f o r 
w h a t w o u l d o t h e r w i s e b e a t r u e s l u m p , a s d e f i n e d i n t h e S t a n d a r d , t o 
b e a s y m m e t r i c a l b y l e a n i n g s l i g h t l y t o o n e s i d e s o t h a t t h e t o p s u r f a c e 
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i s n o l o n g e r h o r i z o n t a l ; i n s u c h c a s e , m e a s u r e m e n t t o t h e h i g h e s t p o i n t 
w o u l d n o r m a l l y b e r e p o r t e d . 

T h e r e m a y b e s l i g h t d i f f e r e n c e s i n a p p a r a t u s o r p r o c e d u r e i n v a r i o u s 
c o u n t r i e s a n d , f o r e x a m p l e , t h e c o n e f o r t h e s l u m p t e s t a s s p e c i f i e d i n 
A S T M s p e c i f i c a t i o n C 1 4 3 - 7 8 h a s a h e i g h t o f 1 2 i n , a b o t t o m d i a m e t e r o f 
8 i n a n d a t o p d i a m e t e r o f 4 i n . T h e s e d i m e n s i o n s a r e t h e s a m e a s t h o s e 
t h a t a p p l i e d t o t h e B r i t i s h c o n e b e f o r e t h e U K a d o p t i o n o f S I u n i t s . 
T h e r e i s n o r e f e r e n c e i n C 1 4 3 t o a r e q u i r e d s y m m e t r y o f t h e s l u m p e d 
c o n e b u t , a s i n t h e B r i t i s h t e s t , s h e a r s l u m p r e s u l t s a r e t o b e d i s c a r d e d . 
T h e ASTM Manual, q u o t e d a b o v e , r e f e r s i n S e c t i o n 1 8 t o t h e s l u m p t e s t 
a n d a d d s t h e w a r n i n g t h a t r o t a t i o n o f t h e m e t a l c o n e a s i t i s w i t h d r a w n 
i s n o t a l l o w e d . 

T h e s l u m p t e s t i s s e n s i t i v e t o v a r i a t i o n s i n o p e r a t o r t e c h n i q u e , i n 
t e n d e d o r o t h e r w i s e , a n d i s a l s o s u b j e c t t o o t h e r c r i t i c i s m s s u m m a r i z e d , 
f o r e x a m p l e , b y G l a n v i l l e , C o l l i n s a n d M a t t h e w s 1 4 0 y e a r s a g o . T h e y 
f o u n d t h a t , f o r o n e p a r t i c u l a r m i x , t h e a d d i t i o n o f a s m a l l a m o u n t o f 
w a t e r w o u l d r e s u l t i n c o l l a p s e o r s h e a r s l u m p s , w h i l e o n l y a l i t t l e l e s s 
w a t e r w o u l d g i v e a m u c h m o r e u n i f o r m s l u m p o f l e s s t h a n 2 5 m m . O n 
t h e o t h e r h a n d , s i m i l a r s l u m p r e s u l t s c o u l d b e o b t a i n e d f r o m m i x e s o f 
d i f f e r e n t o b s e r v e d w o r k a b i l i t i e s . T h e t e s t i s , o f c o u r s e , q u i t e i n c a p a b l e 
o f d i f f e r e n t i a t i n g b e t w e e n c o n c r e t e s o f d i f f e r e n t l e v e l s o f v e r y l o w 
w o r k a b i l i t y , w h i c h a l l g i v e z e r o s l u m p , o r o f d i f f e r e n t l e v e l s o f v e r y 
h i g h w o r k a b i l i t y , w h i c h a l l g i v e c o l l a p s e s l u m p . 

2.3 T H E C O M P A C T I N G - F A C T O R T E S T 

T h e c o m p a c t i n g - f a c t o r t e s t w a s d e v i s e d b y G l a n v i l l e , C o l l i n s a n d 
M a t t h e w s 1 b e c a u s e t h e y r e c o g n i s e d t h e i m p o r t a n c e o f a c h i e v i n g f u l l 
c o m p a c t i o n i n c o n c r e t e , a n d t h e r e f o r e t h e i m p o r t a n c e o f b e i n g a b l e t o 
m e a s u r e t h e a b i l i t y o f t h e m a t e r i a l t o b e c o m p a c t e d . T h e y a r g u e d t h a t 
t h e w o r k i n p l a c i n g c o n c r e t e i s c o m p o s e d o f t h a t l o s t i n s h o c k , a n d t h e 
u s e f u l w o r k , w h i c h i s e x p e n d e d i n o v e r c o m i n g t h e i n t e r n a l f r i c t i o n o f 
t h e c o n c r e t e i t s e l f a n d i n o v e r c o m i n g t h e f r i c t i o n a g a i n s t t h e m o u l d a n d 
t h e r e i n f o r c e m e n t . O f t h e s e , i t i s o n l y t h e l o s s a g a i n s t i n t e r n a l f r i c t i o n 
t h a t i s c h a r a c t e r i s t i c o f t h e c o n c r e t e a l o n e a n d i t i s t h i s t h a t t h e y u s e d 
a s t h e b a s i s f o r a d e f i n i t i o n o f w o r k a b i l i t y , a n d t h a t t h e y s e t o u t t o 
m e a s u r e . 

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

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

F i g u r e 2 . 3 T h e c o m p a c t i n g - f a c t o r a p p a r a t u s w h e r e c o n c r e t e i s d r o p p e d f r o m 
t h e f i r s t i n t o t h e s e c o n d h o p p e r a n d t h e n i n t o t h e c y l i n d e r . (Photo courtesey of 
the British C e m e n t Association). 
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c o n c r e t e i s d e t e r m i n e d b y w e i g h i n g t o t h e n e a r e s t 1 0 g , a n d i s d i v i d e d 
b y t h e m a s s o f c o n c r e t e r e q u i r e d t o f i l l t h e c y l i n d e r a t f u l l c o m p a c t i o n 
t o g i v e a r e s u l t k n o w n a s t h e compacting factor w h i c h i s , o f c o u r s e , a 
d e n s i t y r a t i o . T h e m a s s f o r f u l l c o m p a c t i o n i s o b t a i n e d b y f i l l i n g t h e 
c y l i n d e r w i t h c o n c r e t e o n w h i c h a s u f f i c i e n t a m o u n t o f w o r k h a s b e e n 
d o n e e i t h e r m a n u a l l y b y r o d d i n g , o r b y t h e u s e o f a v i b r a t i n g h a m m e r 
o r v i b r a t i n g t a b l e . T h e c o m p a c t i n g f a c t o r i s t o b e r e p o r t e d t o t w o 
d e c i m a l p l a c e s . 

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

C u s e n s 2 s h o w e d t h a t t h e a m o u n t o f e n e r g y i m p a r t e d t o t h e c o n c r e t e 
i n t h e c o m p a c t i n g - f a c t o r t e s t i s m u c h l e s s t h a n t h a t u s e d i n c o m p a c t i n g 
a c o n c r e t e b y v i b r a t i o n . H i s r e s u l t s a r e s h o w n i n F i g u r e 2 . 4 , f r o m 
w h i c h i t c a n b e s e e n t h a t , f o r e x a m p l e , a m i x w h o s e c o m p a c t i n g f a c t o r 
( o r d e n s i t y r a t i o ) w a s 0 . 7 0 , a c h i e v e d a d e n s i t y r a t i o o f 0 . 8 8 w h e n 
i t w a s v i b r a t e d u n d e r t h e v e r y m i l d c o n d i t i o n s o f 1 . 5 g a t 1 0 0 H z . 
C u s e n s c o n c l u d e d , t h e r e f o r e , t h a t t h e t e s t s e e m s u n s a t i s f a c t o r y f o r d r y 
m i x e s , a n d H u g h e s 3 b e l i e v e s t h a t , w h e n v i b r a t i o n i s u s e d , t h e V e b e 
c o n s i s t o m e t e r i s p r e f e r a b l e . 

A l t h o u g h i t i s n o t s t r i c t l y i n a c c o r d w i t h t h e r e q u i r e m e n t s o f t h e 
S t a n d a r d , t h e m a s s o f f u l l y c o m p a c t e d c o n c r e t e m a y b e f o u n d b y 
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Figure 2.4 R e l a t i o n s h i p b e t w e e n d e n s i t y r a t i o a n d m a x i m u m a c c e l e r a t i o n 
d e t e r m i n e d f r o m t e s t s o n 1 0 2 m m c u b e s . A l l s p e c i m e n s v i b r a t e d f o r o n e m i n u t e 
a t 1 0 0 H z . ( C u s e n s ) 
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c o m p a c t i n g t h e p a r t i a l l y c o m p a c t e d m a t e r i a l u s i n g a n i n t e r n a l v i b r a t o r , 
o r p o k e r , a n d a d d i n g f u r t h e r c o n c r e t e . A n y o n e w h o h a s u s e d t h i s 
m e t h o d m u s t h a v e n o t i c e d t h a t a g o o d e s t i m a t e o f t h e c o m p a c t i n g 
f a c t o r m a y b e m a d e b y n o t i n g t h e d r o p i n l e v e l o f t h e p a r t i a l l y c o m 
p a c t e d c o n c r e t e a s i t i s v i b r a t e d a n d f u r t h e r c o m p a c t e d . A m e t h o d o f 
a s s e s s i n g c o m p a c t a b i l i t y v o l u m e t r i c a l l y i s i n c l u d e d i n t h e G e r m a n D I N 
s t a n d a r d , a n d o n e i s a l s o t h e s u b j e c t o f a B r i t i s h D r a f t f o r D e v e l o p m e n t 
( o r D D ) , s o i t m i g h t e v e n t u a l l y b e i n c o r p o r a t e d i n B S 1 8 8 1 . 

T h e G e r m a n m e t h o d , d e s c r i b e d i n D I N 1 0 4 8 , c o n s i s t s o f p l a c i n g 
t h e c o n c r e t e l o o s e l y i n a m e t a l b o x t h a t i s o p e n a t t h e t o p a n d h a s 
d i m e n s i o n s o f h e i g h t 4 0 0 m m , b a s e 2 0 0 x 2 0 0 m m , a n d m e a s u r i n g t h e 
d r o p i n h e i g h t o f t h e c o n c r e t e a s i t i s c o m p a c t e d . A c o m p a c t i o n i n d e x i s 
d e f i n e d a s t h e r a t i o o f t h e i n i t i a l h e i g h t ( 4 0 0 m m ) t o t h e f i n a l h e i g h t , 
a n d i t s h o u l d b e n o t e d t h a t t h i s i s a q u a n t i t y t h a t i s i n v e r s e l y r e l a t e d t o 
c o m p a c t i n g f a c t o r . 

2.4 T H E V E B E C O N S I S T O M E T E R 

T h e V e b e c o n s i s t o m e t e r i s t h e t h i r d o f t h e B r i t i s h S t a n d a r d t e s t s . I t i s a 
d e v e l o p m e n t o f t h e r e m o u l d i n g t e s t o f P o w e r s 4 , a n d w a s o r i g i n a l l y 
p r o p o s e d b y B a h r n e r 5 t o p r o v i d e a t e s t m e a n t t o b e o f p a r t i c u l a r u s e f o r 
c o n c r e t e s i n t e n d e d f o r p l a c i n g b y v i b r a t i o n . T h e a p p a r a t u s i s s h o w n i n 
F i g u r e 2 . 5 . A c y l i n d r i c a l c o n t a i n e r ( d i a m e t e r 2 4 0 m m , h e i g h t 2 0 0 m m ) i s 
m o u n t e d o n a v i b r a t i n g t a b l e ( f r e q u e n c y 5 0 H z , a m p l i t u d e w i t h o u t 
c o n c r e t e 0 . 3 5 m m ) a n d a s e p a r a t e s l u m p c o n e i s p r o v i d e d . T o c a r r y o u t 
a t e s t , a s l u m p c o n e o f c o n c r e t e i s f o r m e d i n s i d e t h e c y l i n d e r b y f i l l i n g 
t h e m e t a l s l u m p c o n e i n a s t a n d a r d m a n n e r a n d t h e n r e m o v i n g i t . 
A t r a n s p a r e n t c i r c u l a r p l a t e , o f s t a n d a r d w e i g h t , w h o s e d i a m e t e r 
( 2 3 0 m m ) i s a l i t t l e l e s s t h a n t h e i n t e r n a l d i a m e t e r o f t h e c y l i n d e r , a n d 
w h i c h i s m o u n t e d h o r i z o n t a l l y o n t h e l o w e r e n d o f a v e r t i c a l r o d t h a t 
s l i d e s i n a g u i d e , i s p l a c e d o n t o p o f t h e c o n c r e t e a n d t h e v i b r a t o r i s 
s w i t c h e d o n . 

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

I f t h e s l u m p o c c u r r i n g b e f o r e t h e v i b r a t o r i s s w i t c h e d o n i s a 'true' 
s l u m p i t i s t o b e m e a s u r e d , b u t i f i t i s a ' s h e a r ' s l u m p o r i f t h e c o n c r e t e 
s u b s i d e s t o t o u c h t h e s i d e o f t h e c y l i n d r i c a l c o n t a i n e r , m e a s u r e m e n t o f 
t h e V e b e t i m e i s t o p r o c e e d s t r a i g h t a w a y . 
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Figure 2.5 T h e V e b e a p p a r a t u s . (Photo courtesey of the British C e m e n t Association). 

I n p r a c t i c e , t h e v i b r a t i n g t a b l e o f t h e V e b e c o n s i s t o m e t e r i s a c t i v a t e d 
b y t h e r o t a t i n g e c c e n t r i c t y p e o f v i b r a t o r , s o t h e w a v e f o r m i s m u c h 
m o r e c o m p l i c a t e d t h a n a p u r e s i n e w a v e , a n d c o n s e q u e n t l y t h e d e f i n i 
t i o n o f t h e v i b r a t i o n p a r a m e t e r s , f r e q u e n c y a n d a m p l i t u d e , i s n o t a s 
s i m p l e a s i s i m p l i e d i n t h e S t a n d a r d . H o w e v e r , t h e m a i n c r i t i c i s m 
s p e c i f i c t o t h i s t e s t i s t h a t t h e s t a r t i s i l l - d e f i n e d b e c a u s e t h e v i b r a t i o n 
t a k e s t i m e t o b u i l d u p , a n d t h e e n d - p o i n t i s i l l - d e f i n e d b e c a u s e t h e r a t e 
o f w e t t i n g o f t h e d i s c w i t h g r o u t d e c r e a s e s w i t h t i m e a n d m a y e v e n 
r e a c h z e r o b e f o r e t h e w h o l e a r e a i s c o v e r e d . I t i s i n p r i n c i p l e b a d 
p r a c t i c e t o u s e a n e n d - p o i n t t h a t i s a p p r o a c h e d a t a d e c r e a s i n g r a t e , o r 
e v e n a s y m p t o t i c a l l y . 



T h e flow-table t e s t 2 1 

S o m e i n v e s t i g a t o r s 6 , 7 h a v e s u g g e s t e d t h e u s e o f s e t t l e m e n t / t i m e 
r e c o r d e r s , b u t H u g h e s a n d B a h r a m i a n 8 f o u n d t h a t t h e r e s u l t i n g c u r v e 
d i d n o t f a c i l i t a t e m o r e a c c u r a t e a s s e s s m e n t o f t h e V e b e t i m e . T h e y d i d 
h o w e v e r s u g g e s t t h a t t h e a r e a u n d e r t h e c u r v e c o u l d b e u s e d t o g i v e a n 
i n d i c a t i o n o f t h e c o h e s i v e n e s s o f t h e c o n c r e t e . 

B a h r n e r i n t r o d u c e d a c o r r e c t i o n f a c t o r t o t h e V e b e t i m e , t, a n d 
e x p r e s s e d h i s r e s u l t i n V e b e d e g r e e s g i v e n b y (V'/V0)t w h e r e V0 a n d 
V a r e t h e v o l u m e s o f c o n c r e t e b e f o r e a n d a f t e r v i b r a t i o n . H u g h e s a n d 
B a h r a m i a n h a v e p o i n t e d o u t t h a t s i n c e a c o n c r e t e t h a t l o s e s i t s a i r v o i d s 
i n t h e m a k i n g o f t h e s l u m p c o n e w i l l h a v e n o c o r r e c t i o n a p p l i e d t o t h e 
V e b e t i m e , w h e r e a s a l e s s w o r k a b l e c o n c r e t e t h a t d o e s n o t l o s e a i r u n t i l 
v i b r a t i o n i s a p p l i e d w i l l h a v e i t s V e b e t i m e r e d u c e d , t h e e f f e c t o f t h e 
c o r r e c t i o n f a c t o r i s t h e o p p o s i t e t o w h a t m i g h t b e e x p e c t e d . T h e y 
c o n c l u d e d t h a t t h e u s e o f V e b e d e g r e e s i n s t e a d o f V e b e t i m e i s a n 
u n n e c e s s a r y c o m p l i c a t i o n . 

2 . 5 T H E F L O W - T A B L E T E S T 

T h e a d v e n t o f t h e u s e o f s u p e r p l a s t i c i z e r s t o p r o d u c e c o n c r e t e s o f v e r y 
h i g h w o r k a b i l i t y l e d t o p r o b l e m s o f a s s e s s m e n t b e c a u s e i t w a s o b v i o u s 
t h a t n o n e o f t h e e x i s t i n g t h r e e B r i t i s h S t a n d a r d t e s t s c o u l d b e u s e d . 
T h e s l u m p t e s t c o u l d n o t c o p e b e c a u s e a l l t h e s e c o n c r e t e s g a v e a 
' c o l l a p s e ' s l u m p , a n d s i n c e t h e o t h e r t w o t e s t s w e r e d e v e l o p e d f o r 
c o n c r e t e s o f l o w e r w o r k a b i l i t y t h a n t h o s e f o r w h i c h t h e s l u m p t e s t w a s 
t h o u g h t t o b e a p p r o p r i a t e , t h e y c o u l d n o t c o p e e i t h e r . T h e s o l u t i o n 
a d o p t e d w a s t o i n c l u d e i n t h e 1 9 8 3 e d i t i o n o f B S 1 8 8 1 a t e s t t a k e n f r o m 
t h e G e r m a n s p e c i f i c a t i o n D I N 1 0 4 8 . T h i s i s t h e f l o w - t a b l e t e s t . 

T h e f l o w t a b l e , s h o w n i n F i g u r e 2 . 6 , u s u a l l y c o n s i s t s o f a w o o d e n 
b o a r d 7 0 0 m m x 7 0 0 m m w h i c h i s c o n n e c t e d b y h i n g e s t o a b a s e b o a r d 
o f s i m i l a r d i m e n s i o n s . T h u s w h e n t h e b a s e b o a r d r e s t s o n t h e f l o o r t h e 
u p p e r b o a r d c a n b e r a i s e d t h r o u g h a n a n g l e t o t h e h o r i z o n t a l w h i c h 
m a y b e f i x e d a t a n y c h o s e n v a l u e b y t h e p r o v i s i o n o f a s u i t a b l e s t o p . I n 
f a c t t h e s t o p i s s o a r r a n g e d t h a t t h e v e r t i c a l m o v e m e n t o f t h e f r e e e d g e 
i s l i m i t e d t o 4 0 ± 1 m m . T h e u p p e r b o a r d , w h i c h h a s a t o t a l m a s s o f 
1 6 ± 1 k g , i s c o v e r e d o n i t s u p p e r s u r f a c e b y a m e t a l p l a t e o f t h i c k n e s s 
n o t l e s s t h a n 1 . 5 m m , w h o s e c e n t r e i s m a r k e d b y a c r o s s , t h e a r m s o f 
w h i c h a r e p a r a l l e l t o t h e s i d e s o f t h e p l a t e a n d e x t e n d t h e f u l l w i d t h 
a n d l e n g t h . A c o n c e n t r i c c i r c l e , 2 0 0 m m i n d i a m e t e r , i s a l s o m a r k e d . 
T h e f r o n t e d g e o f t h e u p p e r b o a r d i s p r o v i d e d w i t h a h a n d l e f o r l i f t i n g 
a n d t h e f r o n t o f t h e l o w e r b o a r d i s e x t e n d e d n o t l e s s t h a n 1 2 0 m m 
b e y o n d t h e f r o n t o f t h e u p p e r b o a r d , t o p r o v i d e a t o e b o a r d . 

I n u s e , t h e flow t a b l e s h o u l d b e p l a c e d o n a f i r m a n d h o r i z o n t a l l e v e l 
s u r f a c e s o t h a t i t d o e s n o t r o c k , a n d t h e m e t a l s u r f a c e s h o u l d b e 
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Figure 2.6 T h e flow t a b l e c o n s i s t s o f a w o o d e n b o a r d , f a c e d w i t h s h e e t m e t a l , 
c o n n e c t e d t o a b a s e b o a r d , ( a ) D i a g r a m o f t h e a p p a r a t u s , ( b ) F l o w t a b l e t e s t . 
(Photo courtesey o f T i l c o n L t d ) . 

w e t t e d . A t r u n c a t e d c o n e o f t h e c o n c r e t e t o b e t e s t e d i s f o r m e d i n t h e 
c e n t r e o f t h e m e t a l s u r f a c e w i t h t h e a i d o f a m o u l d , s i m i l a r t o t h e 
n o r m a l s l u m p c o n e m o u l d i n s h a p e a n d i n b e i n g p r o v i d e d w i t h f o o t -
p i e c e s , b u t o f h e i g h t 2 0 0 m m a n d h a v i n g u p p e r a n d l o w e r d i a m e t e r s o f 
1 3 0 m m a n d 2 0 0 m m . T h e m o u l d i s f i l l e d i n t w o e q u a l l a y e r s w h i l e t h e 
t e s t e r s t a n d s o n t h e f o o t p i e c e s , a n d e a c h l a y e r i s t a m p e d t e n t i m e s w i t h 
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a w o o d e n t a m p e r o f b a s e a r e a 4 0 m m s q u a r e . W h e n t h e c o n e i s f u l l , t h e 
e x c e s s c o n c r e t e i s s t r u c k o f f w i t h a s t e e l s t r a i g h t e d g e a n d t h e p l a t e i s 
c l e a n e d . H a l f a m i n u t e a f t e r s t r i k i n g o f f , t h e m e t a l c o n e i s r e m o v e d b y 
l i f t i n g s l o w l y a n d v e r t i c a l l y o v e r a p e r i o d o f t h r e e t o s i x s e c o n d s . A f t e r 
t h i s , t h e u p p e r b o a r d i s l i f t e d t o t h e s t o p , w i t h o u t s t r i k i n g i t h e a v i l y , 
r e l e a s e d , a n d a l l o w e d t o f a l l . T h i s i s d o n e f i f t e e n t i m e s , a n d e a c h c y c l e 
i s t o t a k e b e t w e e n t h r e e a n d f i v e s e c o n d s . 

T h e b u m p i n g a c t i o n c a u s e s t h e c o n c r e t e t o s p r e a d , a n d a f t e r 1 5 
b u m p s t h e t w o d i a m e t e r s p a r a l l e l t o t h e s i d e s o f t h e t a b l e a r e m e a s u r e d . 
T h e ' s p r e a d ' i s t a k e n a s t h e a r i t h m e t i c m e a n o f t h e t w o d i a m e t e r s , 
e x p r e s s e d t o t h e n e a r e s t 5 m m . 

T h i s t e s t w a s s e v e r e l y c r i t i c i z e d b y D i m o n d a n d B l o o m e r 9 s o m e s i x 
y e a r s b e f o r e i t w a s i n c o r p o r a t e d i n t h e B r i t i s h S t a n d a r d , a n d t h e y 
r e c o m m e n d e d t h a t i t s u s e ' . . . s h o u l d c e a s e b e f o r e a b a n k o f u s e l e s s 
a n d m i s l e a d i n g i n f o r m a t i o n h a s b e e n b u i l t u p . ' T h e i r r e a s o n s w e r e a s 
f o l l o w s : 
( a ) I t i s l i k e l y t o b e o p e r a t o r - s e n s i t i v e m a i n l y b e c a u s e o f u n c e r t a i n t i e s 

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

( b ) S i m p l e c a l c u l a t i o n s h o w s t h a t , a f t e r t h e c o n c r e t e h a s s p r e a d 
a s a d i s c t o a d i a m e t e r o f 5 1 c m , w h i c h i s r e c o m m e n d e d a s t h e 
m i n i m u m f i n a l s p r e a d f o r a c o n c r e t e t o b e c l a s s i f i e d a s a f l o w i n g 
c o n c r e t e 1 0 , i t s t h i c k n e s s i s o n l y a b o u t t h e s a m e a s t h e d i m e n s i o n s 
o f a n o r m a l 2 0 m m a g g r e g a t e . T h u s t h e r e i s n o h o p e t h a t t h e t e s t 
c a n m e a s u r e b u l k p r o p e r t i e s . 

( c ) L a b o r a t o r y t e s t s o n a r a n g e o f h i g h - w o r k a b i l i t y m i x e s s h o w e d a 
h i g h l y s i g n i f i c a n t c o r r e l a t i o n ( r = 0 . 9 5 4 ) b e t w e e n t h e f i n a l s p r e a d 
S f , m e a s u r e d a s i n t h e S t a n d a r d , a n d t h e i n i t i a l s p r e a d S0, m e a s 
u r e d i m m e d i a t e l y a f t e r t h e s l u m p c o n e h a d b e e n r e m o v e d . T h i s i s 
s h o w n i n F i g u r e 2 . 7 a n d s u g g e s t s t h a t t h e i n i t i a l s p r e a d i s a t l e a s t 
a s g o o d ( o r a s b a d ) a m e a s u r e o f w o r k a b i l i t y a s f i n a l s p r e a d . O f 
c o u r s e , m e a s u r e m e n t o f i n i t i a l s p r e a d i s e s s e n t i a l l y o n l y a n a l t e r 
n a t i v e w a y o f c a r r y i n g o u t a s l u m p t e s t a n d i s t h e r e f o r e s u b j e c t t o 
a l l t h e c r i t i c i s m s t h a t a p p l y t o t h a t . 

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

( e ) A l t h o u g h i t h a s b e e n a r g u e d c o r r e c t l y t h a t t h e t e s t w i l l i n d i c a t e 
w h e t h e r t h e c o n c r e t e i s l i k e l y t o s e g r e g a t e , a d d i t i o n a l s u b j e c t i v e 
v i s u a l j u d g m e n t i s r e q u i r e d . T h a t j u d g m e n t c a n b e m a d e e q u a l l y 
w e l l o n a c o n c r e t e t h a t h a s s i m p l y b e e n t i p p e d o n t h e f l o o r . 



Figure 2.8 R e l a t i o n s h i p b e t w e e n s p r e a d a n d n u m b e r o f j o l t s i n f l o w - t a b l e t e s t s 
f o r f o u r h i g h - w o r k a b i l i t y c o n c r e t e s . ( D i m o n d and Bloomer) 



T h e flow-table t e s t 2 5 

T h e c r i t i c i s m s o f D i m o n d a n d B l o o m e r h a v e i n t h e i r t u r n b e e n 
c r i t i c i z e d b y o t h e r w o r k e r s . M o r a n d R a v i n a 1 1 c o n s i d e r t h a t b e c a u s e 
t h e o p e r a t i o n ( o f b u m p i n g ) t a k e s p l a c e 1 5 t i m e s t h e r e i s a r e d u c t i o n i n 
t h e p r o b a b i l i t y o f r a n d o m o p e r a t o r e r r o r . E v e n i f t h i s i s s o , i t d o e s 
n o t r e d u c e t h e p r o b a b i l i t y o f d i f f e r e n c e s b e t w e e n o p e r a t o r s c a u s e d b y 
d i f f e r e n c e s i n i n t e r p r e t a t i o n o f t h e r e q u i r e m e n t t o l i f t t h e b o a r d t o t h e 
s t o p ' w i t h o u t s t r i k i n g i t h e a v i l y ' , a n d t h a t i s t h e p o i n t D i m o n d a n d 
B l o o m e r w e r e e m p h a s i z i n g . M o r a n d R a v i n a a l s o e x p r e s s t h e o p i n i o n 
t h a t a l t h o u g h t h e t h i c k n e s s o f t h e c o n c r e t e w i l l b e o f t h e s a m e o r d e r a s 
t h e m a x i m u m a g g r e g a t e s i z e , ' t h e c o n c r e t e ' s b e h a v i o u r w i l l r e p r e s e n t 
t h e c o m b i n a t i o n o f i t s c o m p o n e n t s ' , b u t t h e y d o n o t s t a t e c l e a r l y t h a t 
t h e b e h a v i o u r t h e y r e f e r t o h e r e i s b e h a v i o u r i n the test, w h i c h m a y 
n o t r e l a t e i n a n y m e a n i n g f u l w a y t o b e h a v i o u r u n d e r c i r c u m s t a n c e s 
( i . e . i n p r a c t i c e o n s i t e ) w h e r e t h e b u l k p r o p e r t i e s a r e i m p o r t a n t . 

D i m o n d a n d B l o o m e r ' s f i n d i n g o f a c o r r e l a t i o n b e t w e e n i n i t i a l a n d 
f i n a l s p r e a d s h a s b e e n q u e s t i o n e d b y D h i r a n d Y a p 1 2 w h o w o r k e d o n a 
w i d e r r a n g e o f c o n c r e t e w o r k a b i l i t i e s a n d p r o d u c e d t h e r e s u l t s s h o w n 
i n F i g u r e 2 . 9 . H e r e t h e r e i s a d i s t i n c t t u r n o v e r i n t h e c u r v e a t l o w e r 
w o r k a b i l i t i e s . H o w e v e r , a n i n i t i a l s p r e a d o f 2 0 0 m m m e a n s t h a t t h e 
c o n c r e t e h a s n o t m o v e d a t a l l b e f o r e b u m p i n g , b e c a u s e t h e m o u l d 
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Figure 2.9 R e l a t i o n s h i p b e t w e e n i n i t i a l a n d f i n a l s p r e a d s i n f l o w - t a b l e t e s t s . 
( D h i r a n d Yap) 



2 6 S t a n d a r d t e s t s f o r w o r k a b i l i t y 

d i a m e t e r i s 2 0 0 m m . I f t h e p o i n t s f o r c o n c r e t e s w i t h t h i s i n i t i a l s p r e a d 
o f 2 0 0 m m a r e r e m o v e d f r o m F i g u r e 2 . 9 , t h e r e m a i n i n g p o i n t s s h o w a 
s i m p l e l i n e a r r e l a t i o n s h i p b u t w i t h a w i d e s p r e a d a b o u t t h e b e s t l i n e . 
T h i s s u g g e s t s t h e m a k i n g o f a f a i r l y a r b i t r a r y c h o i c e b e t w e e n t h e t w o 
p o s s i b l e m e a s u r e s , i n i t i a l s p r e a d o r f i n a l s p r e a d . T h e r e s u l t s o f D h i r 
a n d Y a p d o s h o w t h a t b u m p i n g c a n p r o v i d e s o m e s o r t o f d i f f e r e n t i a t i o n 
b e t w e e n c o n c r e t e s t h a t a l l g i v e t h e s a m e i n i t i a l s p r e a d o f 2 0 0 m m ( i . e . 
t h a t h a v e n o t m o v e d a t a l l i n t h e a b s e n c e o f b u m p i n g ) , a n d i t m i g h t 
t h e r e f o r e b e c l a i m e d t h a t f i n a l s p r e a d i s t h e m o r e s e n s i t i v e i n d i c a t o r . 
H o w e v e r , t h i s d o e s n o t a p p l y a t t h e o t h e r e n d o f t h e w o r k a b i l i t y r a n g e 
a s s h o w n b y t h e r e s u l t s o f D i m o n d a n d B l o o m e r a l r e a d y d i s c u s s e d 
( F i g u r e 2 . 8 ) . 

T h e f i n d i n g t h a t t h e r e i s a c o r r e l a t i o n b e t w e e n i n i t i a l a n d f i n a l 
s p r e a d s f o r h i g h - w o r k a b i l i t y c o n c r e t e s , t o g e t h e r w i t h t h e s t a t e m e n t 
t h a t m e a s u r e m e n t o f i n i t i a l s p r e a d i s o n l y a n o t h e r w a y o f m e a s u r i n g 
s l u m p , r e c e i v e s s u p p o r t f r o m r e s u l t s o f w o r k e r s w h o h a v e i n v e s t i g a t e d 
t h e r e l a t i o n s h i p b e t w e e n f i n a l s p r e a d a n d s l u m p m e a s u r e d i n t h e 
n o r m a l w a y . M o r a n d R a v i n a q u o t e r e s u l t s t o t h i s e f f e c t f r o m t h e w o r k 
o f H e w l e t t 1 3 a n d M e y e r 1 4 a n d t h e y t h e m s e l v e s c a r r i e d o u t e x p e r i m e n t s 
o n 4 2 g a p - g r a d e d c o n c r e t e s , m a n y i n c o r p o r a t i n g s u p e r p l a s t i c i z e r s a n d 
w i t h s l u m p s f r o m 1 1 0 t o 2 5 0 m m . T h e i r r e s u l t s a r e s h o w n i n F i g u r e 
2 . 1 0 . T h e y q u o t e a c o r r e l a t i o n c o e f f i c i e n t o f 0 . 9 4 a n d g i v e e q u a t i o n s 
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w h i c h t h e y s a y c a n b e u s e d t o t r a n s l a t e r e s u l t s f r o m o n e s y s t e m t o t h e 
o t h e r . I f S a n d F a r e t h e s l u m p a n d f l o w v a l u e s i n i n c h e s t h e y s a y , 

S = 0 . 5 F - 2 . 1 7 

F = 2 S + 4 . 3 ( 2 . 1 ) 

N o t i c e t h a t t h e s e c o n d o f t h e s e e q u a t i o n s i s o n l y a n a l t e r n a t i v e w a y o f 
s t a t i n g t h e f i r s t : t h e t w o e q u a t i o n s a r e o n e a n d t h e s a m e . I t i s n o t 
s t a t e d h o w t h e e q u a t i o n w a s o b t a i n e d , b u t t h e b e s t e q u a t i o n f o r p r e 
d i c t i n g S f r o m F i s n o t t h e s a m e a s t h e b e s t e q u a t i o n f o r p r e d i c t i n g F 
f r o m S ; t w o d i f f e r e n t e q u a t i o n s s h o u l d h a v e b e e n o b t a i n e d f r o m t h e 
r e s u l t s . 

F i n a l l y , M o h a n d R a v i n a b e l i e v e t h a t D i m o n d a n d B l o o m e r ' s f i n d i n g 
t h a t f i n a l s p r e a d w a s l e s s s e n s i t i v e t h a n i n i t i a l s p r e a d f o r d i f f e r e n t i a t i n g 
b e t w e e n c o n c r e t e s i s n o t i m p o r t a n t b e c a u s e : ' I t c a n b e d e d u c e d t h a t 
c o n c r e t e m i x e s w i t h d i f f e r e n t s t a t i c b e h a v i o u r s h o w e d t h e i r r e a l 
d y n a m i c b e h a v i o u r o n l y a f t e r b e i n g b u m p e d 1 5 t i m e s . T h e y t h e n 
e x h i b i t e d s i m i l a r d y n a m i c p r o p e r t i e s . ' F a r f r o m b e i n g a j u s t i f i c a t i o n f o r 
t h e f l o w - t a b l e t e s t , t h i s i s i n f a c t a c r i t i c i s m o f i t , a s w i l l b e s h o w n i n 
l a t e r d i s c u s s i o n . 

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

2 . 6 B A L L - P E N E T R A T I O N T E S T 

A s t h e n a m e i m p l i e s , t h e g e n e r a l i d e a b e h i n d a p e n e t r a t i o n t e s t i s t o 
m e a s u r e t h e p e n e t r a t i o n i n t o t h e f r e s h c o n c r e t e o f a n e l e m e n t o f a 
s p e c i f i e d s h a p e u n d e r a s p e c i f i e d l o a d , a n d t h i s l a t t e r i s o f t e n t h e s e l f -
w e i g h t o f t h e e l e m e n t . M a n y d i f f e r e n t p r o p o s a l s h a v e b e e n m a d e 
i n v o l v i n g t h e u s e o f e l e m e n t s o f a v a r i e t y o f s h a p e s , s u c h a s r o d , 
s p h e r e , o r c o n e , b u t t h e y h a v e s u f f e r e d a m a r k e d l a c k o f r e c o g n i t i o n . 
O n e e x c e p t i o n i s t h e b a l l - p e n e t r a t i o n t e s t t h a t i s t h e s u b j e c t o f A S T M 
S t a n d a r d C 3 6 0 - 8 2 , a n d t h e a p p a r a t u s f o r w h i c h i s s h o w n i n F i g u r e 
2 . 1 1 . T h e p e n e t r a t i n g e l e m e n t i s i n t h e f o r m o f a c y l i n d e r o f t o t a l h e i g h t 
4 i n a n d d i a m e t e r 6 i n , w i t h i t s b o t t o m m a c h i n e d t o a h e m i s p h e r e o f 
6 i n d i a m e t e r . T h e t o t a l m a s s i s 3 0 ± 0 . 1 l b ( 1 3 . 6 k g ) a n d a g u i d i n g 
f r a m e i s p r o v i d e d a s s h o w n . I n u s e , t h e a p p a r a t u s i s p l a c e d o n t h e 
s u r f a c e o f t h e c o n c r e t e , w h i c h m u s t b e s m o o t h a n d l e v e l , a n d t h e 
d e p t h o f p e n e t r a t i o n a f t e r r e l e a s e i s m e a s u r e d t o t h e n e a r e s t 5 i n 
( 6 . 4 m m ) . A t l e a s t t h r e e r e a d i n g s a t p o s i t i o n s n o t l e s s t h a n 6 i n a p a r t 
a r e t o b e t a k e n , t h e n i f t h e d i f f e r e n c e b e t w e e n t h e m a x i m u m a n d 
m i n i m u m r e a d i n g s e x c e e d s 1 i n , m o r e r e a d i n g s a r e t o b e o b t a i n e d u n t i l 
t h r e e s u c c e s s i v e o n e s a g r e e t o w i t h i n 1 i n . T h e m e a n o f t h r e e i s t o b e 
r e p o r t e d . 
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13.6 kg 

Figure 2.11 B a l l - p e n e t r a t i o n t e s t ( r a d i u s o f h e m i s p h e r e 3 i n [ 7 6 m m ] ) . 

A p r a c t i c a l a d v a n t a g e o f t h i s t e s t i s t h a t i t c a n b e c a r r i e d o u t o n 
c o n c r e t e i n a n y s u i t a b l e c o n t a i n e r o r e v e n i n f o r m w o r k a n d i t s e e m s t o 
b e i n t e n d e d a s a s u b s t i t u t e f o r , o r a s u p p l e m e n t t o , t h e s l u m p t e s t , 
b e c a u s e C l a u s e 4 . 1 s a y s : ' A f t e r s u f f i c i e n t c o r r e l a t i o n d a t a w i t h r e s u l t s 
f r o m t h e s t a n d a r d s l u m p t e s t i s ( s i c ) o b t a i n e d t h e r e s u l t s o f t h e 
p e n e t r a t i o n r e a d i n g m a y b e u s e d t o d e t e r m i n e c o m p l i a n c e w i t h s l u m p 
r e q u i r e m e n t s / 

2 . 7 P R E C I S I O N O F T H E S T A N D A R D T E S T S 

A m e a s u r e m e n t o f a n y p h y s i c a l q u a n t i t y i s o f v e r y l i m i t e d v a l u e 
u n l e s s a n e s t i m a t e d e x p e r i m e n t a l e r r o r c a n b e a s s i g n e d t o i t , t h a t i s , 
u n l e s s i t i s k n o w n h o w a c c u r a t e a n d r e l i a b l e i s t h e f i g u r e q u o t e d . I t i s 
h i g h l y d e s i r a b l e t o b e a b l e t o c a l c u l a t e a n e r r o r f o r e v e r y s e p a r a t e 
e x p e r i m e n t a l r e s u l t , a s i s n o r m a l p r a c t i c e i n m a n y a r e a s o f m e a s u r e 
m e n t , b u t t h a t c a n n o t b e d o n e f o r a n y o f t h e s t a n d a r d w o r k a b i l i t y 
t e s t s , s o t h e s o m e w h a t l e s s s a t i s f a c t o r y a l t e r n a t i v e o f q u o t i n g a n o v e r a l l 
f i g u r e f o r t h e p a r t i c u l a r t e s t m e t h o d m u s t b e c o n s i d e r e d . 

I n t h i s c o n n e c t i o n , B S 1 8 8 1 c r o s s - r e f e r s t o a n o t h e r B r i t i s h S t a n d a r d , 
B S 5 4 9 7 P a r t 1 : 1 9 8 7 , e n t i t l e d Precision of test methods. Part 1 . Guide 
for the determination of repeatability and reproducibility for a standard test 
method. T h i s l a t t e r S t a n d a r d d e f i n e s t w o q u a n t i t i e s , r a n d R, w h i c h a r e 
r e s p e c t i v e l y t h e r e p e a t a b i l i t y a n d t h e r e p r o d u c i b i l i t y . T h e r e p e a t a b i l i t y , 
r, i s d e f i n e d a s : T h e v a l u e b e l o w w h i c h t h e a b s o l u t e d i f f e r e n c e b e 
t w e e n t w o s i n g l e t e s t r e s u l t s o b t a i n e d w i t h t h e s a m e m e t h o d o n i d e n t 
i c a l t e s t m a t e r i a l u n d e r t h e s a m e c o n d i t i o n s ( s a m e o p e r a t o r , s a m e 
a p p a r a t u s , s a m e l a b o r a t o r y , a n d a s h o r t i n t e r v a l o f t i m e ) m a y b e 
e x p e c t e d t o l i e w i t h a s p e c i f i e d p r o b a b i l i t y ; i n t h e a b s e n c e o f o t h e r 
i n d i c a t i o n s t h e p r o b a b i l i t y i s 9 5 % ' . T h e r e p r o d u c i b i l i t y , R, i s d e f i n e d 
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i n a s i m i l a r w a y e x c e p t t h a t i t r e f e r s t o d i f f e r e n t c o n d i t i o n s , t h a t i s , 
t o r e s u l t s o b t a i n e d b y d i f f e r e n t o p e r a t o r s w i t h d i f f e r e n t p i e c e s o f 
a p p a r a t u s , i n d i f f e r e n t l a b o r a t o r i e s o r a t d i f f e r e n t t i m e s . T h e d i f f i c u l t y 
o f s e n d i n g ' i d e n t i c a l t e s t m a t e r i a l ' t o d i f f e r e n t l a b o r a t o r i e s , w h e n t h a t 
m a t e r i a l i s f r e s h c o n c r e t e , i s o b v i o u s , s o i f R i s t o b e i n v e s t i g a t e d i t i s 
n e c e s s a r y t o b r i n g a l l t h e p a r t i c i p a t i n g ' l a b o r a t o r i e s ' t o t h e s a m e s i t e a t 
o n e t i m e . 

T h e A S T M S t a n d a r d C 6 7 0 - 8 7 Preparing precision and bias statements for 
test methods for construction materials r e f e r s t o a q u a n t i t y n a m e d a s ' t h e 
d i f f e r e n c e t w o - s i g m a l i m i t ( D 2 S ) ' w h i c h i s t o b e o b t a i n e d f o r s i n g l e -
o p e r a t o r a n d f o r m u l t i - l a b o r a t o r y r e s u l t s . T h e t w o f i g u r e s s o o b t a i n e d 
a r e e x a c t l y t h e s a m e a s t h e r a n d R o f t h e B r i t i s h S t a n d a r d b u t t h e 
A S T M v i e w i s '. . . b e c a u s e o f c o n s i d e r a b l e c o n f u s i o n c o n c e r n i n g t h e 
e x a c t m e a n i n g o f t h o s e t e r m s ( i . e . r e p e a t a b i l i t y a n d r e p r o d u c i b i l i t y ) 
t h e i r u s e i s n o t r e c o m m e n d e d ' . A t t e n t i o n i s d r a w n t o t h e d i f f e r e n c e 
b e t w e e n l a b o r a t o r y a n d f i e l d c o n d i t i o n s , a p o i n t t h a t d o e s n o t s e e m t o 
b e m a d e s p e c i f i c a l l y i n t h e B r i t i s h S t a n d a r d , a n d i t i s r e c o m m e n d e d 
t h a t a p p r o p r i a t e s t u d i e s b e m a d e ' f o r t e s t s u n d e r f i e l d c o n d i t i o n s ' . N o 
s t a t e m e n t a b o u t p r e c i s i o n o f t h e s l u m p t e s t i s m a d e b y A S T M a n d f o r 
t h e b a l l - p e n e t r a t i o n t e s t i t i s s t a t e d t h a t p r e c i s i o n h a s n o t y e t b e e n 
d e t e r m i n e d b u t i s b e i n g i n v e s t i g a t e d . 

I n t h e p a r t s o f t h e B r i t i s h S t a n d a r d , B S 1 8 8 1 , d e a l i n g w i t h t h e 
c o m p a c t i n g f a c t o r , t h e V e b e c o n s i s t o m e t e r , a n d t h e f l o w t a b l e , i t i s 
s p e c i f i c a l l y s t a t e d ' N o e s t i m a t e o f r e p e a t a b i l i t y o r r e p r o d u c i b i l i t y i s 
g i v e n i n t h i s P a r t o f t h i s B r i t i s h S t a n d a r d ' . I n P a r t 1 0 2 , w h i c h d e a l s f 

w i t h t h e s l u m p t e s t , n o e s t i m a t e o f r e p r o d u c i b i l i t y i s g i v e n , b u t i t i s 
s t a t e d t h a t ' F o r s l u m p m e a s u r e m e n t s m a d e o n c o n c r e t e t a k e n f r o m t h e 
s a m e s a m p l e , t h e r e p e a t a b i l i t y i s 1 5 m m a t t h e 9 5 % p r o b a b i l i t y l e v e l , 
f o r n o r m a l c o n c r e t e h a v i n g a m e a s u r e d s l u m p w i t h i n t h e r a n g e o f 
5 0 m m t o 7 5 m m ' . E v i d e n c e t o j u s t i f y t h e s t a t e m e n t i s n o t g i v e n . 

E s t i m a t e s o f r e p e a t a b i l i t y m a y b e m a d e f r o m t h e f i g u r e s g i v e n i n 
T a b l e 2 . 3 w h i c h s h o w s r e s u l t s q u o t e d b y B a n f i l l 1 5 f r o m f a c t o r i a l 
e x p e r i m e n t s b y O r r 1 6 f o r c o m p a c t i n g f a c t o r , a n d b y h i m s e l f f o r s l u m p 

Table 2.3 V a r i a b i l i t y o f B S 1 8 8 1 t e s t s 

Test R a n g e Standard Degrees of Dependence 
deviation freedom on response 

S l u m p 0 - 1 0 0 m m 1 1 m m 2 1 I n d e p e n d e n t 
C F 0 . 7 5 - 1 . 0 0 0 . 0 2 4 6 0 I n d e p e n d e n t 
V e b e 1 - 2 4 s 0 . 2 5 x V 2 3 C o e f f i c i e n t o f 

v a r i a t i o n c o n s t a n t 
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a n d V e b e t i m e . T h e r e p e a t a b i l i t y , r , a t t h e 9 5 % p r o b a b i l i t y l e v e l , f o r 
s i n g l e t e s t s i s o b t a i n e d b y m u l t i p l y i n g t h e s t a n d a r d d e v i a t i o n b y 2 . 8 , s o 
f o r t h e s l u m p t e s t i t i s a p p r o x i m a t e l y 3 0 m m . T h i s i s d o u b l e t h e f i g u r e 
g i v e n i n B S 1 8 8 1 . 

W o r k h a s r e c e n t l y b e e n c a r r i e d o u t s p e c i f i c a l l y w i t h t h e o b j e c t i v e o f 
p r o v i d i n g f i g u r e s f o r t h e S t a n d a r d , a n d t h e r e s u l t s h a v e b e e n r e p o r t e d 
b y S y m 1 7 . S i x t e e n o p e r a t o r s w e r e i n v o l v e d i n t h e e x p e r i m e n t , e i g h t o f 
t h e m i n e a c h o f t w o s e s s i o n s . I n e a c h s e s s i o n a 0 . 2 m 3 b a t c h o f c o n c r e t e 
w a s m a d e a n d h a l f o f i t d i s c h a r g e d i n t o a 0 . 1 m 3 p a n f r o m w h i c h t h e 
o p e r a t o r s s a m p l e d t o c a r r y o u t t h e f i r s t s e t o f t e s t s . A b o u t 2 0 m i n u t e s 
l a t e r t h e y w e r e p r e s e n t e d w i t h t h e s e c o n d h a l f o f t h e b a t c h a n d c a r r i e d 
o u t t h e r e p e a t t e s t s . I n t h e c a s e s o f c o m p a c t i n g f a c t o r a n d s l u m p t h e 
w h o l e e x p e r i m e n t w a s r e p e a t e d w i t h a s e c o n d b a t c h ( a l t h o u g h t h e 
m i x e s w e r e n o t t h e s a m e f o r t h e t w o t e s t s ) b u t f o r t h e f l o w t a b l e o n l y 
o n e b a t c h w a s u s e d . S y m g i v e s v a l u e s o f r a n d R f o r b o t h s i n g l e t e s t s 
a n d f o r t h e m e a n o f t h e r e s u l t s o f t w o t e s t s , b u t d i s c u s s i o n h e r e w i l l b e 
r e s t r i c t e d t o t h e s i n g l e t e s t s a s b e i n g o f m o s t i n t e r e s t f o r p r a c t i c a l s i t e 
c o n d i t i o n s . T h e f i g u r e s g i v e n , w h i c h a r e s h o w n i n T a b l e 2 . 4 , w e r e 
c a l c u l a t e d b y m e a n s o f t h e s p l i t - l e v e l m e t h o d d e s c r i b e d i n B S 5 4 9 7 . 
T h e s e f i g u r e s h a v e b e e n u s e d t o p r e p a r e a m e n d m e n t s t o B S 1 8 8 1 w h i c h 
w i l l b e i s s u e d i n t h e n e a r f u t u r e 1 8 . 

S e v e r a l c o m m e n t s m a y b e m a d e a b o u t t h e s e r e s u l t s . I n t h e c a s e o f 
s l u m p , t h e o r i g i n a l f i g u r e s o n w h i c h t h e r e s u l t s a r e b a s e d d o n o t s e e m 
t o p r o v i d e a n y j u s t i f i c a t i o n f o r q u o t i n g d i f f e r e n t f i g u r e s f o r t w o s l u m p 
m e a n v a l u e s o f 8 0 m m a n d 5 0 m m , b u t , m o r e i m p o r t a n t l y , a w h o l e 
b l o c k o f f i g u r e s ( o n e q u a r t e r o f a l l r e s u l t s ) , r e l a t i n g t o a p a r t i c u l a r 
m i x i n o n e p a r t i c u l a r s e s s i o n , w a s r e j e c t e d a n d o m i t t e d f r o m f u r t h e r 
c o n s i d e r a t i o n b e c a u s e t h e c o n c r e t e ' w a s e x c e s s i v e l y w o r k a b l e a n d 
s e g r e g a t e d t o s o m e e x t e n t , s o t h a t l a r g e d i f f e r e n c e s w e r e o b s e r v e d 
b e t w e e n t h e f i r s t a n d s e c o n d t e s t s . T h e r e p e a t a b i l i t y w a s n o t i c e a b l y 
w o r s e w i t h t h i s b a t c h t h a n f o r t h e o t h e r s ' . N o o t h e r r e a s o n s a r e 
g i v e n a n d t h e p r o p r i e t y o f n e g l e c t i n g r e s u l t s o n t h e s e g r o u n d s , a f t e r 
t h e m a t e r i a l h a s b e e n a c c e p t e d a n d t h e t e s t s c a r r i e d o u t , m a y b e 
q u e s t i o n e d , p a r t i c u l a r l y s i n c e t h e o b j e c t o f t h e w o r k w a s t o i n v e s t i g a t e 

Table 2.4 P r e c i s i o n r e s u l t s r e p o r t e d b y S y m 

Test r R 

C o m p a c t i n g f a c t o r 0 . 0 3 1 0 . 0 4 0 
S l u m p ( 8 0 m m ) 1 6 m m 3 0 m m 

( 5 0 m m ) 1 7 m m 2 3 m m 
F l o w 6 9 m m 9 1 m m 
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r e p e a t a b i l i t y a n d r e p r o d u c i b i l i t y . E x a m i n a t i o n o f t h e r e j e c t e d r e s u l t s 
s u g g e s t s t h a t i t m i g h t b e j u s t i f i e d t o q u o t e s e p a r a t e l y h i g h e r v a l u e s o f r 
a n d R f o r h i g h e r s l u m p s ( o f t h e o r d e r o f 1 0 0 m m ) , b u t i f t h i s i s n o t 
d o n e a n d t h e r e s u l t s a r e i n c l u d e d w i t h t h e o t h e r s t h e e f f e c t i s t o c a u s e 
a s u b s t a n t i a l i n c r e a s e i n t h e e s t i m a t e d v a l u e o f r ( t o a b o u t 2 1 m m ) a n d a 
l e s s e r i n c r e a s e i n R. 

I n p r a c t i c e , t h e v a l u e o f R i s l i k e l y t o b e o f m o r e i n t e r e s t t h a n 
t h e v a l u e o f r, b e c a u s e t h e f o r m e r i s c o n c e r n e d w i t h t h e a g r e e m e n t 
b e t w e e n r e s u l t s o b t a i n e d b y d i f f e r e n t o p e r a t o r s a n d t h e l a t t e r w i t h t h a t 
b e t w e e n r e s u l t s o b t a i n e d b y t h e s a m e o p e r a t o r . T h e u s u a l p r a c t i c a l 
p r o b l e m c o n c e r n s c o m p a r i n g a s l u m p v a l u e f o u n d o n s i t e w i t h t h e 
v a l u e t h a t t h e s u p p l i e r s a y s i t i s ; t h a t i s , c o m p a r i n g v a l u e s f r o m t w o 
different s o u r c e s . O v e r a l l , c o n s i d e r i n g t h e r e s u l t s o f b o t h S y m a n d 
B a n f i l l , i t s e e m s t h a t a r e a s o n a b l e f i g u r e t o t a k e f o r R i s 3 0 m m , w i t h 
a c o r r e s p o n d i n g s t a n d a r d d e v i a t i o n o f 1 1 m m . 

F o r c o m p a c t i n g f a c t o r , t h e r e i s a s u b s t a n t i a l d i f f e r e n c e b e t w e e n t h e 
v a l u e o f R o f 0 . 0 4 0 g i v e n b y S y m a n d t h e v a l u e o f 0 . 0 6 7 t h a t m a y b e 
c a l c u l a t e d f r o m O r r ' s r e s u l t s ; p e r h a p s a l l t h a t c a n b e s u g g e s t e d a t 
p r e s e n t i s t o t a k e a v a l u e s o m e w h e r e i n b e t w e e n , s a y 0 . 0 5 o r 0 . 0 5 5 , 
w i t h a c o r r e s p o n d i n g s t a n d a r d d e v i a t i o n o f a b o u t 0 . 0 2 . F u r t h e r w o r k 
n e e d s t o b e d o n e o n t h i s s u b j e c t . 

I n a n y c a s e , i n i n t e r p r e t i n g t h e s e r e s u l t s i t s h o u l d b e r e m e m b e r e d 
t h a t t h e y w e r e o b t a i n e d f r o m l a b o r a t o r y t e s t s , a n d n o t u n d e r s i t e 
c o n d i t i o n s . S y m s t a t e s : T h e o p e r a t o r s w e r e i n m o s t c a s e s , e x p e r i e n c e d 
w i t h c o n c r e t e t e s t i n g , a n d w e r e a l s o w e l l a w a r e t h a t t h e y w e r e t a k i n g 
p a r t i n a s p e c i a l e v e n t , s o o n e w o u l d e x p e c t t h e p r e c i s i o n r e s u l t s 
a c h i e v e d i n t h i s e x p e r i m e n t t o r e p r e s e n t a b e t t e r - t h a n - a v e r a g e s t a n d a r d 
o f t e s t i n g . ' 

A n o t h e r i m p o r t a n t p o i n t i s t h a t i n t h e a n a l y s i s c a r r i e d o u t b y S y m 
t h e e f f e c t o f t i m e l a p s e b e t w e e n t e s t i n g o f d u p l i c a t e s a m p l e s w a s 
e l i m i n a t e d b y a s s u m i n g t h a t , f o r a g i v e n b a t c h o f c o n c r e t e , t h e e f f e c t 
w a s t h e s a m e f o r a l l o p e r a t o r s . T h i s m e a n s t h a t t h e r e s u l t s s h o u l d 
p r o p e r l y b e a p p l i e d o n l y t o t w o t e s t s t h a t a r e c a r r i e d o u t s i m u l t a n e o u s l y 
o r w i t h i n a s h o r t i n t e r v a l o f t i m e . I n p r a c t i c e , t h i s m a y n o t b e p o s s i b l e 
a n d , i f i t i s n o t , s o m e a l l o w a n c e f o r c h a n g e i n w o r k a b i l i t y w i t h t i m e 
m u s t b e m a d e , a l t h o u g h t h a t i s n o t e a s y t o d o . T h e e f f e c t s o f t i m e l a p s e 
o n w o r k a b i l i t y a r e d i s c u s s e d i n C h a p t e r 8 . 

2.8 G E N E R A L C R I T I C I S M O F S T A N D A R D T E S T S 

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

E a c h o f t h e t e s t s c a n c o p e w i t h o n l y a l i m i t e d r a n g e o f w o r k a b i l i t i e s 
a n d , f o r e x a m p l e , B S 1 8 8 1 l a y s d o w n t h e p e r m i t t e d l i m i t s f o r u s e a s i n 
T a b l e 2 . 5 . T h e s e l i m i t a t i o n s w o u l d n o t n e c e s s a r i l y b e i m p o r t a n t i f a l l 
t h e t e s t s m e a s u r e d t h e s a m e p r o p e r t y ; n o b o d y f i n d s i t o d d t h a t m a n y 
d i f f e r e n t f o r m s o f i n s t r u m e n t a r e u s e d i n t h e m e a s u r e m e n t o f l e n g t h , 
a n d t h a t , w h e r e a m i c r o m e t e r i s a p p r o p r i a t e , a b u i l d e r ' s t a p e w o u l d b e 
u s e l e s s . H o w e v e r , w h e r e a s t h e d i f f e r e n c e b e t w e e n a m i c r o m e t e r a n d a 
t a p e l i e s o n l y i n t h e i r a c c u r a c y , s o t h a t t h e y b o t h m e a s u r e t h e s a m e 
p r o p e r t y i n t h e s a m e s c a l e o f u n i t s , t h e v a r i o u s w o r k a b i l i t y t e s t s a l l 
m e a s u r e d i f f e r e n t t h i n g s o n s c a l e s t h a t c a n n o t b e r e l a t e d t o e a c h o t h e r 
s a t i s f a c t o r i l y . 

F o r e x a m p l e , D e w a r 1 9 s h o w e d t h a t t h e r e l a t i o n s h i p b e t w e e n c o m 
p a c t i n g f a c t o r a n d e i t h e r s l u m p o r V e b e t i m e w a s s i g n i f i c a n t l y a f f e c t e d 
b y t h e t y p e o f f i n e a g g r e g a t e a n d t h e r i c h n e s s o f t h e m i x , a n d H u g h e s 
a n d B a h r a m i a n 8 p r o v i d e s i m i l a r e v i d e n c e . I n e a c h o f t h e r e l e v a n t p a r t s 
o f B S 1 8 8 1 i t i s s p e c i f i c a l l y s t a t e d t h a t : ' T h e r e a r e n o u n i q u e r e l a t i o n 
s h i p s b e t w e e n t h e v a l u e s y i e l d e d b y t h e f o u r t e s t s . R e l a t i o n s h i p s 
d e p e n d u p o n s u c h f a c t o r s a s t h e s h a p e o f t h e a g g r e g a t e , t h e s a n d 
f r a c t i o n a n d t h e p r e s e n c e o f e n t r a i n e d a i r ' . 

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

F u r t h e r , i t i s v e r y i m p o r t a n t t o r e a l i z e t h a t t h e r e c o g n i t i o n , c l e a r l y 
s t a t e d i n t h e B r i t i s h S t a n d a r d , t h a t t h e r e a r e n o u n i q u e r e l a t i o n s h i p s , i s 
a t a c i t a d m i s s i o n t h a t t h e t e s t s a r e n o t a l l m e a s u r i n g t h e s a m e p r o p e r t y 
a n d , i n f a c t , t h a t n o n e o f t h e m i s m e a s u r i n g w o r k a b i l i t y . T h i s t a c i t 
a d m i s s i o n i s s o m e w h a t m o r e e x p l i c i t l y s t a t e d i n P a r t 1 0 2 o f B S 1 8 8 1 
w h e r e a f o o t n o t e a d v i s e s : ' S o m e i n d i c a t i o n o f t h e c o h e s i v e n e s s a n d 
w o r k a b i l i t y o f t h e m i x c a n b e o b t a i n e d i f , a f t e r t h e s l u m p m e a s u r e m e n t 
h a s b e e n c o m p l e t e d , t h e s i d e o f t h e c o n c r e t e i s t a p p e d g e n t l y w i t h t h e 

Table 2.5 R a n g e s o f s u i t a b i l i t y o f B S 1 8 8 1 t e s t s 

Test Permitted limits 

S l u m p 5 - 1 7 5 m m 
C F 0 . 7 0 - 0 . 9 8 
V e b e 3 - 3 0 s 
F l o w N o n e s t a t e d 
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t a m p i n g r o d . A w e l l - p r o p o r t i o n e d c o n c r e t e w h i c h h a s a n a p p r e c i a b l e 
s l u m p w i l l g r a d u a l l y s l u m p f u r t h e r , b u t a b a d l y p r o p o r t i o n e d m i x i s 
l i k e l y t o f a l l a p a r t 7 . S i m i l a r l y , a f o o t n o t e i n P a r t 1 0 5 , r e f e r r i n g t o t h e 
f l o w - t a b l e t e s t , s a y s : T h e c o n c r e t e s p r e a d m a y a l s o b e c h e c k e d f o r 
s e g r e g a t i o n . T h e c e m e n t p a s t e m a y s e g r e g a t e f r o m t h e c o a r s e a g g r e 
g a t e t o g i v e a r i n g o f p a s t e e x t e n d i n g s e v e r a l m i l l i m e t r e s b e y o n d 
t h e c o a r s e a g g r e g a t e . ' W h e n G l a n v i l l e , C o l l i n s a n d M a t t h e w s 1 f i r s t 
d e s c r i b e d t h e c o m p a c t i n g f a c t o r t e s t , t h e y r e c o g n i z e d t h a t i t w a s n o t 
a s u f f i c i e n t m e a s u r e m e n t f o r a s s e s s i n g w o r k a b i l i t y a n d t h e y s u p p l e 
m e n t e d i t w i t h a s l a b t e s t a n d a h e a p t e s t . T h e f o r m e r c o n s i s t e d o f 
f i l l i n g a s l a b m o u l d i n a s t a n d a r d m a n n e r a n d e x a m i n i n g t h e s u r f a c e o f 
t h e r e s u l t i n g s l a b f o r h o n e y - c o m b i n g , w h i l e t h e l a t t e r c o n s i s t e d s i m p l y 
o f p h o t o g r a p h i n g a h e a p o f c o n c r e t e t h a t h a d b e e n d r o p p e d i n a 
s t a n d a r d w a y . 

A s s o c i a t e d w i t h t h e f a c t t h a t t h e y d o n o t m e a s u r e w o r k a b i l i t y i s t h e 
m o s t d a m n i n g p r a c t i c a l d e f e c t o f a l l , a n d t h a t i s t h a t a n y o n e o f t h e 
s t a n d a r d t e s t s i s c a p a b l e o f c l a s s i f y i n g a s i d e n t i c a l i n p r o p e r t i e s t w o 
c o n c r e t e s t h a t a r e s u b s e q u e n t l y f o u n d t o b e h a v e v e r y d i f f e r e n t l y i n 
p r a c t i c e . F o r e x a m p l e , i t i s w e l l k n o w n t h a t t w o c o n c r e t e s o f t h e s a m e 
s l u m p m a y b e f o u n d t o h a v e q u i t e d i f f e r e n t w o r k a b i l i t i e s o n t h e j o b . 
T h i s m o s t s e r i o u s f a u l t , w h i c h m e a n s t h a t t h e s e t e s t s a r e n o t e v e n 
s u i t a b l e a s s i m p l e p a s s / f a i l t e s t s , c a n h a v e a w k w a r d a n d v e r y e x 
p e n s i v e c o n s e q u e n c e s i n p r a c t i c e , b e c a u s e m a j o r e r r o r s i n b a t c h i n g 
c a n r e m a i n u n d e t e c t e d u n t i l r e s u l t s o f c u b e t e s t s b e c o m e a v a i l a b l e . 
E x a m p l e s w i l l b e g i v e n l a t e r i n t h e d i s c u s s i o n o n q u a l i t y c o n t r o l . 

T h i s d e f e c t o f t h e s t a n d a r d t e s t s , t h a t i s , t h e i r i n a b i l i t y t o d i s t i n g u i s h 
b e t w e e n c o n c r e t e s o f d i f f e r e n t o b s e r v e d w o r k a b i l i t i e s , i s n o t c o n 
s i d e r e d e x p l i c i t l y i n a n y o f t h e s t a n d a r d s . B S 5 4 9 7 , w h i c h d e a l s w i t h 
p r e c i s i o n o f m e a s u r e m e n t s , i s c o n c e r n e d o n l y w i t h t h e i m p o r t a n t 
q u e s t i o n o f e n s u r i n g t h a t a t e s t g i v e s i d e n t i c a l r e s u l t s o n i d e n t i c a l 
s a m p l e s , w i t h i n a c c e p t a b l e e x p e r i m e n t a l e r r o r s , a n d d o e s n o t d e a l a t 
a l l w i t h t h e e q u a l l y i m p o r t a n t q u e s t i o n o f e n s u r i n g t h a t a t e s t g i v e s 
d i f f e r e n t r e s u l t s o n d i f f e r e n t s a m p l e s . I t m a y b e r e m a r k e d h e r e t h a t i t i s 
p o s s i b l e t o o b t a i n a n y d e s i r e d m e a s u r e o f a g r e e m e n t b e t w e e n r e s u l t s o f 
a g i v e n t e s t s i m p l y b y m a k i n g t h e t e s t s u f f i c i e n t l y i n s e n s i t i v e . 

O n t o p o f a l l t h i s , t h e r e i s a n o t h e r q u i t e s e r i o u s d e f i c i e n c y o f t h e 
s t a n d a r d t e s t s , a n d t h a t i s t h a t t h e y a r e i n c a p a b l e o f g i v i n g a n y i n 
d i c a t i o n o f t h e c a u s e o f a n y u n w a n t e d c h a n g e i n w o r k a b i l i t y . I f t h e 
s l u m p v a l u e o f a c o n c r e t e i s n o t w i t h i n t h e s p e c i f i e d r a n g e t h e r e i s n o 
w a y o f t e l l i n g f r o m t h e r e s u l t s o f t h e s l u m p t e s t w h y i t i s n o t . I n 
p r a c t i c e , i f a s l u m p v a l u e i s c o n s i d e r a b l y h i g h e r t h a n i t s h o u l d b e , i t i s 
l i k e l y t h a t i t w i l l b e a s s u m e d t h a t t h e r e a s o n i s t h a t t h e b a t c h c o n t a i n s 
t o o m u c h w a t e r . I n o n e p a r t i c u l a r c a s e , c o n c r e t e w i t h a s l u m p h i g h e r 
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t h a n s p e c i f i e d w a s d e l i v e r e d t o t h e j o b a n d p l a c e d i n a c o l u m n . W h e n 
t h e R e s i d e n t E n g i n e e r d i s c o v e r e d t h i s l a t e r , h e i n s i s t e d t h a t t h e c o l u m n 
b e d e m o l i s h e d , a l t h o u g h n o n - d e s t r u c t i v e t e s t i n g o f t h e h a r d e n e d 
c o n c r e t e i n d i c a t e d t h a t t h e s u s p e c t m a t e r i a l w a s a s s t r o n g a s t h e r e s t . 
H i s t h i n k i n g w a s b a s e d o n t h e q u i t e e r r o n e o u s a s s u m p t i o n t h a t t h e 
h i g h e r w o r k a b i l i t y must h a v e b e e n d u e t o a h i g h e r w a t e r c o n t e n t , a n d 
a s a r e s u l t h e m a d e a d e c i s i o n t h a t w a s q u i t e u n r e a s o n a b l e . 

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

2.9 R E F E R E N C E S 

1 . G l a n v i l l e , W . H . , C o l l i n s A . R . a n d M a t t h e w s D . D . ( 1 9 4 7 ) The g r a d i n g of 
aggregates and the workability of concrete, 2 n d E d n . R o a d R e s e a r c h T e c h n i c a l 
P a p e r N o . 5 . L o n d o n , H M S O . 

2 . C u s e n s , A . R . ( 1 9 5 6 ) T h e m e a s u r e m e n t o f t h e w o r k a b i l i t y o f d r y c o n c r e t e 
m i x e s , M a g a z i n e of C o n c r e t e Research, 8 ( 2 2 ) , 2 3 - 3 0 . 

3 . H u g h e s , B . P . ( 1 9 7 2 ) T h e e c o n o m i c u t i l i z a t i o n o f c o n c r e t e m a t e r i a l s , Proceed
ings of a S y m p o s i u m on A d v a n c e s in C o n c r e t e , B i r m i n g h a m 1 9 7 1 . L o n d o n , 
C o n c r e t e S o c i e t y . 1 9 7 2 , p . 1 8 . 

4 . P o w e r s , T . C . ( 1 9 3 2 ) S t u d i e s o f w o r k a b i l i t y o f c o n c r e t e , J o u r n a l of the A m e r i c a n 
C o n c r e t e I n s t i t u t e , P r o c e e d i n g s , 28, F e b . 1 9 3 2 , p p . 4 1 9 - 4 8 ; J u n e 1 9 3 2 , 
p p . 6 9 3 - 7 0 8 . 

5 . B a h r n e r , V . ( 1 9 4 0 ) T h e V e b e c o n s i s t e n c y t e s t i n g a p p a r a t u s , Z e m e n t , 29 (9) , 
1 0 2 - 6 ; Betong, 25 (1) , 2 7 - 3 8 . 

6 . E r n t r o y , H . ( 1 9 5 6 ) D i s c u s s i o n o f R e f e r e n c e 2, M a g a z i n e of C o n c r e t e Research, 
8 ( 2 4 ) , 1 8 4 - 5 . 

7 . M e y e r , U . T . ( 1 9 6 2 ) M e a s u r e m e n t o f t h e w o r k a b i l i t y o f c o n c r e t e , J o u r n a l of 
the A m e r i c a n C o n c r e t e I n s t i t u t e , P r o c e e d i n g s , 59 (8) , 1 0 7 1 - 8 0 . 

8 . H u g h e s , B . P . a n d B a h r a m i a n , B . ( 1 9 6 7 ) W o r k a b i l i t y o f c o n c r e t e : a c o m 
p a r i s o n o f e x i s t i n g t e s t s , J o u r n a l of M a t e r i a l s , 2 ( 3 ) , 5 1 9 - 3 6 . 

9 . D i m o n d , C . R . a n d B l o o m e r , S . J . ( 1 9 7 7 ) A c o n s i d e r a t i o n o f t h e D I N flow 
t a b l e , C o n c r e t e , 1 1 ( 1 2 ) , 2 9 - 3 0 ( d i s c u s s i o n ibid. ( 1 9 7 8 ) 12 (2) , 1 8 . ) 

1 0 . H e w l e t t , P . C . ( E d i t o r ) . ( 1 9 7 6 ) Superplasticizing a d m i x t u r e s in concrete. R e p o r t 
o f a j o i n t w o r k i n g p a r t y o f t h e C e m e n t A d m i x t u r e s A s s o c i a t i o n a n d 
t h e C e m e n t a n d C o n c r e t e A s s o c i a t i o n . S l o u g h , C e m e n t a n d C o n c r e t e 
A s s o c i a t i o n , P u b l i c a t i o n 4 5 . 0 3 0 . 

1 1 . M o r , A . a n d R a v i n a , D . ( 1 9 8 6 ) T h e D I N f l o w t a b l e , C o n c r e t e International, 
D e c . 1 9 8 6 , 5 3 - 6 . 

1 2 . D h i r , R . K . a n d Y a p , A . W . F . ( 1 9 8 3 ) S u p e r p l a s t i c i z e d h i g h w o r k a b i l i t y 
c o n c r e t e : s o m e p r o p e r t i e s i n t h e f r e s h a n d h a r d e n e d s t a t e s , M a g a z i n e of 
C o n c r e t e Research, 3 5 ( 1 2 5 ) , D e c . 1 9 8 3 , 2 1 4 - 2 8 . 



References 35 

1 3 . H e w l e t t , P . C . ( 1 9 7 9 ) T h e c o n c e p t o f s u p e r p l a s t i c i z e d c o n c r e t e , i n Super-
plasticizers in concrete, S P - 6 2 , A m e r i c a n C o n c r e t e I n s t i t u t e , D e t r o i t , 1 - 2 0 . 

1 4 . M e y e r , A . ( 1 9 7 9 ) E x p e r i e n c e s i n t h e u s e o f s u p e r p l a s t i c i z e r s i n G e r m a n y , 
i n Superplasticizers in concrete, S P - 6 2 , A m e r i c a n C o n c r e t e I n s t i t u t e , D e t r o i t , 
2 1 - 3 6 . 

1 5 . B a n f i l l , P . F . G . ( 1 9 7 7 ) D i s c u s s i o n o f R e f e r e n c e ( 7 ) C h a p t e r 6 . M a g a z i n e of 
C o n c r e t e Research, 2 9 ( 1 0 0 ) , 1 5 6 - 7 . 

1 6 . O r r , D . M . F . ( 1 9 7 2 ) F a c t o r i a l e x p e r i m e n t s i n c o n c r e t e r e s e a r c h , Journal of the 
A m e r i c a n C o n c r e t e I n s t i t u t e , P r o c e e d i n g s , 69 ( 1 0 ) , 6 1 9 - 2 4 . 

1 7 . S y m , R . ( 1 9 8 8 ) P r e c i s i o n o f B S 1 8 8 1 c o n c r e t e t e s t s . P a r t 1 : D a t a a n d a n a l y s i s . 
B r i t i s h C e m e n t A s s o c i a t i o n , A p r i l 1 9 8 8 , 4 0 p p ( B S I D o c u m e n t 8 8 / 1 1 7 8 0 , 
C o m m i t t e e R e f . C A B / 4 ) . 

1 8 . M e a r s , A . R . P r i v a t e c o m m u n i c a t i o n t o G . H . T a t t e r s a l l , 2 4 J a n u a r y 1 9 9 0 . 
1 9 . D e w a r , J . D . ( 1 9 6 4 ) R e l a t i o n s b e t w e e n v a r i o u s w o r k a b i l i t y c o n t r o l t e s t s f o r 

r e a d y - m i x e d c o n c r e t e . L o n d o n , C e m e n t & C o n c r e t e A s s o c i a t i o n , 1 9 6 4 . 1 7 
p p . T e c h n i c a l R e p o r t 4 2 . 3 7 5 . 

Standards referred to 

British 

B S 1 8 8 1 : 1 9 8 3 Testing Concrete 
P a r t 1 0 1 M e t h o d o f s a m p l i n g f r e s h c o n c r e t e o n s i t e 
P a r t 1 0 2 M e t h o d f o r d e t e r m i n a t i o n o f s l u m p 
P a r t 1 0 3 M e t h o d f o r d e t e r m i n a t i o n o f c o m p a c t i n g f a c t o r 
P a r t 1 0 4 M e t h o d f o r d e t e r m i n a t i o n o f V e b e t i m e 
P a r t 1 0 5 M e t h o d f o r d e t e r m i n a t i o n o f f l o w 

B S 5 4 9 7 : 1 9 7 9 Precision of test methods 
P a r t 1 G u i d e f o r t h e d e t e r m i n a t i o n o f r e p e a t a b i l i t y a n d r e 
p r o d u c i b i l i t y f o r a s t a n d a r d t e s t m e t h o d 

American 

A S T M C 1 7 2 - 8 2 Standard method of sampling fresh concrete 
A S T M C 1 4 3 - 7 8 Slump test 
A S T M C 3 6 0 - 8 2 Ball penetration in fresh Portland cement concrete 
A S T M C 6 7 0 - 8 7 Preparing precision and bias statements for test methods for 

construction naterials 
ASTM Manual of Aggregate and Concrete Testing 

German 

D I N 1 0 4 8 T e i l 1 ( J e n . 1 9 7 2 ) Prufverfahren fur Beton - Frischbeton, Festbeton 
gesondert hergestellter Probekorper 
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International 

I S O 4 1 0 9 Fresh concrete - Determination of the consistency - Slump test 
I S O 4 1 1 0 Fresh concrete - Determination of the consistency - Vebe test 
I S O 4 1 1 1 Fresh concrete - Determination of consistency - Degree of Compact-

ability (Compaction index) 
I S O 9 8 1 2 Fresh Concrete - Determination of consistency - Flow table 
Note: T h e I S O s l u m p a n d V e b e t e s t s a r e t h e s a m e a s t h e B S 1 8 8 1 t e s t s . 

T h e I S O c o m p a c t i o n t e s t i s t h e s a m e a s t h e D I N 1 0 4 8 t e s t . 

Note on European standardization 
I t s e e m s l i k e l y t h a t t h e I S O t e s t s w i l l b e a c c e p t e d f o r u s e i n E u r o p e a n 
s t a n d a r d s . 



3 F l o w p r o p e r t i e s o f 
f r e s h c o n c r e t e 

T h e f a c t t h a t a n y o f t h e s t a n d a r d t e s t s , o r t h e o t h e r e m p i r i c a l t e s t s , c a n 
c l a s s i f y a s b e i n g i d e n t i c a l i n f l o w p r o p e r t i e s t w o c o n c r e t e s t h a t a r e 
s u b s e q u e n t l y f o u n d t o b e h a v e v e r y d i f f e r e n t l y o n t h e j o b , i s v e r y 
i m p o r t a n t i n d e e d , b e c a u s e i t m e a n s t h a t n o n e o f t h e s e t e s t s i s 
s a t i s f a c t o r y e v e n a s a s i m p l e p a s s / f a i l t e s t . I f a n a t t e m p t i s m a d e t o u s e 
o n e o f t h e m i n t h i s r o l e i t i s q u i t e p r o b a b l e t h a t a c o n c r e t e t h a t i s 
u n s a t i s f a c t o r y w i l l p a s s o r , c o n v e r s e l y , o n e t h a t i s s a t i s f a c t o r y w i l l f a i l . 
C l e a r l y t h e n , t h e s e m e t h o d s d o n o t m e a s u r e a n y p r o p e r t y o f t h e f r e s h 
c o n c r e t e t h a t c a n b e s i m p l y r e l a t e d t o i t s b e h a v i o u r o n t h e j o b , s o i f a n y 
a t t e m p t i s t o b e m a d e t o s e t u p a n a d e q u a t e q u a l i t y c o n t r o l s y s t e m 
s o m e t h i n g b e t t e r i s n e e d e d . I t i s n e c e s s a r y t o a s k w h a t i t i s t h a t s h o u l d 
b e m e a s u r e d a n d h o w i t c a n b e d o n e . 

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

I f w a t e r , o r a l i g h t o i l , o r a n y o t h e r s i m p l e l i q u i d , i s m a d e t o f l o w 
t h r o u g h a n a p p a r a t u s s u c h a s t h a t s h o w n i n F i g u r e 3 . 1 s o t h a t t h e r a t e 
o f f l o w a t a s e r i e s o f d i f f e r e n t c o n s t a n t p r e s s u r e s c a n b e m e a s u r e d , i t 
w i l l b e f o u n d t h a t t h e r e i s a s i m p l e l i n e a r r e l a t i o n s h i p , o f t h e t y p e 
s h o w n i n t h e g r a p h i n F i g u r e 3 . 2 . T h e c h a r a c t e r i s t i c s o f t h i s s i m p l e 
r e l a t i o n s h i p a r e a s f o l l o w s . 
( a ) H o w e v e r l o w t h e p r e s s u r e a p p l i e d , s o m e f l o w t a k e s p l a c e . 
( b ) T h e r a t e o f f l o w i s s i m p l y p r o p o r t i o n a l t o t h e a p p l i e d p r e s s u r e , s o 

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

Q = KP ( 3 . 1 ) 

W h e r e Q i s t h e f l o w r a t e e x p r e s s e d a s a v o l u m e o r m a s s p e r s e c o n d 
a n d P i s t h e a p p l i e d p r e s s u r e . T h e c o n s t a n t K w i l l o f c o u r s e d e p e n d o n 
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Figure 3.1 P r i n c i p l e o f m e a s u r e m e n t o f c o e f f i c i e n t o f v i s c o s i t y o f w a t e r b y f l o w 
t h r o u g h a c a p i l l a r y t u b e . 

t h e d e t a i l s o f t h e a p p a r a t u s , i n p a r t i c u l a r o n t h e l e n g t h a n d i n t e r n a l 
d i a m e t e r o f t h e f l o w t u b e , b u t a l s o , a n d v e r y i m p o r t a n t l y i t d e p e n d s o n 
t h e n a t u r e o f t h e l i q u i d u n d e r i n v e s t i g a t i o n . I n f a c t , f o r a g i v e n 
e x p e r i m e n t a l s e t - u p , i t d e p e n d s o n l y o n t h e n a t u r e o f t h a t l i q u i d a n d i s 
a m e a s u r e o f i t s f l u i d i t y . I f t h e e x p e r i m e n t i s r e p e a t e d o n a s e r i e s o f 
d i f f e r e n t l i q u i d s , i t w i l l b e f o u n d t h a t i n e a c h c a s e a s i m p l e s t r a i g h t - l i n e 
r e l a t i o n s h i p i s o b t a i n e d , b u t t h e v a l u e s o f K w i l l b e d i f f e r e n t f o r t h e 
d i f f e r e n t l i q u i d s , w h i c h i n t u r n m e a n s t h a t a s e r i e s o f l i n e s o f d i f f e r e n t 
s l o p e s w i l l b e o b t a i n e d a s s h o w n i n F i g u r e 3 . 3 . F o r e a c h l i q u i d , t h e 
c o r r e s p o n d i n g v a l u e o f K c o m p l e t e l y c h a r a c t e r i z e s t h e b e h a v i o u r o f t h e 
p a r t i c u l a r m a t e r i a l i n t h i s p a r t i c u l a r a p p a r a t u s . I n f a c t , i t i s a n e a s y 
m a t t e r t o e l i m i n a t e t h e a p p a r a t u s e f f e c t a n d t o o b t a i n f r o m e a c h v a l u e 
o f K a v a l u e o f t h e fluidity o r i t s r e c i p r o c a l w h i c h i s c a l l e d t h e 
viscosity n , i n f u n d a m e n t a l u n i t s i n d e p e n d e n t o f t h e a p p a r a t u s u s e d t o 
o b t a i n t h e r e s u l t s . E q u a t i o n 3 . 1 s h o w s t h a t s i n c e t h e l i q u i d i s 
c o m p l e t e l y c h a r a c t e r i z e d b y t h e s i n g l e c o n s t a n t K ( o r § o r n d e r i v e d 
f r o m i t ) , o n l y o n e m e a s u r e m e n t i s n e e d e d t o p e r m i t a v a l u e f o r K t o b e 
d e d u c e d ; m e a s u r e m e n t o f r a t e o f f l o w a t o n l y o n e p r e s s u r e i s s u f f i c i e n t 
f o r s u b s t i t u t i o n i n t h e e q u a t i o n t o a l l o w K t o b e c a l c u l a t e d . T h e 
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Figure 3.2 R e l a t i o n s h i p b e t w e e n f l o w r a t e a n d p r e s s u r e f o r a s i m p l e l i q u i d 
f l o w i n g t h r o u g h a t u b e . 

s u f f i c i e n c y o f a s i n g l e e x p e r i m e n t a l m e a s u r e m e n t c a n a l s o b e s e e n 
g e o m e t r i c a l l y a s i n F i g u r e 3 . 2 ; a s i n g l e e x p e r i m e n t a l p o i n t i s e n o u g h t o 
f i x t h e p o s i t i o n o f t h e l i n e , o r f l o w c u r v e , b e c a u s e t h e r e i s o n l y o n e 
s t r a i g h t l i n e t h a t w i l l p a s s t h r o u g h t h a t p o i n t a n d t h r o u g h t h e o r i g i n . 

T h e e x p e r i m e n t a l s e t - u p d e s c r i b e d i s e s s e n t i a l l y w h a t i s k n o w n a s a 
capillary-tube viscometer. A n a l t e r n a t i v e , a n d f o r s e v e r a l r e a s o n s a 
g e n e r a l l y m o r e u s e f u l f o r m o f a p p a r a t u s , i s t h e coaxial-cylinders 
viscometer, w h i c h i s a l s o k n o w n a s a c o n c e n t r i c - c y l i n d e r s v i s c o m e t e r , 
a C o u e t t e v i s c o m e t e r , o r s o m e t i m e s s i m p l y a s a r o t a t i o n v i s c o m e t e r , 
a l t h o u g h t h i s l a s t t e r m i n c l u d e s o t h e r t y p e s a s w e l l . A s t h e n a m e 
i m p l i e s , t h e e s s e n t i a l p a r t o f t h i s i n s t r u m e n t c o n s i s t s o f t w o c y l i n d e r s 
w h i c h a r e m o u n t e d c o a x i a l l y ( F i g u r e 3 . 4 ) i n s u c h a w a y t h a t t h e r e i s a 
s p a c e b e t w e e n t h e m , t h e g a p , w h i c h i s f i l l e d w i t h t h e m a t e r i a l u n d e r 

Flow 
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V/t Increasing 

K 
Decreasing 
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Figure 3.3 R e l a t i o n s h i p f o r l i q u i d s o f d i f f e r e n t v i s c o s i t i e s . 
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Figure 3.4 P r i n c i p l e o f t h e c o a x i a l - c y l i n d e r s v i s c o m e t e r . 

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

I f t h i s a p p a r a t u s i s u s e d t o s t u d y a s i m p l e l i q u i d o f t h e t y p e s o f a r 
d i s c u s s e d i t i s f o u n d t h a t t h e r e i s a s i m p l e l i n e a r r e l a t i o n s h i p b e t w e e n 
t h e t o r q u e o n t h e s t a t i o n a r y c y l i n d e r a n d t h e s p e e d o f t h e r o t a t i n g 
c y l i n d e r a s s h o w n i n F i g u r e 3 . 5 . A g a i n , t h e s l o p e o f t h e l i n e i s a 
m e a s u r e o f t h e f l u i d i t y o f t h e l i q u i d , t h a t i s : 

T=C-N ( 3 . 2 ) 

W h e r e T i s t h e t o r q u e a t a s p e e d N r e v / s a n d C , t h e p r o p o r t i o n a l i t y 
c o n s t a n t , i s t h e s l o p e o f t h e l i n e . C i s p r o p o r t i o n a l t o t h e f l u i d i t y <\> a n d 
i t s r e c i p r o c a l IIC i s p r o p o r t i o n a l t o t h e v i s c o s i t y n . A g a i n , i t i s a s i m p l e 
m a t t e r t o e l i m i n a t e t h e e f f e c t s o f a p p a r a t u s d i m e n s i o n s a n d t o o b t a i n <)) 
a n d n i n a b s o l u t e u n i t s . 

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

Figure 3.5 R e l a t i o n s h i p b e t w e e n t o r q u e a n d a n g u l a r s p e e d f o r a N e w t o n i a n 
l i q u i d i n a c o a x i a l - c y l i n d e r s v i s c o m e t e r . 

o n e , t h a t i s , t h e s h e a r s t r e s s i s p r o p o r t i o n a l t o t h e s h e a r r a t e , a n d t h e 
c o n s t a n t o f p r o p o r t i o n a l i t y i s c a l l e d t h e v i s c o s i t y . T h i s u n d e r l y i n g l a w 
i s c a l l e d Newton's L a w of V i s c o u s F l o w , a n d a s u b s t a n c e t h a t o b e y s i t 
i s r e f e r r e d t o a s a N e w t o n i a n l i q u i d . I t i s a r e m a r k a b l y s i m p l e l a w . 
T h e r e i s n o a p r i o r i r e a s o n w h y i t s h o u l d b e s u p p o s e d t h a t t h e 
r e l a t i o n s h i p b e t w e e n s h e a r s t r e s s a n d s h e a r r a t e , o r b e t w e e n p r e s s u r e 
a n d f l o w r a t e i n a t u b e , o r b e t w e e n t o r q u e a n d a n g u l a r s p e e d i n a 
c o a x i a l - c y l i n d e r s v i s c o m e t e r , s h o u l d b e s o s i m p l e a n d i n f a c t , f o r m a n y 
m a t e r i a l s o f g r e a t p r a c t i c a l i m p o r t a n c e i t i s n o t . T h e f l o w c u r v e m a y n o t 
b e l i n e a r , i t m a y n o t s t a r t f r o m t h e o r i g i n , a n d , w o r s t o f a l l , i t m a y n o t 
b e r e p r o d u c i b l e ; i n a n y o f t h e s e c a s e s a s i n g l e c o n s t a n t w i l l not b e 
s u f f i c i e n t t o c h a r a c t e r i z e t h e m a t e r i a l . 

I t i s r e a s o n a b l e t o s u s p e c t t h e n t h a t a n y o n e w h o a s s u m e s , w i t h o u t 
c h e c k i n g , t h a t f r e s h c o n c r e t e b e h a v e s a s i n t h e s i m p l e l i n e a r c a s e i s 
p u s h i n g h i s l u c k , a n d n e e d n o t r e a l l y b e s u r p r i s e d i f p r o p o s a l s h e 
m a k e s b a s e d o n t h a t a s s u m p t i o n t u r n o u t t o b e u n s a t i s f a c t o r y . A l l t h e 
s t a n d a r d t e s t s , a n d t h e o t h e r e m p i r i c a l t e s t s , a t t e m p t t o a s s e s s 
w o r k a b i l i t y i n t e r m s o f a s i n g l e q u a n t i t y , b e i t a s l u m p v a l u e , a V e b e 
t i m e , o r a n y o t h e r , s o t h e y a l l i n v o l v e t h e t a c i t a s s u m p t i o n t h a t 
c o n c r e t e b e h a v e s i n t h e s i m p l e s t o f a l l p o s s i b l e w a y s , l i k e w a t e r , o r a 
l i g h t o i l . 

T h e m o s t c a s u a l o b s e r v a t i o n o f t h e b e h a v i o u r o f c o n c r e t e s h o w s t h a t 
t h i s a s s u m p t i o n c a n n o t p o s s i b l y b e t r u e . F i r s t o f a l l , i t i s o b v i o u s t h a t 
t h e i m p o s i t i o n o f s o m e m i n i m u m s t r e s s o r f o r c e i s n e c e s s a r y t o g e t 
c o n c r e t e t o m o v e a t a l l , w h i c h m e a n s t h a t i t p o s s e s s e s w h a t i s k n o w n 
a s a y i e l d value, a n d c o n s e q u e n t l y t h e f l o w c u r v e c a n n o t p o s s i b l y p a s s 
t h r o u g h t h e o r i g i n . T h e m e r e f a c t t h a t a s l u m p t e s t c a n b e c a r r i e d o u t a t 
a l l , o r t h a t t h e m a t e r i a l c a n s t a n d i n a p i l e a n d r e s i s t f l o w u n d e r t h e 
i n f l u e n c e o f i t s o w n s e l f - w e i g h t , s h o w s t h a t t h i s i s s o . T h e s l u m p t e s t 
d o e s g i v e a c r u d e a s s e s s m e n t o f t h e y i e l d v a l u e o f a c o n c r e t e b u t i t 
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g i v e s n o i n f o r m a t i o n a t a l l a b o u t t h e e x t r a f o r c e s t h a t a r e n e e d e d a s 
s o o n a s t h e c o n c r e t e i s m a d e t o m o v e a t s p e e d s t h a t a r e i m p o r t a n t i n 
p r a c t i c a l j o b s . 

T h u s , w i t h o u t d o i n g a n y e x p e r i m e n t s a t a l l , o t h e r t h a n j u s t l o o k i n g 
a t t h e m a t e r i a l o n s i t e , i t c a n b e d e d u c e d t h a t t h e f l o w c u r v e d o e s n o t 
p a s s t h r o u g h t h e o r i g i n a n d t h e r e f o r e c a n n o t p o s s i b l y b e c h a r a c t e r i z e d 
b y a s i n g l e c o n s t a n t . T o f i n d o u t w h a t t h e s h a p e o f t h e f l o w l i n e i s , i t i s 
n e c e s s a r y t o c a r r y o u t s o m e e x p e r i m e n t s i n w h i c h m e a s u r e m e n t s a r e 
m a d e a t a s e r i e s o f d i f f e r e n t f l o w s p e e d s . I f c o n c r e t e i s e x a m i n e d i n a 
s u i t a b l y d e s i g n e d c o a x i a l - c y l i n d e r s v i s c o m e t e r i t i s f o u n d t h a t t h e 
r e l a t i o n s h i p b e t w e e n t o r q u e a n d s p e e d i s a s s h o w n i n F i g u r e 3 . 6 : t h a t 
i s , i t i s a s i m p l e s t r a i g h t l i n e b u t , u n l i k e t h e N e w t o n i a n c a s e , i t d o e s 
n o t p a s s t h r o u g h t h e o r i g i n ; i t h a s a n i n t e r c e p t o n t h e t o r q u e a x i s . T h e 
e q u a t i o n o f t h i s l i n e m a y b e w r i t t e n 

T = C + C"-N ( 3 . 3 ) 

W h e r e T i s t h e t o r q u e a t a n g u l a r s p e e d N , a s b e f o r e . C " , t h e s l o p e o f 
t h e l i n e , a g a i n i s a m e a s u r e o f f l u i d i t y b u t i n t h i s c a s e t h e t e r m 
mobil i ty i s u s e d ; i t s r e c i p r o c a l 1 / C " i s a g a i n a v i s c o s i t y , w h i c h i s c a l l e d 
t h e plastic viscosity. T h e n e w f e a t u r e i s t h e c o n s t a n t C w h i c h i s e q u a l 
t o t h e i n t e r c e p t o n t h e t o r q u e a x i s a n d i s a m e a s u r e o f t h e y i e l d v a l u e , 
t h a t i s , t h e t o r q u e a t z e r o s p e e d , o r t h e t o r q u e t h a t i s t h e m i n i m u m t o 
c a u s e t h e c o n c r e t e t o m o v e a t a l l . 

T h e f a c t t h a t t h e r e a r e n o w t w o c o n s t a n t s n e e d e d t o d e s c r i b e t h e 
m a t e r i a l a n d i t s f l o w c u r v e m e a n s o f c o u r s e t h a t i t i s n e c e s s a r y t o 
o b t a i n e x p e r i m e n t a l r e s u l t s a t n o t f e w e r t h a n t w o d i f f e r e n t s p e e d s s o 
t h a t t w o s i m u l t a n e o u s e q u a t i o n s o f t h e f o r m o f e q u a t i o n 3 . 3 c a n b e s e t 
u p a n d s o l v e d f o r C a n d C " . T h e s a m e t h i n g c a n b e s e e n o n a 

H H Torque, T 

Figure 3.6 R e l a t i o n s h i p b e t w e e n t o r q u e a n d a n g u l a r s p e e d f o r B i n g h a m 
m a t e r i a l i n a c o a x i a l - c y l i n d e r s v i s c o m e t e r . 
A a n d B r e p r e s e n t t h e t w o e x p e r i m e n t a l p o i n t s n e e d e d t o f i x t h e l i n e . 
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g e o m e t r i c a l b a s i s i n F i g u r e 3 . 6 ; i f o n l y o n e e x p e r i m e n t a l p o i n t i s 
a v a i l a b l e , t h e f l o w c u r v e m i g h t b e a n y o n e o f t h e i n f i n i t e n u m b e r o f 
p o s s i b l e l i n e s t o p a s s t h r o u g h t h a t p o i n t , a n d a s e c o n d p o i n t i s 
r e q u i r e d t o d e c i d e w h i c h o f t h e m i s t h e c o r r e c t o n e . 

E q u a t i o n 3 . 3 i s a p a r t i c u l a r e x p r e s s i o n o f a n u n d e r l y i n g f u n d a m e n t a l 
r e l a t i o n s h i p t h a t i s k n o w n a s t h e B i n g h a m model a n d s a y s t h a t t h e 
s h e a r s t r e s s o n a m a t e r i a l i s t h e s u m o f a y i e l d v a l u e a n d a n o t h e r t e r m 
t h a t i s p r o p o r t i o n a l t o t h e s h e a r r a t e . T h e c o n s t a n t o f p r o p o r t i o n a l i t y i n 
t h e s e c o n d t e r m i s c a l l e d t h e plastic viscosity a n d i t s r e c i p r o c a l i s c a l l e d 
t h e mobil i ty . A s u b s t a n c e w h o s e f l o w p r o p e r t i e s c o n f o r m t o t h i s 
m o d e l i s c a l l e d a B i n g h a m material. C o n c r e t e i s t h e r e f o r e a B i n g h a m 
m a t e r i a l b e c a u s e a s h a s b e e n s h o w n b y a g r e a t d e a l o f e x p e r i m e n t a l 
e v i d e n c e i t s f l o w p r o p e r t i e s c o n f o r m q u i t e c l o s e l y t o t h e B i n g h a m 
m o d e l . 

T h i s i s i n d e e d a f o r t u n a t e r e s u l t f r o m a p r a c t i c a l p o i n t o f v i e w 
b e c a u s e i t m e a n s t h a t a l t h o u g h c o n c r e t e i s n o t a s i m p l e N e w t o n i a n 
l i q u i d a n d c a n n o t b e c h a r a c t e r i z e d b y o n e c o n s t a n t , i t i s t h e n e x t 
s i m p l e s t c a s e , a B i n g h a m m a t e r i a l , a n d c a n b e d e s c r i b e d b y o n l y t w o 
c o n s t a n t s . T h u s , i t s e e m s t h a t t h e s e t W z r e f e r r e d t o i n C h a p t e r 1 m i g h t 
c o n s i s t o f o n l y t w o c o n s t a n t s a n d a d e s c r i p t i o n o f c o n c r e t e i n t e r m s o f 
t h o s e t w o s h o u l d m e e t t h e c r i t e r i a d i s c u s s e d i n C h a p t e r 1 . 

S o m e i d e a o f t h e a m b i g u i t i e s t h a t c a n a r i s e i f o n l y o n e m e a s u r e m e n t 
i s m a d e c a n b e o b t a i n e d f r o m F i g u r e 3 . 7 w h i c h s h o w s t h e f l o w c u r v e s 
o f t w o B i n g h a m m a t e r i a l s l a b e l l e d A a n d B , w h o s e f l o w c u r v e s c r o s s . I f 

Torque, 7" 
Figure 3.7 E f f e c t o f c h o i c e o f s p e e d u p o n t h e r e s u l t s o f a s i n g l e - p o i n t 
m e a s u r e m e n t o n t w o B i n g h a m m a t e r i a l s . 
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a m e a s u r e m e n t i s m a d e a t s p e e d N i i t w i l l b e c o n c l u d e d t h a t m a t e r i a l A 
i s t h i n n e r t h a n m a t e r i a l B b e c a u s e t h e t o r q u e i s l e s s f o r A t h a n i t i s f o r 
B , w h e r e a s i f a m e a s u r e m e n t i s m a d e a t s p e e d N3 t h e o p p o s i t e 
c o n c l u s i o n w i l l b e r e a c h e d , a n d a t s p e e d N2 t h e m a t e r i a l s w i l l b e 
j u d g e d a s h a v i n g t h e s a m e f l o w c h a r a c t e r i s t i c s . I t i s o b v i o u s t h a t i f a 
s i n g l e m e a s u r e m e n t t e s t o p e r a t e s a t s p e e d N3 a n d t h e n t h e m a t e r i a l i s 
u s e d i n a p r o c e s s w h o s e e f f e c t i v e s p e e d i s Nlf d i f f i c u l t i e s a r e l i k e l y t o 
b e e x p e r i e n c e d . 

T h u s , i f o n l y a s i n g l e m e a s u r e m e n t i s m a d e , t h a t i s i f t h e t e s t i s a 
s i n g l e - p o i n t t e s t , i t i s n o t p o s s i b l e t o o b t a i n t h e f l o w c u r v e o r t o d e d u c e 
t h e v a l u e s o f t h e t w o c o n s t a n t s t h a t m e a s u r e y i e l d v a l u e a n d p l a s t i c 
v i s c o s i t y . I n o t h e r w o r d s , i t i s n o t p o s s i b l e t o g e t o u t o f t h e e x p e r i m e n t 
m o r e i n f o r m a t i o n t h a n w a s p u t i n . A l l t h a t c a n b e d o n e i n t h i s c a s e i s 
t o q u o t e t h e s i n g l e v a l u e o b t a i n e d o r t o t r e a t t h e m a t e r i a l a s 
N e w t o n i a n , w h e n i t i s n o t , t h a t i s , t o g i v e t h e v a l u e o f t h e s l o p e o f t h e 
l i n e d r a w n f r o m t h e s i n g l e e x p e r i m e n t a l p o i n t t o t h e o r i g i n , a s s h o w n 
i n F i g u r e 3 . 8 . T h e r e c i p r o c a l o f t h i s s l o p e i s a m e a s u r e o f w h a t i s c a l l e d 
t h e apparent viscosity, t h a t i s , i t i s t h e v i s c o s i t y o f a N e w t o n i a n t h a t 
w o u l d b e h a v e i n t h e s a m e w a y a s t h e B i n g h a m u n d e r c o n s i d e r a t i o n at 
the particular speed o f t h e e x p e r i m e n t . C l e a r l y , a p p a r e n t v i s c o s i t y 
d e p e n d s n o t o n l y o n t h e p r o p e r t i e s o f t h e m a t e r i a l b e i n g i n v e s t i g a t e d 
b u t a l s o o n t h e s p e e d a t w h i c h t h e s i n g l e m e a s u r e m e n t i s t a k e n . W h e n 
a p p a r e n t v i s c o s i t y i s u s e d i n i g n o r a n c e t h e r e s u l t c a n b e c o s t l y c h a o s , 
b u t u n d e r s o m e c i r c u m s t a n c e s i t c a n b e a u s e f u l q u a n t i t y a n d i t w i l l 
e n t e r o t h e r c o n s i d e r a t i o n s l a t e r o n . 

T h e f a c t t h a t c o n c r e t e h a s a y i e l d v a l u e i s i m p o r t a n t i n o t h e r w a y s 
t o o , f o r e x a m p l e , i n t h e w a y t h a t i t b e h a v e s w h e n i t i s p u m p e d , a n d 
t h a t c a n b e b e s t u n d e r s t o o d b y c o n s i d e r i n g w h a t h a p p e n s w h e n a 
B i n g h a m m a t e r i a l i s i n v e s t i g a t e d i n t h e c a p i l l a r y - t u b e t y p e o f 
v i s c o m e t e r . I t h a s a l r e a d y b e e n s e e n t h a t a N e w t o n i a n t h a t g i v e s a 
s t r a i g h t - l i n e r e l a t i o n s h i p i n t h e c o a x i a l - c y l i n d e r s v i s c o m e t e r a l s o g i v e s a 
s t r a i g h t l i n e o f t h e s a m e t y p e i n t h e c a p i l l a r y t u b e , s o i t s e e m s 
r e a s o n a b l e t o e x p e c t t h a t a B i n g h a m t h a t g i v e s a s t r a i g h t l i n e w i t h a n 
i n t e r c e p t i n t h e c o a x i a l c y l i n d e r s w i l l a l s o g i v e a s t r a i g h t l i n e w i t h a n 
i n t e r c e p t i n t h e c a p i l l a r y t u b e . H o w e v e r , t h a t i s n o t s o . 

M a t e r i a l f l o w i n g i n a c a p i l l a r y t u b e m a y b e r e g a r d e d a s d o i n g s o i n 
c o a x i a l c y l i n d r i c a l l a y e r s , r a t h e r l i k e t h e c o n t i n u o u s e x t e n d i n g o f a 
t e l e s c o p e , a n d t h e s h e a r s t r e s s e s t o b e c o n s i d e r e d a r e t h o s e a c t i n g o n 
t h e c y l i n d r i c a l s u r f a c e s . I t c a n e a s i l y b e s h o w n t h a t t h e s e s t r e s s e s a r e 
n o t u n i f o r m a c r o s s t h e s e c t i o n b u t h a v e v a l u e s p r o p o r t i o n a l t o t h e 
r a d i u s o f t h e c y l i n d e r u n d e r c o n s i d e r a t i o n . I t f o l l o w s t h a t t h e s h e a r 
s t r e s s i s z e r o a t t h e c e n t r e o f t h e t u b e w h e r e t h e r a d i u s i s z e r o , a n d 
r i s e s t o i t s h i g h e s t v a l u e a t t h e i n n e r s u r f a c e o f t h e t u b e w h e r e t h e 
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Figure 3.8 A p p a r e n t v i s c o s i t i e s o f t w o B i n g h a m m a t e r i a l s A a n d B : a t s p e e d 
N i , r ) a p p v a l u e s a r e e q u a l a n d a r e m e a s u r e d b y t h e r e c i p r o c a l o f t h e s l o p e o f 
l i n e O X ; a t a n y o t h e r s p e e d , s a y N 2 , r j a p p v a l u e s a r e d i f f e r e n t f r o m t h a t a t N 2 

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

r a d i u s i s g r e a t e s t . W h e n a B i n g h a m m a t e r i a l i s c o n t a i n e d i n a f l o w t u b e 
a n d t h e p r e s s u r e t o m o v e i t i s g r a d u a l l y i n c r e a s e d , i t i s a t t h e w a l l o f 
t h e t u b e t h a t t h e a p p l i e d s t r e s s f i r s t e q u a l s t h e y i e l d s t r e s s , a n d a t t h i s 
m o m e n t i t d o e s n o t r e a c h t h e y i e l d s t r e s s a n y w h e r e e l s e . T h e r e s u l t i s 
t h a t s h e a r i n g t a k e s p l a c e i n a t h i n l a y e r c l o s e t o t h e w a l l , a n d n o w h e r e 
e l s e , s o t h e m a t e r i a l m o v e s f o r w a r d a s a s o l i d p l u g , a s i l l u s t r a t e d i n 
F i g u r e 3.9. N o t s u r p r i s i n g l y , t h i s p h e n o m e n o n i s k n o w n a s p l u g flow. 
A n e v e r y d a y e x a m p l e o f i t i s s h o w n i n t h e w a y t h a t t o o t h p a s t e f l o w s 
o u t o f t h e n o z z l e o f i t s t u b e . A s t h e p r e s s u r e d i f f e r e n c e c a u s i n g f l o w i s 
i n c r e a s e d , t h e y i e l d v a l u e i s r e a c h e d a t p r o g r e s s i v e l y s m a l l e r a n d 
s m a l l e r r a d i i a n d t h e r a d i u s o f t h e p l u g i s s t e a d i l y r e d u c e d , b u t , a t l e a s t 
t h e o r e t i c a l l y , i t n e v e r a c t u a l l y b e c o m e s z e r o , s o t h a t m a t e r i a l i s f l o w i n g 
a c r o s s t h e e n t i r e c r o s s - s e c t i o n , u n t i l t h e p r e s s u r e b e c o m e s i n f i n i t e . T h e 
r e s u l t i s t h a t t h e f l o w c u r v e a p p r o a c h e s , b u t t h e o r e t i c a l l y n e v e r 
b e c o m e s , a s t r a i g h t l i n e . T h i s i s o n e o f t h e r e a s o n s w h y t h e c a p i l l a r y -
t u b e v i s c o m e t e r i s n o t a v e r y g o o d i n s t r u m e n t f o r i n v e s t i g a t i o n o f o t h e r 
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The stress on this surface 
is equal to the yield stress 

Figure 3.9 P l u g f l o w . 

t h a n N e w t o n i a n m a t e r i a l s , t h a t i s , b e c a u s e p l u g f l o w c a n n o t b e 
e l i m i n a t e d . P l u g f l o w , o r i t s r o t a t i o n a l e q u i v a l e n t , d o e s i n f a c t o c c u r i n 
t h e c o a x i a l - c y l i n d e r s v i s c o m e t e r t o o , a n d c a u s e s a c u r v a t u r e o f t h e 
b o t t o m e n d o f t h e f l o w c u r v e . H o w e v e r , i n t h i s c a s e i t c a n b e 
e l i m i n a t e d s i m p l y b y n o t w o r k i n g a t v e r y l o w s p e e d s a n d , a b o v e t h e 
r e l a t i v e l y s m a l l r e g i o n w h e r e p l u g f l o w o c c u r s , t h e f l o w c u r v e d o e s n o t 
j u s t a p p r o a c h a s t r a i g h t l i n e , i t i s o n e . 

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

T h e r e i s n o w n o d o u b t w h a t s o e v e r t h a t t h e f l o w p r o p e r t i e s o f f r e s h 
c o n c r e t e a p p r o x i m a t e c l o s e l y t o t h e B i n g h a m m o d e l a n d s h o u l d 
t h e r e f o r e b e a s s e s s e d i n t e r m s o f n o t f e w e r t h a n t w o c o n s t a n t s , t h e 
y i e l d v a l u e a n d p l a s t i c v i s c o s i t y . T h i s s t a t e m e n t i s s u p p o r t e d b y a n 
o v e r w h e l m i n g a m o u n t o f e x p e r i m e n t a l e v i d e n c e , s o m e o f w h i c h w i l l 
b e c o n s i d e r e d i n t h e d i s c u s s i o n s t h a t f o l l o w . I t i s c l e a r t h a t a n y a t t e m p t 
t o m e a s u r e w o r k a b i l i t y a n d t o u n d e r s t a n d t h e b e h a v i o u r i n p r a c t i c e 
w i l l n o t s t a n d m u c h c h a n c e o f s u c c e s s , u n l e s s i t t a k e s a c c o u n t o f t h a t 
f a c t . 
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T h e l a s t c h a p t e r a n t i c i p a t e d s o m e w h a t i n s t a t i n g a s a s i m p l e f a c t t h a t 
t h e f l o w p r o p e r t i e s o f f r e s h c o n c r e t e a p p r o x i m a t e t o t h e B i n g h a m 
m o d e l , w i t h o u t g i v i n g a n y d e t a i l s o f t h e v a s t a m o u n t o f e x p e r i m e n t a l 
e v i d e n c e t h a t i s n o w a v a i l a b l e i n s u p p o r t . O f c o u r s e , w h e n t h e f i r s t 
a t t e m p t i s m a d e t o i n v e s t i g a t e a m a t e r i a l , t h e n a t u r e o f i t s p r o p e r t i e s i s 
n o t k n o w n o r t h e i n v e s t i g a t i o n w o u l d b e u n n e c e s s a r y . N e v e r t h e l e s s , i t 
w o u l d b e u n u s u a l t o k n o w n o t h i n g a t a l l a n d i n t h e c a s e o f f r e s h 
c o n c r e t e i t c o u l d b e s a i d t h a t i t w o u l d b e u n l i k e l y t o b e a s i m p l e 
N e w t o n i a n , b e c a u s e i t i s a c o m p l e x m i x t u r e o f p a r t i c l e s r a n g i n g i n s i z e 
f r o m a b o u t a m i c r o n t o s a y 2 0 m m , a n d s o m e o f t h e c o n s t i t u e n t s a r e 
r e a c t i n g c h e m i c a l l y w i t h e a c h o t h e r . T h i s s h o u l d b e s u f f i c i e n t t o 
s u g g e s t t h a t a s i n g l e - p o i n t m e t h o d t h a t m i g h t b e s u i t a b l e f o r a 
N e w t o n i a n i s n o t l i k e l y t o b e s a t i s f a c t o r y b u t i n a n y c a s e , i f i t w e r e a 
N e w t o n i a n , m e a s u r e m e n t s a t a s e r i e s o f s p e e d s w o u l d b e n e e d e d t o 
e s t a b l i s h t h a t . 

I n a d d i t i o n , r e m e m b e r i n g t h a t o r d i n a r y o b s e r v a t i o n s u g g e s t s t h a t 
c o n c r e t e p o s s e s s e s a y i e l d v a l u e , t h e q u e s t i o n o f p l u g f l o w m u s t b e 
t a k e n i n t o a c c o u n t , a n d t h i s i s a g o o d r e a s o n f o r r e j e c t i n g a p p a r a t u s o f 
t h e f l o w - t u b e t y p e . A n o t h e r d i s a d v a n t a g e o f t h a t t y p e i s t h a t a 
c o n t i n u o u s s u p p l y o f c o n c r e t e m u s t b e p r o v i d e d u n l e s s a c o m p l i c a t e d 
r e c i r c u l a t i o n s y s t e m i s i n t r o d u c e d . T h e m o s t o b v i o u s c a n d i d a t e f o r 
i n i t i a l i n v e s t i g a t i o n s i s s o m e t y p e o f c o a x i a l - c y l i n d e r s v i s c o m e t e r . 
A l t h o u g h s u c h v i s c o m e t e r s h a d b e e n u s e d f o r w o r k o n c e m e n t p a s t e s 
a n d m o r t a r s s e v e r a l d e c a d e s a g o , t h e r e d o e s n o t s e e m t o h a v e b e e n 
a n y a t t e m p t t o u s e o n e f o r c o n c r e t e b e f o r e a b o u t 1 9 7 0 w h e n T a t t e r s a l l 1 

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

C o n c u r r e n t l y , U z o m a k a 2 h a d m o r e s u c c e s s o n c o n c r e t e s o f m u c h 
h i g h e r w o r k a b i l i t y , o f t h e t y p e u s e d f o r p i l i n g a n d d i a p h r a g m w a l l i n g , 
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a n d o b t a i n e d e v i d e n c e t o s u g g e s t c o m p l i a n c e w i t h t h e B i n g h a m m o d e l . 
T h e c o a x i a l - c y l i n d e r s a p p a r a t u s , o r a v a r i a n t o f i t , w a s a l s o u s e d b y 
M u r a t a a n d K i k u k a w a 3 , M o r i n a g a 4 , a n d S a k u t a , Y a m a n o , K a s a m i a n d 
S a k a m o t o 5 a n d m o r e e v i d e n c e t o s u p p o r t t h e B i n g h a m c o n c e p t w a s 
o b t a i n e d . T h e p r i n c i p l e o f m e a s u r i n g t h e t o r q u e r e q u i r e d t o i n i t i a t e 
m o v e m e n t o f a b o d y i m m e r s e d i n t h e c o n c r e t e h a d b e e n u s e d e a r l i e r 
b y o t h e r w o r k e r s s u c h a s l ' H e r m i t e 6 , R i t c h i e 7 a n d K o m l o s 8 , b u t t h e y 
d i d n o t a t t e m p t t o o b t a i n f l o w c u r v e s o r a p p l y a n y t h e o r y . 

A l l t h e w o r k c o n s i d e r e d a b o v e , w i t h t h e e x c e p t i o n o f T a t t e r s a l l ' s 
w h i c h w a s a f a i l u r e , a n d t h a t i n w h i c h o n l y y i e l d v a l u e w a s m e a s u r e d , 
w a s o n c o n c r e t e s o f f a i r l y h i g h w o r k a b i l i t y . T h e r e i s n o r e p o r t o f t h e 
s u c c e s s f u l u s e o f t h e c o a x i a l - c y l i n d e r s v i s c o m e t e r f o r c o n c r e t e s h a v i n g 
w o r k a b i l i t i e s i n t h e r a n g e n o r m a l f o r s t r u c t u r a l c o n c r e t e s i n t h e U K , 
a n d e v e n t h e a p p a r e n t l y s u c c e s s f u l w o r k o n t h e h i g h e r w o r k a b i l i t i e s 
h a s g i v e n r e s u l t s t h a t d i f f e r b y o r d e r s o f m a g n i t u d e . C l e a r l y , s o m e 
s e a r c h i n g q u e s t i o n s n e e d t o b e a s k e d a b o u t t h i s m e t h o d . 

B l o o m e r 9 h a s d i s c u s s e d i n d e t a i l t h e r e q u i r e m e n t s f o r t h e d e s i g n o f a 
c o a x i a l - c y l i n d e r s v i s c o m e t e r s u i t a b l e f o r m e a s u r e m e n t s o n c o n c r e t e , 
a n d p o i n t s o u t t h a t i t i s n e c e s s a r y t o c o n s i d e r g a p s i z e , t h e r a t i o o f t h e 
c y l i n d e r d i a m e t e r s , e n d e f f e c t s , a n d p o s s i b l e s l i p p a g e . T h e e f f e c t o f t h i s 
i s t o i m p o s e c o n d i t i o n s o n t h e d i m e n s i o n s o f t h e a p p a r a t u s a n d i t i s 
i m m e d i a t e l y a p p a r e n t t h a t n o n e o f t h e i n v e s t i g a t o r s m e n t i o n e d a b o v e 
u s e d v i s c o m e t e r s t h a t s a t i s f i e d t h e c r i t e r i a , e s p e c i a l l y s o i n t h e c a s e o f 
g a p s i z e . I t h a s b e e n s t a t e d b y V a n W a z e r , L y o n s , K i m a n d C o l w e l l 1 0 , 
a n d i s g e n e r a l l y a c c e p t e d , t h a t t h e d i f f e r e n c e b e t w e e n t h e r a d i i o f t h e 
i n n e r a n d o u t e r c y l i n d e r s o f a p p a r a t u s t o b e u s e d f o r a p a r t i c u l a t e 
s u s p e n s i o n s h o u l d b e n o t l e s s t h a n t e n t i m e s t h e s i z e o f t h e l a r g e s t 
p a r t i c l e i n s u s p e n s i o n . T h i s i s a r e a s o n a b l e c o n d i t i o n s u p p o r t e d i n 
d i r e c t l y b y w o r k s u c h a s t h a t o f M c G r e a r y 1 1 w h o f o u n d i n e x p e r i m e n t s 
o n p a c k i n g o f p a r t i c l e s i n c o n t a i n e r s o f v a r i o u s s i z e s , t h a t t h e b u l k 
d e n s i t y o f t h e p a c k e d m a t e r i a l w a s i n d e p e n d e n t o f t h e r a t i o o f t h e s i z e 
o f c o n t a i n e r t o s i z e o f p a r t i c l e p r o v i d e d t h a t r a t i o w a s n o t l e s s t h a n t e n . 

B l o o m e r c a l c u l a t e d t h a t t o f u l f i l a l l t h e c r i t e r i a s a t i s f a c t o r i l y a 
v i s c o m e t e r f o r c o n c r e t e w o u l d h a v e t o b e v e r y l a r g e a n d w o u l d r e q u i r e 
a s a m p l e o f 2 . 6 m 3 , t h a t i s , h a l f a r e a d y - m i x e d t r u c k l o a d . C l e a r l y t h i s i s 
q u i t e i m p r a c t i c a l , b u t a r e d u c t i o n i n s i z e w o u l d b e a t t h e s a c r i f i c e o f 
d e s i r e d c o n d i t i o n s a n d w o u l d t h e r e f o r e r e f l e c t o n t h e r e l i a b i l i t y o f 
r e s u l t s . 

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

Q u i t e a p a r t f r o m a n y c o n s i d e r a t i o n s u c h a s t h a t g i v e n a b o v e , t h e 
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a t t r a c t i o n o f a t t e m p t i n g t o a s s e s s w o r k a b i l i t y b y m a k i n g s o m e 
m e a s u r e m e n t d u r i n g t h e m i x i n g p r o c e s s i s o b v i o u s . M e t h o d s h a v e 
b e e n p r o p o s e d b y P u r r i n g t o n a n d L o r i n g 1 2 , 1 3 , R o b e r t s 1 4 , R a y b u r n 1 5 , 
H a g y 1 6 , P o l a t t y 1 7 , S i m m o n e t 1 8 , a n d H a r r i s o n 1 9 , 2 0 . H o w e v e r , n e a r l y a l l 
t h e s e w o r k e r s m a d e m e a s u r e m e n t s a t o n e s p e e d o n l y . T h e o n l y 
e x c e p t i o n s w e r e H a r r i s o n , a n d P u r r i n g t o n a n d L o r i n g , a n d i n n e i t h e r 
o f t h e s e t w o c a s e s w a s t h e r e a n y p r o p o s a l t o p l o t a f l o w c u r v e o r t o 
o b t a i n t h e c o n s t a n t s n e e d e d t o d e s c r i b e i t . T h e f i r s t r e p o r t e d a t t e m p t t o 
d o s o r e l a t e d t o a l a b o r a t o r y m e t h o d d e s c r i b e d b y T a t t e r s a l l 1 i n 1 9 7 0 . 

T a t t e r s a l l ' s a p p r o a c h w a s a l s o a n e m p i r i c a l o n e a n d f o l l o w e d h i s 
e x p e r i m e n t s w i t h a c o a x i a l - c y l i n d e r s v i s c o m e t e r i n w h i c h a f a i l u r e 
p l a n e h a d d e v e l o p e d i n t h e c o n c r e t e s o t h a t t h e v a l u e o f t h e t o r q u e 
b e c a m e i n d e p e n d e n t o f t h e s p e e d o f r o t a t i o n o f t h e c y l i n d e r . H e 
r e a s o n e d t h a t t h e p r o b l e m c o u l d b e a v o i d e d b y t h e u s e o f a n a p p a r a t u s 
i n w h i c h t h e e l e m e n t o n w h i c h t h e t o r q u e i s m e a s u r e d i s c o n t i n u o u s l y 

Figure 4.1 T h e o r i g i n a l s e t - u p u s i n g a H o b a r t f o o d m i x e r a n d a d y n a m o m e t e r 
w a t t m e t e r . 
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Torque, 7* 

Figure 4.2 B i n g h a m flow c u r v e s f o r c o n c r e t e o b t a i n e d i n H o b a r t a p p a r a t u s , ( a ) 
e f f e c t o f c h a n g i n g w a t e r c o n t e n t f o r 1 : 2 : 4 m i x ; ( b ) e f f e c t o f c h a n g i n g c o a r s e / f i n e 
r a t i o . 

p r e s e n t e d w i t h a n e w v o l u m e o f c o n c r e t e , a n d a c h i e v e d t h i s b y u s i n g 
a n o r d i n a r y H o b a r t f o o d m i x e r e q u i p p e d w i t h a s t i r r i n g h o o k t h a t 
m o v e d i n p l a n e t a r y m o t i o n i n a b o w l w h o s e v o l u m e w a s 
a p p r o x i m a t e l y 1 0 L i t r e s . B y c h o i c e o f g e a r s t h e h o o k c o u l d b e g i v e n a n y 
o n e o f t h r e e s p e e d s , 1 . 6 , 2 . 8 , o r 5 . 2 r e v / s a b o u t t h e h o o k a x i s , w i t h 
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c o r r e s p o n d i n g s p e e d s o f 0 . 4 8 , 0 . 8 8 a n d 1 . 6 5 r e v / s a b o u t t h e b o w l a x i s . 
T h e a p p a r a t u s i s s h o w n i n F i g u r e 4 . 1 . T h e e l e c t r i c a l p o w e r w a s 
m e a s u r e d b y m e a n s o f a d y n a m o m e t e r w a t t m e t e r w h e n t h e b o w l 
c o n t a i n e d a s t a n d a r d q u a n t i t y ( 2 5 k g ) o f c o n c r e t e , a n d a l s o w h e n t h e 
b o w l w a s e m p t y . T h e d i f f e r e n c e b e t w e e n t h e s e t w o p o w e r s , P , w a s 
d i v i d e d b y s p e e d , N , t o g i v e a v a l u e o f t o r q u e , T, i n a r b i t r a r y u n i t s , 
a n d T w a s t h e n p l o t t e d a g a i n s t s p e e d . I n g e n e r a l , f o r c o n c r e t e s o f 
p r a c t i c a l i n t e r e s t , t h e r e l a t i o n s h i p w a s l i n e a r o r v e r y n e a r l y s o ; s o m e 
t y p i c a l r e s u l t s a r e s h o w n i n F i g u r e 4 . 2 . 

T h i s v e r y s i m p l e r e s u l t , o f a l i n e a r r e l a t i o n s h i p , i s a t f i r s t a v e r y 
s u r p r i s i n g o n e b e c a u s e i t h a d b e e n k n o w n a t l e a s t s i n c e 1 9 5 4 2 1 - 2 3 t h a t 
t h e b e h a v i o u r o f c e m e n t / w a t e r p a s t e s i s v e r y c o m p l i c a t e d a n d i t m i g h t 
b e e x p e c t e d t h a t c o n c r e t e , w h i c h m a y b e r e g a r d e d a s a c e m e n t p a s t e 
c o n t a i n i n g i n e r t a g g r e g a t e p a r t i c l e s o f a w i d e r a n g e o f s i z e s , w o u l d b e 
e v e n m o r e s o . T h e f a c t t h a t i t i s n o t c a n n o w b e e x p l a i n e d ; b r i e f l y , i t i s 
b e c a u s e t h e s h e a r r a t e s i m p o s e d a r e v e r y l o w . 

Figure 4.3 R e l a t i o n s h i p b e t w e e n t o r q u e a n d s p e e d f o r f r e s h c o n c r e t e s h o w i n g 
t h a t t h e m a t e r i a l c o n f o r m s t o t h e B i n g h a m m o d e l . 
T = g + h N 
I n t e r c e p t g m e a s u r e s y i e l d v a l u e . 
R e c i p r o c a l s l o p e h m e a s u r e s p l a s t i c v i s c o s i t y . 

9 Torque, T 
T = g + hN 
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T h e l i n e a r c u r v e s c a n b e r e p r e s e n t e d b y t h e s i m p l e e q u a t i o n 

T = g + h-N ( 4 . 1 ) 

W h e r e g i s t h e i n t e r c e p t o n t h e t o r q u e a x i s a n d h i s t h e r e c i p r o c a l o f t h e 
s l o p e o f t h e l i n e , a s s h o w n i n F i g u r e 4 . 3 . I t i s i m m e d i a t e l y o b v i o u s t h a t 
t h i s i s a f o r m o f t h e e q u a t i o n f o r t h e B i n g h a m m o d e l , s o t h a t g i s a 
m e a s u r e o f t h e y i e l d v a l u e o f t h e c o n c r e t e a n d h i s a m e a s u r e o f i t s 
p l a s t i c v i s c o s i t y . 

T h i s p r e l i m i n a r y w o r k w a s f o l l o w e d b y a c a r e f u l a n d d e t a i l e d 
i n v e s t i g a t i o n b y S c u l l i o n 2 4 a n d f u r t h e r w o r k b y D i m o n d a n d B l o o m e r 9 , 
b a c k e d u p b y t r i a l s i n o t h e r l a b o r a t o r i e s . U s e f u l r e s u l t s w e r e o b t a i n e d , 
s o m e o f w h i c h w i l l b e r e f e r r e d t o l a t e r , b u t t h e m o s t i m p o r t a n t 
c o n c l u s i o n w a s t h a t w h i l e t h e p r i n c i p l e o f m e a s u r i n g t h e B i n g h a m 
c o n s t a n t s w a s s o u n d , t h i s p a r t i c u l a r a p p a r a t u s h a d d e f i c i e n c i e s s u c h 
t h a t i t s h o u l d b e r e p l a c e d b y o n e s p e c i a l l y d e s i g n e d f o r t h e j o b . T h a t 
t a s k w a s t h e r e f o r e u n d e r t a k e n a n d a n a p p a r a t u s a s d e s c r i b e d i n t h e 
f o l l o w i n g c h a p t e r w a s d e v e l o p e d . 
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5 T h e t w o - p o i n t 
w o r k a b i l i t y t e s t 

5 . 1 PRINCIPLES 
T h e o b j e c t i v e i n d e v e l o p i n g t h e n e w a p p a r a t u s w a s , o f c o u r s e , t o 
e x p l o i t t h e p r i n c i p l e o f e x p r e s s i n g t h e f l o w p r o p e r t i e s o f c o n c r e t e i n 
t e r m s o f t w o c o n s t a n t s , w h i c h h a d b e e n e s t a b l i s h e d a s u s e f u l a n d 
p r o m i s i n g b y t h e w o r k a l r e a d y c o m p l e t e d , b u t t o a v o i d t h e 
d i s a d v a n t a g e s a n d d e f e c t s o f t h e e a r l i e r a p p a r a t u s . T h i s w o u l d b e d o n e 
b y o b t a i n i n g a f l o w c u r v e f r o m m e a s u r e m e n t s o f t h e t o r q u e r e q u i r e d t o 
r o t a t e a s u i t a b l e i m p e l l e r i m m e r s e d i n t h e c o n c r e t e , a t s e v e r a l d i f f e r e n t 

I f i t i s k n o w n w i t h c o n f i d e n c e t h a t t h e c o n c r e t e u n d e r t e s t b e h a v e s 
a c c o r d i n g t o t h e B i n g h a m m o d e l , a n d i f e x p e r i m e n t a l e r r o r i s i g n o r e d , 
i t i s n e c e s s a r y o n l y t o m e a s u r e t o r q u e a t t w o s p e e d s , a n d t h a t i s w h y 
t h e t e s t i s c a l l e d t h e t w o - p o i n t t e s t . I n p r a c t i c e , t h e u s e o f a r a n g e o f 
s p e e d s n o t o n l y p e r m i t s a p r o p e r c h e c k t o b e m a d e o n t h e l i n e a r i t y o r 
o t h e r w i s e o f t h e r e l a t i o n s h i p , b u t i t a l s o , i f t h e r e l a t i o n s h i p i s l i n e a r , 
r e d u c e s t h e e x p e r i m e n t a l e r r o r i n t h e d e t e r m i n a t i o n o f t h e t w o 
c o n s t a n t s g ( t h e i n t e r c e p t ) a n d h ( t h e r e c i p r o c a l s l o p e ) . 

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

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

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

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

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

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

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

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

5 . 2 D E V E L O P M E N T 

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

T h e b o w l t o c o n t a i n t h e s a m p l e u n d e r t e s t i s i n t h e f o r m o f a c y l i n d e r 
o f 2 5 4 m m d i a m e t e r a n d 3 0 5 m m h i g h ( 1 0 i n x 1 2 i n ) s o t h a t i t c a n b e 
f a b r i c a t e d f r o m f l a t s h e e t , a n d r e q u i r e s a s a m p l e o f a b o u t a b u c k e t f u l . 
T h e i m p e l l e r m u s t m o v e t h e c o n c r e t e w i t h o u t c a u s i n g o r e x a g g e r a t i n g 
s e g r e g a t i o n a n d / o r b l e e d i n g , a n d a f t e r t r i a l s o f v a r i o u s d e s i g n s , t h e 
i n t e r r u p t e d h e l i x f o r m s h o w n i n F i g u r e 5 . 1 w a s f i n a l l y s e l e c t e d . T h i s 
s h a p e h a s t h e a d v a n t a g e s t h a t i t i s m a d e f r o m f l a t b l a d e s f i x e d i n a 
h e l i c a l t h r e a d c u t i n t h e c e n t r a l s h a f t a n d t h a t i t p e r m i t s c o n c r e t e t o f a l l 
b a c k t h r o u g h t h e g a p s b e t w e e n t h e b l a d e s . T h i s l a t t e r f e a t u r e i s 
p a r t i c u l a r l y i m p o r t a n t ; i f a c o m p l e t e h e l i x w e r e t o b e u s e d t h e m a t e r i a l 
t h a t i s m o v e d u p w a r d s w o u l d n o t i m m e d i a t e l y b e r e p l a c e d b y c o n c r e t e 
f r o m t h e s i d e s . T h e s e n s e o f r o t a t i o n o f t h e i m p e l l e r i s s u c h ( a n t i 
c l o c k w i s e ) a s t o r a i s e t h e c o n c r e t e . 

A n a r r a n g e m e n t t h a t g a v e t h e r e q u i r e d t o r q u e a n d s p e e d s w a s 
o b t a i n e d b y t h e u s e o f a \ h p s i n g l e - p h a s e e l e c t r i c m o t o r d r i v i n g 
t h r o u g h a h y d r a u l i c t r a n s m i s s i o n ( C a r t e r G e a r F 1 0 ) a n d a 4 . 7 5 : 1 r i g h t -
a n g l e d r e d u c t i o n g e a r , w h i c h p r o v i d e s a t o r q u e r a n g e o f 0 - 1 6 N m a n d 
a n i n f i n i t e l y v a r i a b l e s p e e d f r o m - 3 . 1 5 t h r o u g h z e r o t o + 3 . 1 5 r e v / s . 

A n o t h e r i m p o r t a n t r e a s o n f o r t h e s e l e c t i o n o f t h e C a r t e r g e a r a s t h e 
d r i v i n g u n i t a r o s e f r o m t h e r e q u i r e m e n t s f o r t o r q u e m e a s u r e m e n t , 
b e c a u s e t h e t o r q u e d e v e l o p e d i s q u i t e a c c u r a t e l y p r o p o r t i o n a l t o t h e 
p r e s s u r e o f t h e o i l i n t h e h y d r a u l i c t r a n s m i s s i o n . M o s t m e t h o d s o f 
t o r q u e m e a s u r e m e n t a r e e i t h e r c u m b e r s o m e , o r e x p e n s i v e , o r s u f f e r 
f r o m t h e d i s a d v a n t a g e o f s u s c e p t i b i l i t y t o i n t e r f e r e n c e b y d i r t , w h e r e a s 
u s e o f t h i s p r o p e r t y o f t h e h y d r a u l i c u n i t p r o v i d e s a m e t h o d t h a t i s 
e x e m p t f r o m a l l t h e s e d i s a d v a n t a g e s . A l l t h a t i s n e c e s s a r y i s t o c o n n e c t 
a s i m p l e p r e s s u r e g a u g e i n t h e h y d r a u l i c l i n e t o p r o v i d e a s y s t e m t h a t 
i s r o b u s t e n o u g h f o r s i t e u s e a n d i s m a i n t e n a n c e - f r e e . A l t e r n a t i v e l y , o r 
i n a d d i t i o n , a s i m p l e p r e s s u r e t r a n s d u c e r m a y b e u s e d f o r c o n v e r s i o n 
o f t h e p r e s s u r e r e a d i n g t o a d i g i t a l r e a d - o u t o r f o r c o u p l i n g t o a c h a r t 
r e c o r d e r o r , i f d e s i r e d , t o a c o m p u t e r . 

O n e o f t h e m a n y a l t e r n a t i v e s c o n s i d e r e d w a s t h e u s e o f s t r a i n 
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Figure 5.1 I n t e r r u p t e d - h e l i x i m p e l l e r . 

g a u g e s f i x e d t o t h e d r i v e s h a f t b u t t h i s s o l u t i o n w a s r e j e c t e d o n t h e 
g r o u n d s t h a t n o t o n l y i s i t m o r e e x p e n s i v e b u t i t r e q u i r e s t h e p r o v i s i o n 
o f s e a l i n g g l a n d s t o p r o t e c t t h e n e c e s s a r y s l i p r i n g s , a n d w o u l d 
c e r t a i n l y n e e d a t l e a s t o c c a s i o n a l s k i l l e d m a i n t e n a n c e . C o n t a m i n a t i o n 
b y t h e d i r t t h a t i s i n e v i t a b l y p r e s e n t u n d e r t h e c o n d i t i o n s o f u s e 
i n t e n d e d a l s o s e e m e d t o b e v e r y l i k e l y a n d t h i s w o u l d r e s u l t i n e r r a t i c 
a n d u n r e l i a b l e r e s u l t s . C a b r e r a a n d H o p k i n s 1 h a v e s u b s e q u e n t l y u s e d 
s u c h a s y s t e m s u c c e s s f u l l y a n d r e p o r t t h a t n o t r o u b l e h a s b e e n 
e x p e r i e n c e d , b u t i t m a y b e n o t e d t h a t t h i s i s u n d e r l a b o r a t o r y 
c o n d i t i o n s o n l y . 

W a l l e v i k a n d Gjerv h a d t r i e d t h e s t r a i n g a u g e a n d s l i p r i n g s m e t h o d 
i n 1 9 8 3 2 b u t f o u n d i n t e r f e r e n c e c a u s e d b y m e c h a n i c a l v i b r a t i o n s , a n d 
t h e y q u o t e R o h r b a c h 3 a s w a r n i n g t h a t s t r a y s i g n a l s a r e c r e a t e d i n t h e 
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i n t e r f a c e b e t w e e n t h e b r u s h e s a n d t h e s l i p r i n g s . T h e y c o n t i n u e t o u s e 
t h e h y d r a u l i c m e t h o d w i t h a p r e s s u r e t r a n s d u c e r . 

S z a b o w s k i a n d J a s t r z e b s k i 4 r e c e n t l y t r i e d a n o t h e r e l e c t r i c a l m e t h o d 
o f m e a s u r i n g t h e t o r q u e o n t h e i m p e l l e r s h a f t a n d m a n a g e d t o a v o i d 
t h e d i f f i c u l t i e s a s s o c i a t e d w i t h s l i p r i n g s b y u s i n g s o m e n o n - c o n t a c t i n g 
m e t h o d o f t r a n s m i t t i n g t h e s i g n a l s t o a r e a d - o u t . T h e y a l s o a l t e r e d t h e 
m e t h o d o f s p e e d c o n t r o l t o o n e i n v o l v i n g m e c h a n i c a l g e a r s a n d 
e l e c t r i c a l c o n t r o l o f t h e d . c . m o t o r t h a t p r o v i d e d t h e p o w e r . N o 
a r g u m e n t s a r e g i v e n t o s h o w t h a t t h e s e a r r a n g e m e n t s h a v e a n y 
a d v a n t a g e s o v e r t h o s e o f t h e o r i g i n a l a p p a r a t u s o n w h i c h t h e e s s e n t i a l s 
o f t h e i r d e s i g n a r e b a s e d . T h e y g i v e r e s u l t s f r o m o n l y o n e m i x a n d 
t h o s e d o n o t d i f f e r i n a n y i m p o r t a n t p a r t i c u l a r f r o m t h o s e o f p r e v i o u s 
w o r k e r s . 

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

5 . 3 T H E A P P A R A T U S 

T h e f i n a l a r r a n g e m e n t o f t h e p r o t o t y p e a p p a r a t u s i s s h o w n i n t h e 
d i a g r a m o f F i g u r e 5 . 2 a n d t h e p h o t o g r a p h o f F i g u r e 5 . 3 . T h e b o w l 
c o n t a i n i n g t h e c o n c r e t e i s s u p p o r t e d o n a s u i t a b l e a r m t h a t c a n b e 
r a i s e d o r l o w e r e d b y m e a n s o f a r a c k a n d p i n i o n . T h e i m p e l l e r , i n t h e 
f o r m o f t h e i n t e r r u p t e d h e l i x d e s c r i b e d a b o v e , i s i m m e r s e d i n t h e 
c o n c r e t e a n d i s r o t a t e d a b o u t i t s o w n a x i s , c o a x i a l w i t h t h e c y l i n d e r . 
T h e p r e s s u r e g a u g e ( 0 - 7 N / m 2 , 0 - 1 0 0 0 l b / i n 2 ) , b a c k e d b y a t h i c k r u b b e r 
m a t t o r e d u c e t h e e f f e c t s o f v i b r a t i o n , i s c o n n e c t e d t o t h e h y d r a u l i c 
g e a r b o x b y a f l e x i b l e h o s e a n d , t o c u t d o w n o n o s c i l l a t i o n s , a n 
a d j u s t a b l e v a l v e i s p r o v i d e d i n t h e h y d r a u l i c l i n e . A l l t h e p a r t s a r e 
m o u n t e d o n a s i m p l e f r a m e , f a b r i c a t e d f r o m s t e e l a n g l e s e c t i o n , w h i c h 
i s p r o v i d e d w i t h a d j u s t a b l e f e e t f o r l e v e l l i n g a n d c a s t o r s f o r e a s e o f 
m o v e m e n t . 

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

T h e a p p a r a t u s i n t h i s f o r m h a s b e e n f o u n d t o b e f u l l y s a t i s f a c t o r y f o r 
m e d i u m - t o h i g h - w o r k a b i l i t y c o n c r e t e s ( s o i s k n o w n a s t h e M H f o r m ) , 
a n d i t w a s i m m e d i a t e l y u s e d i n d e a l i n g w i t h p r a c t i c a l i n d u s t r i a l 
p r o b l e m s . H o w e v e r , i t w a s f o u n d t o b e u n s u i t a b l e f o r l o w - w o r k a b i l i t y 
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F i g u r e 5 . 2 T w o - p o i n t w o r k a b i l i t y a p p a r a t u s . 

c o n c r e t e s , o f s l u m p l o w e r t h a n a b o u t 5 0 m m o r s o , b e c a u s e t h e 
u n i a x i a l l y r o t a t i n g i m p e l l e r t e n d e d t o m o v e t h e c o n c r e t e t o t h e s i d e o f 
t h e b o w l a n d t h e n r o t a t e i n t h e r e s u l t i n g h o l e , t h a t i s , t h e c o n c r e t e 
f a i l e d t o f a l l b a c k i n t o t h e c e n t r e . E v i d e n t l y , s o m e m o d i f i c a t i o n w a s 
n e e d e d . 



Modification for low-workability concretes 5 9 

F i g u r e 5 . 3 T w o - p o i n t w o r k a b i l i t y a p p a r a t u s . 

5 . 4 M O D I F I C A T I O N F O R L O W - W O R K A B I L I T Y 
C O N C R E T E S 

I t w a s d e c i d e d t h a t f o r l o w - w o r k a b i l i t y c o n c r e t e s i t w o u l d b e n e c e s s a r y 
t o i n t r o d u c e p l a n e t a r y m o t i o n o f t h e i m p e l l e r , b u t w i t h t h e c o n s t r a i n t 
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t h a t a n y c h a n g e s h o u l d b e a s s i m p l e a s p o s s i b l e a n d t h a t t w o o t h e r 
c o n d i t i o n s s h o u l d b e m e t . T h e f i r s t o f t h e s e w a s t h a t t h e p l a n e t a r y 
g e a r i n g r a t i o s h o u l d n o t b e a w h o l e n u m b e r , s o t h a t t h e i m p e l l e r d o e s 
n o t r e t u r n t o t h e s a m e p o s i t i o n a f t e r e a c h r e v o l u t i o n o f t h e c e n t r a l s h a f t 
a n d i s t h u s m o r e l i k e l y t o d i s l o d g e a n y c o n c r e t e t h a t o t h e r w i s e m i g h t 
r e m a i n a t t h e s i d e o f t h e b o w l . T h e s e c o n d w a s t h a t t h e d e g r e e o f o f f s e t 
o f t h e i m p e l l e r s h a f t f r o m t h e c e n t r e l i n e o f t h e b o w l , a n d t h e i m p e l l e r -
b o w l c l e a r a n c e , s h o u l d b e s u c h t h a t t h e a m o u n t o f c o n c r e t e r e q u i r e d 
f o r a t e s t d i d n o t b e c o m e e x c e s s i v e w h i l e t h e o c c u r r e n c e o f a g g r e g a t e 
t r a p p i n g , b e t w e e n t h e i m p e l l e r a n d t h e b o w l , m u s t b e a c c e p t a b l y l o w . 

T h e s e c o n s i d e r a t i o n s r e s u l t e d i n t h e d e s i g n o f a p l a n e t a r y g e a r b o x 
c o n s i s t i n g s i m p l y o f a s t e e l b l o c k w h i c h c l a m p s o n t h e d r i v e s h a f t o f 
t h e w o r k a b i l i t y a p p a r a t u s a n d c a r r i e s i n s u i t a b l e b e a r i n g s a s h a f t 
e q u i p p e d a t i t s u p p e r e n d w i t h a g e a r t h a t e n g a g e s w i t h a l a r g e r g e a r 
b o l t e d t o t h e b e a r i n g h o u s i n g . T h i s i s s h o w n i n F i g u r e 5 . 4 . T h e g e a r 
r a t i o i s 2 . 2 5 , t h u s s a t i s f y i n g t h e r e q u i r e m e n t t h a t i t s h o u l d n o t b e a 
w h o l e n u m b e r , a n d t h e o f f s e t d i s t a n c e i s 5 0 m m s o t h a t a b o w l o f l a r g e r 
d i a m e t e r , 3 5 6 m m ( 1 4 i n ) m u s t b e u s e d . T h e s i z e o f c o n c r e t e s a m p l e 
n e e d e d i s t h e r e f o r e i n c r e a s e d t o a b o u t \\ b u c k e t f u l s b u t t h e l o a d e d 

Bearing housing 

16 DP 20 _ 
tooth gear 

16 DP 45 tooth gear 
fixed to bearing 
housing 

Bearings 

Block clamped to 
original shaft 

New impeller 
shaft 

50 mm 

F i g u r e 5.4 P l a n e t a r y g e a r . 



M o d i f i c a t i o n f o r l o w - w o r k a b i l i t y c o n c r e t e s 6 1 

b o w l c a n s t i l l b e h a n d l e d b y o n e m a n . I t w a s a l s o f o u n d n e c e s s a r y t o 
c h a n g e t h e i m p e l l e r s h a p e , a n d a f t e r t r i a l s t h e H s h a p e s h o w n i n 
F i g u r e 5 . 5 w a s s e l e c t e d . T h i s i m p e l l e r f i t s o n t o t h e p l a n e t a r y g e a r s h a f t 
a n d i s h e l d b y a p i n , i n t h e s a m e w a y a s t h e i n t e r r u p t e d h e l i x i m p e l l e r 
i s f i x e d o n t o t h e d r i v e s h a f t i n t h e M H f o r m o f t h e a p p a r a t u s . T h i s 
n e w f o r m i s k n o w n a s t h e L M f o r m , b e c a u s e i t i s s u i t a b l e f o r l o w t o 
m e d i u m w o r k a b i l i t i e s a n d i s s h o w n i n F i g u r e 5 . 6 . 

B e c a u s e t h e p l a n e t a r y g e a r i n g i s a l s o i n e f f e c t a s t e p - u p g e a r , t h e 4 . 7 5 
r a t i o r e d u c t i o n g e a r o f t h e M H f o r m m u s t b e c h a n g e d t o a 2 0 : 1 g e a r . 
A l l t h e s e c h a n g e s c a n b e m a d e i n a b o u t f i v e m i n u t e s a n d t h a t t i m e 
c o u l d b e r e d u c e d t o a m i n u t e o r s o b y t h e i n t r o d u c t i o n o f a f u r t h e r 
g e a r b o x , i f t h e e x t r a c o s t c a n b e j u s t i f i e d . 

25 

10 dia. hole 

lb) 

Figure 5.5 H i m p e l l e r ( d i m e n s i o n s i n m m ) . 
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F i g u r e 5 . 6 T w o - p o i n t w o r k a b i l i t y a p p a r a t u s w i t h p l a n e t a r y m o t i o n o f 
H i m p e l l e r . 

5.5 U S E O F T H E A P P A R A T U S 

Before use the reduction gearbox and the hydraulic unit must of course 
be filled with the appropriate oil and the latter must be bled to remove 
entrapped air. If starting from cold, the apparatus is allowed to warm 
up by rotating the impeller, before testing, for about 30min. The speed 



U s e o f t h e a p p a r a t u s 6 3 

r e c o m m e n d e d f o r t h i s o p e r a t i o n w a s 0 . 7 r e v / s ( s p e e d s e t t i n g 2 ) b u t 
W a l l e v i k a n d G j o r v 2 s t a t e t h a t a t t h i s s p e e d t h e i d l i n g p r e s s u r e c a n s t i l l 
b e c h a n g i n g e v e n a f t e r 8 0 m i n , s o t h e y r e c o m m e n d t h e c o n s i d e r a b l y 
h i g h e r s p e e d o f 3 r e v / s ( s p e e d s e t t i n g 8 ) . A f t e r t h e w a r m - u p p e r i o d , t h e 
p r o c e d u r e , i n t h e M H m o d e , i s a s f o l l o w s . 
( a ) R a i s e b o w l t o w o r k i n g p o s i t i o n , w h i c h i s s u c h t h a t t h e c l e a r a n c e 

b e t w e e n t h e b o t t o m o f t h e i m p e l l e r s h a f t a n d t h e b o t t o m o f t h e 
b o w l i s 6 0 m m . 

( b ) W i t h t h e i m p e l l e r r o t a t i n g a t a b o u t 0 . 7 r e v / s f i l l t h e b o w l g r a d u a l l y 
t o a p p r o x i m a t e l y 7 5 m m f r o m t h e r i m w i t h c o n c r e t e . 

( c ) I n c r e a s e s p e e d s e t t i n g t o a p p r o x i m a t e l y 1 . 3 r e v / s a n d a l l o w t i m e 
f o r p r e s s u r e t o s t a b i l i s e ( i . e . a t s p e e d s e t t i n g 4 ) 

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

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

( f ) R e p e a t ( d ) a n d ( e ) a t s p e e d s o f a p p r o x i m a t e l y 1 . 2 , 1 . 0 , 0 . 9 , 0 . 7 , 
0 . 5 , a n d 0 . 3 r e v / s , ( i . e . s p e e d s e t t i n g s 3\ t o 1 i n s t e p s o f J ) . 

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

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

T h e p r o c e d u r e f o r t h e L M m o d e ( i . e . p l a n e t a r y m o t i o n ) i s e s s e n t i a l l y 
t h e s a m e a s f o r t h e M H m o d e b u t t h e c l e a r a n c e b e t w e e n i m p e l l e r a n d 
b o w l i s 9 0 m m a n d t h e s p e e d s u s e d s h o u l d c o v e r t h e r a n g e f r o m 1 . 9 t o 
0 . 7 r e v / s ( i . e . s p e e d s e t t i n g s 6 t o 2 ) . 

5 . 5 . 1 C a l c u l a t i o n o f r e s u l t s 

B e c a u s e o f t h e a c c u m u l a t e d e v i d e n c e t h a t t h e f l o w p r o p e r t i e s o f f r e s h 
c o n c r e t e c o n f o r m t o t h e B i n g h a m m o d e l , i n n e a r l y a l l p r a c t i c a l c a s e s , 
t h e r e i s n o n e e d t o c h e c k b y d r a w i n g t h a t t h e f l o w c u r v e i s l i n e a r . A l l 
t h a t i s n e c e s s a r y i s t o o b t a i n t h e b e s t s t r a i g h t - l i n e r e l a t i o n s h i p b e t w e e n 
t o r q u e a n d s p e e d s o t h a t f r o m i t t h e v a l u e s o f g, t h e i n t e r c e p t o n t h e 
t o r q u e a x i s , a n d h , t h e r e c i p r o c a l o f t h e s l o p e o f t h e l i n e , m a y b e f o u n d . 
T h e b e s t l i n e i s t a k e n a s b e i n g t h a t f o r w h i c h t h e s u m o f t h e s q u a r e s o f 
t h e d e v i a t i o n s o f t h e d e p e n d e n t v a r i a b l e ( i n t h i s c a s e t h e t o r q u e ) i s a 
m i n i m u m , t h a t i s , t h e o n e t h a t i s c o m m o n l y k n o w n a s t h e least 
squares l i n e , a n d i t i s e a s i l y c a l c u l a t e d u s i n g a n i n e x p e n s i v e c a l c u l a t o r . 
T h e w o r k e d e x a m p l e g i v e n i n T a b l e 5 . 1 s h o u l d m a k e i t c l e a r . 
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Table 5.1 C a l c u l a t i o n o f g a n d h f r o m e x p e r i m e n t a l d a t a o b t a i n e d u s i n g t h e 
t w o - p o i n t a p p a r a t u s ( c a l i b r a t i o n c o n s t a n t 0 . 0 1 9 N m / p r e s s u r e u n i t ) 

Speed P r e s s u r e in arbitrary units Torque 
( r e v / s ) Total Idling Net ( N m ) 

1 . 3 9 4 6 5 9 7 3 6 8 6 . 9 9 
1 . 2 8 4 5 5 9 3 3 6 2 6 . 8 8 
1 . 1 1 4 4 0 8 7 3 5 3 6 . 7 1 
0 . 9 4 4 1 0 8 3 3 2 7 6 . 2 1 
0 . 7 5 3 9 5 7 7 3 1 8 6 . 0 4 
0 . 5 6 3 7 5 7 3 3 0 2 5 . 7 4 
0 . 3 8 3 6 0 6 7 2 9 3 5 . 5 7 

E n t e r p a i r s o f v a l u e s o f s p e e d a n d t o r q u e i n t o t h e c a l c u l a t o r , p u t t i n g i n 
s p e e d a s x a n d t o r q u e a s y. R e a d o f f c o r r e l a t i o n c o e f f i c i e n t , i n t e r c e p t a n d s l o p e . 
N o t e t h a t b y i n p u t t i n g s p e e d a s x, h i s f o u n d i n t h e c a l c u l a t o r a s s l o p e - n o t 
r e c i p r i c a l s l o p e . 

R e s u l t C o r r e l a t i o n c o e f f i c i e n t r = 0 . 9 9 0 
I n t e r c e p t g 4 . 9 3 ± 0 . 2 
S l o p e h 1 . 4 9 ± 0 . 2 

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

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

5.5.2 Calibration of the apparatus 
T h e c a l i b r a t i o n c o n s t a n t f o r c o n v e r s i o n o f p r e s s u r e r e a d i n g s t o t o r q u e 
w i l l n o r m a l l y b e g i v e n w i t h t h e a p p a r a t u s b u t i t c a n e a s i l y b e 
d e t e r m i n e d u s i n g a n y m e t h o d b y w h i c h k n o w n t o r q u e s c a n b e 
a p p l i e d . 

I t i s n o t n e c e s s a r y t o m e a s u r e i d l i n g p r e s s u r e s e v e r y t i m e a 
m e a s u r e m e n t o f w o r k a b i l i t y i s c a r r i e d o u t . T h e y s h o u l d b e m e a s u r e d a t 
t h e s t a r t o f a d a y ' s w o r k t o c h e c k t h a t t h e w a r m i n g - u p p e r i o d h a s b e e n 
a d e q u a t e , a n d t h e n a f e w m o r e t i m e s d u r i n g t h e d a y w h e n t i m e 
p e r m i t s . 

I n e x p e r i m e n t s a t t e m p e r a t u r e s f r o m 5 ° C t o 2 5 °C W a l l e v i k a n d 
GJ01-V2 s h o w e d t h a t t h e c a l i b r a t i o n c o n s t a n t d o e s d e p e n d o n 
t e m p e r a t u r e a n d i t c a n b e c a l c u l a t e d f r o m t h e i r r e s u l t s t h a t t h e 
t e m p e r a t u r e c o e f f i c i e n t i s a b o u t 1 . 3 % p e r °C. T h i s e f f e c t w i l l n o t b e 
i m p o r t a n t o n n o r m a l s i t e s o r i n n o r m a l p l a n t s o v e r a s h o r t p e r i o d , b u t 
i t w i l l b e i f e v e n U K e x t r e m e s o f t e m p e r a t u r e a r e e n c o u n t e r e d , a n d i t 
s h o u l d b e c o n s i d e r e d . 
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Table 5 . 2 E x p e r i m e n t a l e r r o r 

Correlation coefficient P e r c e n t a g e e r r o r in value o f h 

0 . 9 9 9 4 . 0 
0 . 9 9 8 5 . 7 
0 . 9 9 7 7 . 0 
0 . 9 9 6 8 . 1 
0 . 9 9 5 9 . 1 
0 . 9 9 4 9 . 9 
0 . 9 9 3 1 0 . 7 
0 . 9 9 2 1 1 . 5 
0 . 9 9 0 1 2 . 9 
0 . 9 8 5 1 5 . 8 
0 . 9 8 0 1 8 . 3 
0 . 9 7 5 2 0 . 6 
0 . 9 7 0 2 2 . 6 

5.6 E X P E R I M E N T A L E R R O R 

B e c a u s e t h e v a l u e s o f g a n d h a r e d e r i v e d f r o m a l i n e a r r e l a t i o n s h i p 
o b t a i n e d a s t h e b e s t e q u a t i o n f o r a n u m b e r o f e x p e r i m e n t a l p o i n t s , i t i s 
p o s s i b l e t o a s s i g n a n e s t i m a t e o f e x p e r i m e n t a l e r r o r t o t h e r e s u l t o f 
e v e r y s e p a r a t e d e t e r m i n a t i o n . 5 T o d o t h i s , u s e i s m a d e o f t h e v a l u e o f 
t h e c o r r e l a t i o n c o e f f i c i e n t w h i c h i s o b t a i n e d f r o m t h e c a l c u l a t o r a s a 
r e s u l t o f t h e s a m e o p e r a t i o n t h a t g i v e s t h e v a l u e s o f g a n d h . 

I f t h e n u m b e r o f e x p e r i m e n t a l p o i n t s i s s e v e n , t h e p e r c e n t a g e e r r o r 
o n h i s o b t a i n e d f r o m T a b l e 5 . 2 a n d t h e a b s o l u t e e r r o r o n h c a n e a s i l y 
b e c a l c u l a t e d . T h i s f i g u r e a l s o g i v e s t h e a b s o l u t e e r r o r o n g. 

T h u s , i n t h e w o r k e d e x a m p l e o f T a b l e 5 . 1 , s e v e n e x p e r i m e n t a l p o i n t s 
g a v e g = 4 . 9 3 , h = 1 . 4 9 , r = 0 . 9 9 0 . F r o m T a b l e 5 . 2 , t h e p e r c e n t a g e e r r o r 
o n h i s 1 2 . 9 s o t h e a b s o l u t e e r r o r i s 1 . 4 9 x 0 . 1 2 9 w h i c h i s 0 . 1 9 a n d t h a t i s 
a l s o t h e a b s o l u t e e r r o r o n g. T h e r e s u l t s o f t h e t e s t m a y t h e r e f o r e b e 
w r i t t e n a s g = 4 . 9 3 ± 0 . 2 , h = 1 . 4 9 ± 0 . 2 . E v e n w i t h t h e s a m e 
c o r r e l a t i o n c o e f f i c i e n t , i f t h e n u m b e r o f e x p e r i m e n t a l p o i n t s i s l e s s , 
t h e n t h e e s t i m a t e d e x p e r i m e n t a l e r r o r i s g r e a t e r . F o r f e w e r t h a n s e v e n 
p o i n t s t h e m e t h o d o f o b t a i n i n g t h e e r r o r s i s e x a c t l y t h e s a m e b u t t h e n 

Table 5.3 C o r r e c t i o n f a c t o r s 

N u m b e r of points Correction factor 

6 1 . 0 5 
5 1 . 1 6 
4 1 . 4 5 
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t h e r e s u l t s m u s t b e m u l t i p l i e d b y t h e a p p r o p r i a t e c o r r e c t i o n f a c t o r 
o b t a i n e d f r o m T a b l e 5 . 3 . 

I n p r a c t i c e , i t s h o u l d b e p o s s i b l e t o o b t a i n c o r r e l a t i o n c o e f f i c i e n t s o f 
a b o u t 0 . 9 9 w i t h a n a s s o c i a t e d e r r o r ( f o r s e v e n p o i n t s ) o f a b o u t 1 2 % . 

I n a s e r i e s o f 1 6 t e s t p r o g r a m m e s , i n c l u d i n g a l t o g e t h e r 1 0 6 5 t e s t 
r e s u l t s , W a l l e v i k a n d Gj0rv 2 o b t a i n e d a v e r a g e c o r r e l a t i o n c o e f f i c i e n t s 
f r o m 0 . 9 8 4 t o 0 . 9 9 5 ( w i t h s t a n d a r d d e v i a t i o n s o f 0 . 0 0 5 9 a n d 0 . 0 1 8 1 
r e s p e c t i v e l y ) a n d f r o m t h i s a n d o t h e r e v i d e n c e t h e y c o n c l u d e d t h a t 
r e p r o d u c i b i l i t y w a s v e r y g o o d . 

I n h a s b e e n s h o w n 5 i n p r o p e r l y d e s i g n e d f a c t o r i a l e x p e r i m e n t s t h a t 
r e s u l t s o b t a i n e d d o n o t d e p e n d o n t h e o p e r a t o r , e v e n w h e n o n e i s 
i n e x p e r i e n c e d , o r i n o t h e r w o r d s , t h e t e s t i s n o t o p e r a t o r - s e n s i t i v e . 
T h i s r e s u l t h a s i n g e n e r a l b e e n c o n f i r m e d s u b s e q u e n t l y b y W i m p e n n y 
a n d E l l i s 6 a l t h o u g h t h e y d o f i n d t h a t i t i s n o t t r u e f o r a n o p e r a t o r w h o 
h a s h a d l i t e r a l l y n o p r e v i o u s e x p e r i e n c e a t a l l . T h e p r a c t i c a l a n s w e r t o 
t h i s i s s i m p l y t o e n s u r e t h a t a n e w o p e r a t o r c a r r i e s o u t a b o u t h a l f a 
d o z e n p r a c t i c e r u n s . 

5 . 7 O S C I L L A T I O N O F T O R Q U E 
I t h a s a l r e a d y b e e n s t a t e d t h a t a v a l v e i s p r o v i d e d i n t h e h y d r a u l i c l i n e 
o f t h e a p p a r a t u s , t o c u t d o w n o n o s c i l l a t i o n s o f t h e p r e s s u r e g a u g e . 
T h i s v a l v e m u s t b e a d j u s t e d t o a n o p t i m u m s e t t i n g b y s i m p l e t r i a l a n d 
e r r o r a n d m u s t n o t b e c l o s e d t o a n e x t e n t s u c h t h a t o v e r - d a m p i n g o f 
t h e n e e d l e o c c u r s s o t h a t i t s r e s p o n s e i s s l u g g i s h , b u t t h e a d j u s t m e n t i s 
f a i r l y e a s y t o m a k e . N e v e r t h e l e s s , o s c i l l a t i o n s c a n n o t b e e l i m i n a t e d 
c o m p l e t e l y a n d t h e c o n s e q u e n c e i s t h a t a n o p e r a t o r n e w t o t h e 
m a c h i n e n e e d s a s h o r t l e a r n i n g t i m e , t o a c q u i r e t h e n e c e s s a r y 
e x p e r i e n c e . 

T h e o s c i l l a t i o n s h a v e t w o c o m p o n e n t s , w h i c h a r e u s u a l l y e a s i l y 
d i s t i n g u i s h a b l e ; t h e r e i s a n o s c i l l a t i o n o f r e l a t i v e l y l o w a m p l i t u d e 
( t y p i c a l l y o f t h e o r d e r o f a f e w p e r c e n t o f t h e m e a n ) u p o n w h i c h a r e 
s u p e r i m p o s e d l a r g e r k i c k s c a u s e d b y t r a p p i n g o f t h e a g g r e g a t e . I t i s t h e 
m e a n o f t h e f o r m e r t h a t s h o u l d b e t a k e n a s t h e p r e s s u r e r e a d i n g a n d i t 
h a s b e e n c o n v i n c i n g l y d e m o n s t r a t e d o n m a n y o c c a s i o n s t h a t a n 
u n s k i l l e d o p e r a t o r c a n l e a r n i n a v e r y s h o r t t i m e ( e . g . \ h o u r ) h o w t o 
d o t h i s s i m p l y f r o m v i s u a l o b s e r v a t i o n o f t h e p r e s s u r e g a u g e . 

O f c o u r s e , t h e p r o c e s s c a n b e m a d e e v e n e a s i e r b y i n c o r p o r a t i n g a 
p r e s s u r e t r a n s d u c e r i n t h e h y d r a u l i c l i n e s o t h a t a r e c o r d i n g o f 
p r e s s u r e a s a f u n c t i o n o f t i m e m a y b e p r o d u c e d . T h i s w a s f i r s t d o n e b y 
Gj0rv a n d c o - w o r k e r s 7 . 

C a b r e r a a n d H o p k i n s 1 , w h o s e a p p a r a t u s w a s e q u i p p e d w i t h a s t r a i n -
g a u g e t o r q u e - m e a s u r i n g s y s t e m , a s m e n t i o n e d e a r l i e r , a l s o o b t a i n e d 
t o r q u e / t i m e t r a c e s b u t t h e c h a r t s p e e d t h e y u s e d w a s s o l o w t h a t 
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i n d i v i d u a l o s c i l l a t i o n s c o u l d n o t b e d i s t i n g u i s h e d a n d t h e t r a c e 
d e g e n e r a t e d i n t o a w i d e b a n d f r o m w h i c h l i t t l e i n f o r m a t i o n c o u l d b e 
o b t a i n e d . C a b r e r a a n d H o p k i n s t o o k t h e c e n t r e l i n e o f t h e b a n d ( w h i c h 
t h e y w r o n g l y d e s c r i b e d a s t h e m e d i a n v a l u e ) a s g i v i n g t h e t o r q u e v a l u e 
t o b e u s e d i n c a l c u l a t i o n s a n d i n d o i n g s o t h e y p r o p o s e d a p r o c e d u r e 
d i f f e r e n t f r o m t h a t u s e d i n a l l o t h e r w o r k w i t h t h i s m e t h o d . 

A u s e f u l a n d t h o r o u g h i n v e s t i g a t i o n w a s c a r r i e d o u t b y W i m p e n n y 
a n d E l l i s 6 w h o u s e d t h e p r e s s u r e - t r a n s d u c e r m e t h o d a n d w o r k e d w i t h 
t h e a p p a r a t u s i n i t s L M , o r p l a n e t a r y , m o d e b e c a u s e i t i s f o r t h i s f o r m 
t h a t t h e o s c i l l a t i o n s a r e w o r s t . T y p i c a l t r a c e s o b t a i n e d b y t h e m a r e 
s h o w n i n F i g u r e 5 . 6 f o r a l o w - w o r k a b i l i t y m i x (c. 5 0 m m s l u m p ) a n d a 
h i g h e r - w o r k a b i l i t y m i x ( c . 1 0 0 m m s l u m p ) . T h e k i c k s a r e w o r s e i n t h e 
f o r m e r c a s e t h a n i n t h e l a t t e r b u t i n b o t h i t i s e a s y t o d i s t i n g u i s h t h e m 
f r o m t h e u n d e r l y i n g s m a l l o s c i l l a t i o n . 

W i m p e n n y a n d E l l i s m a d e a d e t a i l e d e x a m i n a t i o n o f m a n y t r a c e s 
a n d , b e c a u s e t h e i r e q u i p m e n t w a s c o n n e c t e d t o a c o m p u t e r , t h e y w e r e 
a b l e t o c a l c u l a t e i n e a c h c a s e t h r e e d i f f e r e n t q u a n t i t i e s t h a t m i g h t b e 
p r o p o s e d a s c h a r a c t e r i s t i c m e a s u r e s o f t h e t r a c e . T h e s e w e r e : 

B . t h e m e a n o f a l l r e a d i n g s t a k e n a t t h e r a t e o f 4 p e r s e c , 
C , t h e m e a n o f a l l r e a d i n g s l e s s t h e k i c k s , a n d 
£ , t h e m e d i a n ( i . e . m i d d l e v a l u e ) o f a l l r e a d i n g s , 

a n d t h e y c o m p a r e d t h e s e w i t h a v a l u e o b t a i n e d s u b j e c t i v e l y a s t h e 
r e p r e s e n t a t i v e v a l u e D o f t h e t r a c e b y a c o m p l e t e l y i n d e p e n d e n t 
o b s e r v e r . F i g u r e 5 . 7 d e m o n s t r a t e s t h a t C , D a n d E w e r e i n c l o s e 
a g r e e m e n t , t h a t i s , s u b j e c t i v e a s s e s s m e n t f r o m t h e t r a c e i s h i g h l y 
s a t i s f a c t o r y . T h i s s u b j e c t i v e a s s e s s m e n t f r o m t h e t r a c e a l s o a g r e e d w e l l 
w i t h d i r e c t p r e s s u r e - g a u g e r e a d i n g s f o r a n e x p e r i e n c e d o p e r a t o r a n d 
s l i g h t l y l e s s s o f o r o n e w h o h a d h a d n o p r e v i o u s e x p e r i e n c e a t a l l , a n d 
f o r b o t h o p e r a t o r s t h e v a l u e s o f g a n d h c a l c u l a t e d f r o m t h e i r 
o b s e r v a t i o n s w e r e w i t h i n ± 5 % o f t h e m e a n . 

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

T h e a p p a r a t u s d e s c r i b e d w a s d e v e l o p e d f o r u s e w i t h m i x e s h a v i n g a 
m a x i m u m a g g r e g a t e s i z e n o t e x c e e d i n g 2 0 m m b u t t h e r e i s n o r e a s o n 
w h y t h e b o w l a n d i m p e l l e r s h o u l d n o t b e s c a l e d u p f o r l a r g e r s i z e s . S o 
f a r , o n l y a v e r y l i m i t e d t r i a l h a s b e e n c a r r i e d o u t , w i t h a s c a l i n g - u p 
f a c t o r o f 1 . 4 , b u t i t d i d i n d i c a t e t h a t t h e r e s h o u l d b e n o p r a c t i c a l 
d i f f i c u l t y . 
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F i g u r e 5 . 7 T y p i c a l t o t a l p r e s s u r e t r a c e s u s i n g t h e L M a p p a r a t u s ( i . e . p l a n e t a r y 
m o t i o n o f H i m p e l l e r a t 0 . 9 5 r e v / s ) ( a ) f o r a l o w - w o r k a b i l i t y m i x ; ( b ) f o r a 
h i g h - w o r k a b i l i t y m i x . 
( 1 l b f / i n 2 = 6 . 9 k P a ) { W i m p e n n y a n d E l l i s ) 
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5.8 T H E O R E T I C A L C O N S I D E R A T I O N S 

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

T = g + h-N ( 5 . 1 ) 

a n d i t h a s b e e n s t a t e d t h a t t h e i n t e r c e p t g i s a m e a s u r e o f t h e y i e l d 
v a l u e w h i l e t h e r e c i p r o c a l s l o p e h i s a m e a s u r e o f p l a s t i c v i s c o s i t y , 
t h e s e b e i n g t h e t w o q u a n t i t i e s t h a t a r e s u f f i c i e n t t o d e s c r i b e a m a t e r i a l 
w h o s e b e h a v i o u r f i t s t h e B i n g h a m m o d e l . S o f a r , h o w e v e r , n o 
t h e o r e t i c a l j u s t i f i c a t i o n h a s b e e n g i v e n , a n d a l s o , i t s h o u l d b e c l e a r t h a t 
a l t h o u g h g a n d h d o p r o v i d e m e a s u r e s o f y i e l d v a l u e a n d p l a s t i c 
v i s c o s i t y r e s p e c t i v e l y , t h e i r a c t u a l n u m e r i c a l v a l u e s d e p e n d a l s o o n 
c h a r a c t e r i s i t i c s o f t h e a p p a r a t u s , s p e c i f i c a l l y , o n t h e d e s i g n a n d 
d i m e n s i o n s o f t h e i m p e l l e r a n d b o w l . I f t h e r e q u i r e m e n t s l i s t e d e a r l i e r , 
i n C h a p t e r 1 , a r e t o b e f u l l y s a t i s f i e d , s o m e w a y m u s t b e f o u n d t o 
e l i m i n a t e t h i s d e p e n d e n c y . 

T h e m a i n d i f f i c u l t y i n a p p l y i n g a t h e o r e t i c a l t r e a t m e n t t o t h e m i x i n g 
p r o c e s s i s t h a t t h e r a t e s o f s h e a r i n t h e b o w l v a r y v e r y m u c h f r o m p o i n t 
t o p o i n t . H o w e v e r , p r o g r e s s m a y b e m a d e b y a d o p t i n g t h e a s s u m p t i o n 
o f M e t z n e r a n d O t t o 8 t h a t t h e r e i s s o m e e f f e c t i v e a v e r a g e s h e a r r a t e 
t h a t i s s i m p l y p r o p o r t i o n a l t o t h e s p e e d o f t h e i m p e l l e r , t h a t i s 

y a v g = K - N ( 5 . 2 ) 

I t c a n t h e n b e s h o w n 5 t h a t t h e e q u a t i o n o f a m a t e r i a l c o n f o r m i n g t o t h e 
B i n g h a m m o d e l i s 

T = (G/K) T 0 + G - N - n ( 5 . 3 ) 

W h e r e T 0 a n d u a r e r e s p e c t i v e l y t h e y i e l d v a l u e a n d p l a s t i c v i s c o s i t y i n 
f u n d a m e n t a l u n i t s ( i . e . i n d e p e n d e n t o f t h e d e t a i l s o f t h e a p p a r a t u s 
u s e d t o m e a s u r e t h e m ) , K i s t h e c o n s t a n t i n e q u a t i o n 5 . 2 a n d G i s a 
c o n s t a n t . T h e v a l u e s o f K a n d G m a y b e f o u n d b y a r a t h e r c o m p l i c a t e d 
c a l i b r a t i o n p r o c e d u r e t h a t i n v o l v e s m a k i n g m e a s u r e m e n t s o n o t h e r 
m a t e r i a l s w h o s e r h e o l o g i c a l b e h a v i o u r i s a l r e a d y w e l l - d e f i n e d , a n d i n 
p a r t i c u l a r , i t m e a n s u s i n g a s e r i e s o f N e w t o n i a n l i q u i d s , a n d o t h e r 
l i q u i d s w h o s e a p p a r e n t v i s c o s i t i e s a r e s h e a r - r a t e - d e p e n d e n t i n a 
k n o w n w a y . 

I t f o l l o w s f r o m e q u a t i o n s 5 . 1 a n d 5 . 3 t h a t 

t o =(K/G)-g ( 5 . 4 ) 

u = ( l / G ) - / z ( 5 . 5 ) 

S o b o t h g a n d h m a y b e c o n v e r t e d t o f u n d a m e n t a l u n i t s i f d e s i r e d . F o r 
p r a c t i c a l u s e i n i n d u s t r y t h i s i s n o t n e c e s s a r y , a n d t h e e f f o r t r e q u i r e d t o 
c a r r y o u t t h e c a l i b r a t i o n w o u l d n o t b e j u s t i f i e d . T h e p r a c t i c a l a n s w e r i s 
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t o s t a n d a r d i z e t h e s h a p e a n d d i m e n s i o n s o f t h e b o w l a n d i m p e l l e r s o 
t h a t d i f f e r e n t p i e c e s o f a p p a r a t u s g i v e r e s u l t s i n g o o d e n o u g h 
a g r e e m e n t , a n d t h a t i s e a s y t o d o . 

H o w e v e r , a n o t h e r a d v a n t a g e o f t h e t h e o r e t i c a l t r e a t m e n t c o m b i n e d 
w i t h d e t a i l e d c a l i b r a t i o n i s t h a t i t m a k e s i t p o s s i b l e t o r e l a t e t o e a c h 
o t h e r t h e r e s u l t s f r o m d i f f e r e n t f o r m s o f a p p a r a t u s . T h e r e l a t i o n s h i p 
t h a t i s o f p a r t i c u l a r i n t e r e s t , a n d o f p r a c t i c a l i m p o r t a n c e , i s t h a t 
b e t w e e n t h e r e s u l t s f r o m t h e u n i a x i a l f o r m t h a t i s u s e d f o r m e d i u m t o 
h i g h w o r k a b i l i t i e s , a n d t h e p l a n e t a r y f o r m t h a t i s u s e d f o r l o w t o 
m e d i u m w o r k a b i l i t i e s . F i g u r e 5 . 8 , f r o m w o r k b y D i m o n d , s h o w s 
e x p e r i m e n t a l p o i n t s o b t a i n e d o n c o n c r e t e s o f a w i d e r a n g e o f 
w o r k a b i l i t i e s , t o g e t h e r w i t h t h e t h e o r e t i c a l l i n e c a l c u l a t e d a f t e r d e t a i l e d 
c a l i b r a t i o n o f e a c h o f t h e t w o f o r m s o f a p p a r a t u s , a n d i t c a n b e s e e n 
t h a t t h e a g r e e m e n t i s f a i r l y g o o d . D i m o n d h i m s e l f e x p r e s s e s s o m e 
r e s e r v a t i o n s a b o u t t h e v a l i d i t y o f t h e t h e o r e t i c a l l i n e b e c a u s e o f s o m e 
d i f f i c u l t i e s c o n c e r n i n g t h e c a l i b r a t i o n f l u i d s , a n d S a e e d 9 h a s f o u n d 
s i m i l a r p r o b l e m s , s o f u r t h e r w o r k n e e d s t o b e d o n e . N e v e r t h e l e s s , 
r e s u l t s f r o m t h e t w o f o r m s o f a p p a r a t u s c a n b e r e l a t e d a n d i n p r a c t i c e 
t h e y m a y b e c o m p a r e d d i r e c t l y . T h e i m p o r t a n t p r a c t i c a l c o n s e q u e n c e i s 
t h a t t o g e t h e r t h e y c a n c o v e r a l m o s t t h e w h o l e r a n g e o f w o r k a b i l i t i e s 
f r o m l o w w o r k a b i l i t y t o f l o w i n g c o n c r e t e a n d , m o r e o v e r , o n t h e s a m e 
s c a l e o f m e a s u r e m e n t , a n a c h i e v e m e n t t h a t c a n n o t b e m a t c h e d b y a n y 
o t h e r m e t h o d o f w o r k a b i l i t y m e a s u r e m e n t y e t p r o p o s e d . 

I n D i m o n d ' s w o r k , t h e i m p e l l e r u s e d i n t h e L M , o r p l a n e t a r y , 
a p p a r a t u s w a s i n t h e s h a p e o f a p r o p e l l e r , a n d F i g u r e 5 . 8 s h o w s t h a t 
t h e v a l u e s o f b o t h g a n d h a r e a b o u t t h r e e t i m e s t h o s e o b t a i n e d i n t h e 
M H , o r u n i a x i a l , a p p a r a t u s . T h e i m p e l l e r n o w u s e d i n t h e L M m o d e i s 
t h e H t y p e d e s c r i b e d a b o v e ; t h e r e l a t i o n s h i p b e t w e e n t h e p r e s e n t t w o 
f o r m s o f a p p a r a t u s i s t h a t t h e L M a p p a r a t u s w i t h t h e H i m p e l l e r g i v e s 
v a l u e s o f g a b o u t t h e s a m e a s t h o s e i n t h e u n i a x i a l M H a p p a r a t u s , 
w h i l e t h e v a l u e s o f h a r e a b o u t o n e t h i r d h i g h e r . 

5.9 R E S U L T S 

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

T h e f l o w c u r v e s s h o w n i n F i g u r e 5 . 9 w e r e o b t a i n e d b y a p r e v i o u s l y 
i n e x p e r i e n c e d o p e r a t o r i n h i s f i r s t a t t e m p t s a t u s i n g t h e a p p a r a t u s 1 0 . 

T h e a p p a r a t u s h a s n o w b e e n u s e d i n m a n y i n v e s t i g a t i o n s b y m a n y 
i n d e p e n d e n t w o r k e r s a n d l i t e r a l l y t h o u s a n d s o f f l o w c u r v e s h a v e b e e n 
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F i g u r e 5 . 8 C o r r e l a t i o n b e t w e e n ( a ) g v a l u e s a n d ( b ) h v a l u e s o b t a i n e d i n t h e 
M H ( u n i a x i a l ) a n d t h e L M ( p l a n e t a r y ) f o r m s o f t h e t w o - p o i n t w o r k a b i l i t y 
a p p a r a t u s . ( D i m o n d ) 
N o t e t h a t t h e l i n e s d r a w n a r e t h e t h e o r e t i c a l r e l a t i o n s h i p s . 

o b t a i n e d . I t c a n b e r e g a r d e d a s b e i n g e s t a b l i s h e d b e y o n d d o u b t t h a t 
t h e f l o w p r o p e r t i e s o f f r e s h c o n c r e t e a p p r o x i m a t e c l o s e l y t o t h e 
B i n g h a m m o d e l , t h a t i s , t h e r e l a t i o n s h i p b e t w e e n t o r q u e a n d s p e e d i s a 
s i m p l e s t r a i g h t l i n e w i t h a n i n t e r c e p t o n t h e t o r q u e a x i s a s s h o w n i n 
F i g u r e 4 . 3 o f t h e l a s t c h a p t e r . T h i s l i n e i s d e s c r i b e d b y t h e s i m p l e 
r e l a t i o n s h i p 

T = g + h N 



Torque (Nm) 

F i g u r e 5 . 9 E f f e c t o f i n c r e a s i n g w a t e r / c e m e n t r a t i o o n t h e w o r k a b i l i t y . R e s u l t s o b t a i n e d b y i n e x p e r i e n c e d o p e r a t o r . 
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I t h a s n o w b e e n s h o w n t h a t t h e flow p r o p e r t i e s o f f r e s h c o n c r e t e 
a p p r o x i m a t e c l o s e l y t o t h e B i n g h a m m o d e l , o v e r t h e r a n g e o f s h e a r 
r a t e s i m p o r t a n t i n p r a c t i c e , a n d t h a t , i n t e r m s o f t h e m e a s u r e m e n t s 
m a d e i n t h e t w o - p o i n t w o r k a b i l i t y a p p a r a t u s , t h i s i s e x p r e s s e d b y t h e 
e q u a t i o n 

T = g + h N ( 6 . 1 ) 

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

T h e f a c t t h a t t w o f i g u r e s ( n o t j u s t o n e ) a r e n e e d e d t o d e s c r i b e t h e 
f l o w p r o p e r t i e s o f f r e s h c o n c r e t e r e q u i r e s a n e w a p p r o a c h t o t h i n k i n g 
a b o u t w o r k a b i l i t y . E q u a t i o n 6 . 1 i s o n e w a y o f s t a t i n g t h e f a c t t h a t t h e 
t o t a l p h y s i c a l e f f o r t t o w o r k f r e s h c o n c r e t e i s c o m p o u n d e d o f t w o 
t e r m s , o f w h i c h t h e f i r s t i s o f f i x e d v a l u e ( f o r a p a r t i c u l a r m i x ) b u t 
t h e s e c o n d i n c r e a s e s a s t h e s p e e d o f m o v e m e n t i n c r e a s e s . T h e f i r s t 
t e r m r e p r e s e n t s t h e e f f o r t t o s t a r t t h e c o n c r e t e m o v i n g a t a l l a n d i s 
q u a n t i f i e d b y t h e y i e l d v a l u e , m e a s u r e d b y g, w h i l e t h e s e c o n d r e p 
r e s e n t s t h e e x t r a e f f o r t t o g e t i t m o v i n g a t a r e a s o n a b l e s p e e d a n d i s 
q u a n t i f i e d b y t h e p l a s t i c v i s c o s i t y , m e a s u r e d b y h , m u l t i p l i e d b y t h e 
s p e e d o f m o v e m e n t . 

T h i s t y p e o f r e l a t i o n s h i p i s q u i t e c o m m o n i n o t h e r e v e r y d a y c i r c u m 
s t a n c e s . F o r e x a m p l e , t h e a n n u a l c o s t o f r u n n i n g a c a r ( i f d e p r e c i a t i o n 
i s n e g l e c t e d ) i s t h e s u m o f f i x e d c o s t s ( s u c h a s t a x , i n s u r a n c e , g a r a g i n g ) 
w h i c h d e p e n d o n t h e t y p e o f c a r , a n d o t h e r c o s t s ( p e t r o l , o i l , t y r e s , 
c l u t c h a n d b r a k e w e a r ) w h i c h d e p e n d o n t h e t y p e o f c a r b u t a l s o a r e 
r o u g h l y p r o p o r t i o n a l t o t h e d i s t a n c e t r a v e l l e d . N o b o d y w o u l d c o n s i d e r 
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t h a t a c o m p a r i s o n o f c o s t s f o r d i f f e r e n t t y p e s o f c a r w o u l d b e a d e q u a t e 
i f i t i g n o r e d o n e o r o t h e r o f t h e s e t w o c o n s t i t u e n t s , o r i f i t c o n s i d e r e d 
t h e t o t a l c o s t s a t s o m e a r b i t r a r i l y c h o s e n m i l e a g e d i f f e r e n t f r o m t h e 
m i l e a g e l i k e l y t o a p p l y i n p r a c t i c e . 

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

T h e a r g u m e n t t h a t , f o r a B i n g h a m m a t e r i a l , m e a s u r e m e n t s m u s t 
b e m a d e a t n o t f e w e r t h a n t w o d i f f e r e n t s h e a r r a t e s , o r s p e e d s , h a s 
a l r e a d y b e e n i n t r o d u c e d i n C h a p t e r 3 , b u t t h a t a r g u m e n t i s s o i m p o r t 
a n t t o t h e p r a c t i c a l u s e o f c o n c r e t e t h a t i t i s w o r t h r e p e a t i n g a n d 
d e v e l o p i n g f u r t h e r . 

E q u a t i o n 6 . 1 , w h i c h i s t h e e q u a t i o n o f t h e f l o w c u r v e , c o n t a i n s t h e 
t w o q u a n t i t i e s g a n d h, a n d t h e s e a r e t h e t w o q u a n t i t i e s i t i s n e c e s s a r y 
t o f i n d i n o r d e r t o d e s c r i b e t h e f l o w p r o p e r t i e s o f t h e c o n c r e t e . L o o k i n g 
a t t h e m a t t e r a l g e b r a i c a l l y , i t i s a n e l e m e n t a r y f a c t t h a t a s o l u t i o n 
f o r t w o u n k n o w n s c a n b e o b t a i n e d o n l y i f a t l e a s t t w o s i m u l t a n e o u s 
e q u a t i o n s a r e s e t u p . I n t h i s c a s e , t h a t m a y b e d o n e b y m e a s u r i n g t h e 
t o r q u e s Tt a n d T2 a t t h e t w o d i f f e r e n t s p e e d s N1 a n d N2 t o p r o v i d e t h e 
t w o e q u a t i o n s 

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

F i g u r e 6 . 1 p u t s t h e s a m e t h i n g i n g e o m e t r i c a l f o r m a s a l r e a d y g i v e n 

T i = g + hN, 
T2 = g + hN2 ( 6 . 2 ) 

Speed N 

Second point needed to 
fix line 

First experimental 
point 

Torque T 

Figure 6.1 F l o w c u r v e o f c o n c r e t e . 
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i n C h a p t e r 3 a n d F i g u r e 3 . 6 . I f o n l y o n e e x p e r i m e n t a l p o i n t i s a v a i l 
a b l e t h e f l o w c u r v e c a n n o t b e d e t e r m i n e d b e c a u s e t h e r e i s a n i n f i n i t e 
n u m b e r o f l i n e s t h a t w i l l p a s s t h r o u g h a s i n g l e p o i n t ; a s e c o n d e x p e r i 
m e n t a l p o i n t i s e s s e n t i a l t o d i s c o v e r w h i c h o n e o f t h e m i s t h e c o r r e c t 
o n e . 

I t s h o u l d n o t b e t h o u g h t t h a t t h i s a r g u m e n t a p p l i e s o n l y t o t h e 
s p e c i a l c a s e o f a t e s t i n w h i c h t o r q u e i s m e a s u r e d a s a f u n c t i o n o f 
s p e e d . A n y t e s t o n t h e f l o w p r o p e r t i e s o f c o n c r e t e m u s t n e c e s s a r i l y 
w o r k a t s o m e e f f e c t i v e s p e e d , e v e n i f t h a t s p e e d i s u n k n o w n , a n d a n y 
t e s t i n w h i c h o n l y o n e m e a s u r e m e n t i s m a d e i s o p e r a t i n g a t o n l y o n e 
e f f e c t i v e s p e e d . T h u s , a n y t e s t i n w h i c h o n l y o n e m e a s u r e m e n t i s 
m a d e , t h a t i s , a s i n g l e - p o i n t t e s t , i s i n h e r e n t l y i n c a p a b l e o f p r o v i d i n g 
s u f f i c i e n t i n f o r m a t i o n t o d e s c r i b e t h e f l o w p r o p e r t i e s o f c o n c r e t e . 

T h e r e i s n o w a y o f d o d g i n g t h i s ; i t d o e s n o t m a t t e r h o w c o m p l i c a t e d 
t h e t e s t o r h o w s o p h i s t i c a t e d t h e t r e a t m e n t o f r e s u l t s , i t i s n o t p o s s i b l e 
t o g e t o u t o f a n e x p e r i m e n t m o r e i n f o r m a t i o n t h a n i s p u t i n . T h e 
r e q u i r e m e n t f o r t w o c o n s t a n t s i s n o t j u s t a m a t t e r o f a c a d e m i c n i c e t y 
o r p e d a n t r y , i t i s a m a t t e r o f g r e a t p r a c t i c a l i m p o r t a n c e f o r t h e p r o p e r 
c o n t r o l a n d u s e o f c o n c r e t e . A n y o n e w h o t h i n k s i t c a n b e d i s m i s s e d 
a s a n i v o r y - t o w e r c o n c e p t w i l l c o n t i n u e t o b e u n a b l e t o m e a s u r e w o r k 
a b i l i t y , a n d w i l l h a v e t o a c c e p t t h e p o s s i b l e o c c u r r e n c e o f c o s t l y a n d 
t i m e - c o n s u m i n g m i s t a k e s i n p r a c t i c e . 

T h e p o i n t i s i l l u s t r a t e d f u r t h e r i n F i g u r e 6 . 2 w h i c h i s o n l y a n o t h e r 
w a y o f p r e s e n t i n g F i g u r e 3 . 7 o f C h a p t e r 3 . C o n s i d e r t h e t w o c o n c r e t e s 
A a n d B w h o s e f l o w c u r v e s a r e a s s h o w n a n d c r o s s a t a p o i n t t h a t i s 
i n t h e r e g i o n o f s h e a r r a t e s t h a t c o r r e s p o n d t o p r a c t i c e . S u p p o s e a 
s i n g l e - p o i n t t e s t i s u s e d t o c o m p a r e t h e i r w o r k a b i l i t i e s . W h a t e v e r t h e 
t y p e o f t e s t c h o s e n i t w i l l m e a s u r e e i t h e r t h e a m o u n t o r r a t e o f d e f o r -

N 2 effective speed of 
single point test 

effective speed of 
practical process 

Torque T 

F i g u r e 6 . 2 M i s l e a d i n g r e s u l t o b t a i n e d i f e f f e c t i v e s p e e d o f s i n g l e - p o i n t t e s t 
d i f f e r s f r o m t h a t o f p r o c e s s . 
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m a t i o n u n d e r g i v e n s t r e s s c o n d i t i o n s , o r t h e s t r e s s f o r a g i v e n d e f o r 
m a t i o n , s o i t i s r e a s o n a b l e t o a s s o c i a t e i t w i t h s o m e e f f e c t i v e s h e a r 
r a t e t h a t c o r r e s p o n d s t o s o m e s p e e d , s a y N2, i n t h e t w o - p o i n t t e s t . 
S i n c e i n t h i s c a s e t h e s p e e d N2 i s a b o v e t h e c r o s s - o v e r p o i n t t h e t e s t 
w i l l c h a r a c t e r i z e c o n c r e t e B a s h a v i n g a h i g h e r w o r k a b i l i t y t h a n c o n 
c r e t e A , b e c a u s e t h e t o r q u e ( o r s t r e s s ) r e q u i r e d a t t h i s s p e e d i s l o w e r 
f o r t h e f o r m e r t h a n f o r t h e l a t t e r . N o w s u p p o s e t h o s e t w o c o n c r e t e s a r e 
u s e d i n a p r o c e s s w h o s e e f f e c t i v e s h e a r r a t e c o r r e s p o n d s t o s p e e d Ni, 
a c o n d i t i o n u n d e r w h i c h c o n c r e t e B h a s a lower w o r k a b i l i t y t h a n 
c o n c r e t e A , s o t h e r e s u l t o f t h e t e s t i s n o t j u s t i n a d e q u a t e , i t i s s e r i o u s l y 
m i s l e a d i n g . 

T h i s i l l u s t r a t i o n s h o u l d b e s u f f i c i e n t t o d i s p o s e o f t h e v i e w , t h a t h a s 
s o m e t i m e s b e e n e x p r e s s e d , t h a t t h i s i s a l l v e r y w e l l f o r t h e l a b o r a t o r y 
b u t w h a t i s n e e d e d i n p r a c t i c e o n s i t e o r a t t h e p l a n t i s a s i n g l e f i g u r e 
f o r w o r k a b i l i t y . T h e r e q u i r e m e n t f o r t w o f i g u r e s i s i n e s c a p a b l e ; t h e 
q u a n t i t i e s y i e l d v a l u e a n d p l a s t i c v i s c o s i t y , m e a s u r e d b y g a n d h , a r e 
d i m e n s i o n a l l y d i f f e r e n t a n d i t i s n o m o r e s e n s i b l e t o a s k f o r a s i n g l e 
c o n s t a n t t o r e p r e s e n t b o t h o f t h e m t h a n i t i s t o a s k f o r a s i n g l e c o n 
s t a n t t o r e p r e s e n t b o t h Y o u n g ' s m o d u l u s a n d P o i s s o n ' s r a t i o o f t h e 
h a r d e n e d c o n c r e t e . 

N o t e t h a t i f a s i n g l e - p o i n t t e s t h a s a n e f f e c t i v e s h e a r r a t e c o r r e s p o n d 
i n g t o t h e s p e e d w h e r e t h e t w o f l o w c u r v e s c r o s s , i t w i l l i n d i c a t e t h a t 
t h e w o r k a b i l i t i e s o f t h e t w o c o n c r e t e s a r e t h e s a m e . I t i s w e l l k n o w n 
i n p r a c t i c e t h a t a n y o n e o f t h e s t a n d a r d t e s t s m a y c l a s s i f y a s b e i n g 
e q u a l i n w o r k a b i l i t y t w o c o n c r e t e s t h a t a r e s u b s e q u e n t l y f o u n d t o 
b e h a v e d i f f e r e n t l y o n t h e j o b . 

6.1 R E S T R I C T E D V A L I D I T Y O F S I N G L E - P O I N T T E S T S 

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

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

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

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

i n t h e c o r r e c t o r d e r a n d t h e s a m e r a n k i n g o r d e r w i l l b e f o u n d o n t h e 
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j o b , o r , i n o t h e r w o r d s , a c o n c r e t e c l a s s i f i e d a s m o r e w o r k a b l e b y t h e 
t e s t w i l l i n f a c t b e f o u n d t o b e m o r e w o r k a b l e o n t h e j o b . T h i s f i r s t 
c o n d i t i o n i s o n e t h a t h a s b e e n t a c i t l y a s s u m e d b y s e v e r a l w o r k e r s w h o 
h a v e p r o p o s e d t e s t s t h a t t h e y h o p e w i l l i m i t a t e p r a c t i c a l c o n d i t i o n s 
s u f f i c i e n t l y c l o s e l y , a n d w a s g i v e n e x p l i c i t e x p r e s s i o n b y A n g l e s 1 i n t h e 
s t a t e m e n t q u o t e d e a r l i e r ( C h a p t e r 1 ) . A f a i r l y r e c e n t e x a m p l e o c c u r s 
i n a D e p a r t m e n t o f T r a n s p o r t m o d e l s p e c i f i c a t i o n f o r r e p a i r c o n c r e t e 2 

w h o s e a u t h o r s d o n o t r e f e r t o a n y o f t h e B r i t i s h S t a n d a r d t e s t s b u t 
r e q u i r e t h e u s e o f a F l o w - T r o u g h t e s t a n d a F l o w T e s t f o r H o r i z o n t a l 
S o f f i t S u r f a c e s . F o r t h e l a t t e r , t h e y r e q u i r e t h a t t h e a r r a n g e m e n t o f 
r e i n f o r c e m e n t b a r s i n t h e t e s t a p p a r a t u s s h a l l b e m o d i f i e d t o r e p r e s e n t 
a c t u a l r e i n f o r c e m e n t d e t a i l s . 

T h e d e f e c t i n t h e s e a r g u m e n t s i s t h a t i t i s n o t a t p r e s e n t p o s s i b l e t o 
s a y w h a t a r e t h e e f f e c t i v e s h e a r r a t e s i n a n y p a r t i c u l a r j o b , a n d t h e 
i n t e n d e d i m i t a t i o n o f p r a c t i c a l c o n d i t i o n s m a y n o t b e c l o s e e n o u g h . 
E v e n i f t h e s e o b j e c t i o n s c o u l d b e o v e r c o m e , i t w o u l d b e n e c e s s a r y 
t o h a v e a s e p a r a t e t e s t f o r e a c h t y p e o f j o b , a s s e e m s t o h a v e b e e n 
r e a l i z e d b y t h e w r i t e r s o f t h e s p e c i f i c a t i o n j u s t r e f e r r e d t o . T h i s m e a n s 
t h a t a s t r i c t a p p l i c a t i o n o f t h e f i r s t c o n d i t i o n i m p l i e s t h a t t h e o n l y w a y 
o f a s s e s s i n g t h e w o r k a b i l i t y o f c o n c r e t e f o r a p a r t i c u l a r j o b i s t o a s s e s s 
i t o n t h e j o b , s o t h e a r g u m e n t i s s e l f - d e f e a t i n g a n d t h i s f i r s t c o n d i t i o n 
i s t h e r e f o r e o f n o p r a c t i c a l i n t e r e s t . T h e r e l a t i n g o f w o r k a b i l i t y m e a s 
u r e m e n t s t o j o b r e q u i r e m e n t s w i l l b e d i s c u s s e d i n C h a p t e r 1 3 . 

T h e s e c o n d c o n d i t i o n , t h a t o f d e a l i n g w i t h a s e r i e s o f c o n c r e t e s 
w h o s e l i n e s d o n o t c r o s s , i s o f s o m e p r a c t i c a l i n t e r e s t . C o n s i d e r t h e 
f a n - s h a p e d s e t o f l i n e s s h o w n i n F i g u r e 6 . 3 . S i n c e t h e l i n e s d o n o t 
c r o s s , t h e o r d e r o f r a n k i n g o b t a i n e d f r o m t h e r e s u l t s o f a s i n g l e - p o i n t 
t e s t w i l l n o t d e p e n d o n t h e ( e f f e c t i v e ) s p e e d a t w h i c h t h e t e s t i s c a r r i e d 
o u t , s o i t f o l l o w s t h a t i f a t e s t o p e r a t e s a t a s p e e d N i , s a y , i t w i l l r a n k 

Speed N 

— Effective speed of Test 1 

Effective speed of test 2 

Increasing water 
content 

Torque T 

F i g u r e 6 . 3 F l o w c u r v e s t h a t d o n o t c r o s s i f o n l y w a t e r c o n t e n t c h a n g e s ( r e s u l t s 
o f t e s t s w i t h d i f f e r e n t e f f e c t i v e s p e e d s a g r e e i n r a n k i n g ) . 
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c o r r e c t l y t h e c o n c r e t e s f o r u s e i n a n y p r o c e s s o p e r a t i n g a t a n y o t h e r 
e f f e c t i v e s p e e d s u c h a s N 2 , s a y . 

N o w i t h a p p e n s t h a t s u c h a f a n - s h a p e d s e t o f l i n e s i s o b t a i n e d f r o m 
a s e r i e s o f c o n c r e t e s t h a t d i f f e r f r o m e a c h o t h e r o n l y i n w a t e r c o n t e n t 
a n d i n n o t h i n g e l s e , s o t h i s s e c o n d c o n d i t i o n a p p l i e s . I n t h e s h o r t t e r m 
t h i s i s l i k e l y t o b e t h e s i t u a t i o n o n s i t e b e c a u s e t h e q u a n t i t y m o s t l i k e l y 
t o v a r y r a n d o m l y o v e r s h o r t p e r i o d s i s t h e w a t e r c o n t e n t , a n d t h e r e f o r e 
t h e s t a n d a r d t e s t s a r e f o u n d t o b e o f s o m e v a l u e i n t h a t t h e y a r e i n 
e f f e c t a c t i n g a s a r a t h e r c r u d e m e a n s o f c o n t r o l o f w a t e r c o n t e n t . 
H o w e v e r , a s s o o n a s a n y t h i n g e l s e c h a n g e s , t r o u b l e m a y f o l l o w . F o r 
e x a m p l e , a n e w d e l i v e r y o f a g g r e g a t e c a n t h r o w t h i n g s a w r y b e c a u s e i t 
c a n r e s u l t i n t h e p r o d u c t i o n o f c o n c r e t e s w i t h f l o w c u r v e s t h a t c r o s s 
t h e p r e v i o u s s e t w i t h i n t h e i m p o r t a n t s h e a r r a t e ( o r s p e e d ) r a n g e . 

A s e t o f n o n - c r o s s i n g l i n e s w i l l a l s o b e o b t a i n e d f r o m a s e r i e s o f 
c o n c r e t e s t h a t d i f f e r o n l y i n p l a s t i c i z e r c o n t e n t , a n d i n n o t h i n g e l s e , 
b u t i n t h i s c a s e t h e l i n e s a r e p a r a l l e l t o e a c h o t h e r , a s s h o w n i n F i g u r e 
6 . 4 . H e r e t o o , a s i n g l e - p o i n t t e s t s h o u l d b e c a p a b l e o f c l a s s i f y i n g t h e 
c o n c r e t e s i n a c o r r e c t r a n k i n g o r d e r a n d t h u s o f a c t i n g a s a c r u d e 
c o n t r o l o n p l a s t i c i z e r c o n t e n t . I n p r a c t i c e t h i s i s n o t s o , p a r t l y b e c a u s e 
t h e p o s i t i o n o f a l i n e d e p e n d s o n t h e t i m e a t w h i c h t h e p l a s t i c i z e r 
w a s a d d e d a s w e l l a s o n t h e t o t a l a m o u n t a d d e d , b u t m a i n l y b e c a u s e 
a b a t c h e r m a n w i l l , o n t h e b a s i s o f h i s s u b j e c t i v e a s s e s s m e n t o f w o r k 
a b i l i t y , t r y t o c o r r e c t f o r a n y c h a n g e s a r i s i n g f r o m v a r i a t i o n o f t h e 
p l a s t i c i z e r a d d i t i o n b y a d j u s t i n g w a t e r c o n t e n t . C o n s e q u e n t l y , t w o 
v a r i a b l e s r e q u i r e c o n s i d e r a t i o n a n d t h e s i t u a t i o n i s n o l o n g e r s i m p l e . 

A n o t h e r w a y o f s t a t i n g t h e c o n d i t i o n t h a t t h e f l o w c u r v e s o f a s e t o f 
c o n c r e t e s d o n o t c r o s s i s t o s a y t h a t f o r t h a t s e t o f c o n c r e t e s t h e r e i s a 
s i g n i f i c a n t c o r r e l a t i o n b e t w e e n g a n d h . I n g e n e r a l , t h i s i s n o t s o a s i s 
s h o w n i n F i g u r e 6 . 5 f o r a v a r i e t y o f m i x c o m p o s i t i o n s a n d t h e r e f o r e 

Speed N 

Test 1 

Increasing 
plasticiser 

Test 2 

Torque T 

F i g u r e 6 . 4 F l o w c u r v e s t h a t d o n o t c r o s s i f o n l y p l a s t i c i z e r c o n t e n t c h a n g e s . 
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F i g u r e 6 . 5 R e l a t i o n s h i p b e t w e e n g a n d h ( c o r r e l a t i o n c o e f f i c i e n t = 0 . 1 9 ) 

it is necessary to measure both g and h . In the special case of a set 
of concretes that differ in water content only , there is a correlation 
between g and h and therefore, in this special case, a single measure
ment is sufficient to differentiate between the various mixes. 

In practice, this is the only case for which a positive correlation 
exists between g and h and this fact may be used in the diagnosis of 
problems on site. In other words, if on site it is found that there is a 
simple positive correlation between g and h , it may be deduced that 
the cause of variation in workability is variation in water content only. 
If no correlation is found, or a negative correlation, then variation in 
water content may immediately be ruled out as the main contributor to 
variation in workability and some other cause must be sought. This 
will be discussed further in connection with control of concrete quality. 

6.2 S I G N I F I C A N C E O F S I N G L E - P O I N T T E S T S 

Although no single-point test can provide sufficient information to 
describe workability, it is obvious that the result from such a test does 
in some way depend on the workability of the concrete tested, so it is 
worth considering the nature of this dependence. 

The theoretical treatment of the two-point test started from the 
hypothesis of Metzner and Otto that, although the shear rate in the 
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m i x e r v a r i e s f r o m p o i n t t o p o i n t , o n e m a y e n v i s a g e a n a v e r a g e e f f e c 
t i v e s h e a r r a t e t h a t i s s i m p l y p r o p o r t i o n a l t o t h e s p e e d o f t h e i m p e l l e r . 
I t s e e m s r e a s o n a b l e t o a p p l y a s i m i l a r h y p o t h e s i s t o t h e s i n g l e - p o i n t 
t e s t s a n d t o s u g g e s t t h a t e a c h o f t h e m h a s a s s o c i a t e d w i t h i t a n a v e r a g e 
e f f e c t i v e s h e a r r a t e o f a n u n k n o w n v a l u e . A s s h o w n e a r l i e r , i f a m e a s 
u r e m e n t i s m a d e a t o n l y o n e s h e a r r a t e , o r s p e e d , a l l t h a t c a n b e 
a s s e s s e d i s a v a l u e o f a p p a r e n t v i s c o s i t y w h i c h w i l l d e p e n d o n g a n d h 
b u t a l s o o n t h e a r b i t r a r i l y c h o s e n s h e a r r a t e a t w h i c h i t i s m e a s u r e d . I n 
t e r m s o f t h e t w o - p o i n t t e s t e q u a t i o n t h e r e f o r e , i t m a y b e s u g g e s t e d t h a t 
a s i n g l e - p o i n t t e s t m a k e s s o m e m e a s u r e m e n t W o f a p p a r e n t v i s c o s i t y 
g i v e n b y 

W=T/N = gin + h ( 6 . 3 ) 

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

I n t h e c a s e o f t h e s l u m p t e s t , t h e m e a s u r e m e n t i s m a d e o n a s t a 
t i o n a r y c o n e o f c o n c r e t e a n d i t i s r e a s o n a b l e t o s u p p o s e t h a t t h e r a t e 
o f s h e a r a s s o c i a t e d w i t h t h e t e s t i s z e r o , o r , i n o t h e r w o r d s , t h a t 
t h e s l u m p t e s t a s s e s s e s t h e y i e l d v a l u e o f t h e c o n c r e t e a n d t a k e s n o 
a c c o u n t a t a l l o f t h e p l a s t i c v i s c o s i t y . I f t h a t i s s o , i t w o u l d b e e x p e c t e d 
t h a t t h e r e w o u l d e x i s t a h i g h l y s i g n i f i c a n t c o r r e l a t i o n b e t w e e n s l u m p 
a n d g, a n d s u c h i s i n d e e d t h e c a s e , a s h a s b e e n f o u n d b y m a n y d i f 
f e r e n t i n v e s t i g a t o r s . U s u a l l y , t h e r e i s n o j u s t i f i c a t i o n f o r a n y r e l a t i o n 
s h i p m o r e c o m p l i c a t e d t h a n a s i m p l e s t r a i g h t l i n e w i t h a n e q u a t i o n o f 
t h e f o r m 

S = S o - Ag ( 6 . 4 ) 

w h e r e S i s t h e s l u m p v a l u e a n d S 0 a n d A a r e e m p i r i c a l c o n s t a n t s , b u t 
c a r e f u l w o r k o v e r a w i d e r a n g e o f w o r k a b i l i t i e s m a y s u g g e s t a c u r v e d 
r e l a t i o n s h i p . T h e e a r l i e s t r e s u l t s w e r e o b t a i n e d b y S c u l l i o n 3 u s i n g t h e 
o r i g i n a l t w o - p o i n t t e s t b a s e d o n t h e H o b a r t m i x e r a n d h e p r o p o s e d a 
r e l a t i o n s h i p o f t h e f o r m 

S " = Ag ( 6 . 5 ) 

w h e r e n = - 0 . 4 7 a n d A = 0 . 0 0 7 . T h i s i s a p p r o x i m a t e l y a s q u a r e -
r o o t r e l a t i o n s h i p . H i s r e s u l t s a r e s h o w n i n F i g u r e 6 . 6 . M o r e r e c e n t l y , 
A k a s h i , K a k u t a a n d M r i m o t o 4 r e p o r t e d t h a t t h e r e l a t i o n s h i p b e t w e e n 
s l u m p a n d y i e l d v a l u e b r o k e d o w n a t s l u m p s i n e x c e s s o f a b o u t 1 5 0 m m , 
a f a c t w h i c h t h e y a t t r i b u t e d t o t h e d i f f i c u l t y o f o b t a i n i n g m e a n i n g f u l 
v a l u e s o f s l u m p a t s u c h w o r k a b i l i t i e s . 

T h e e x p e r i m e n t a l o b s e r v a t i o n s h a v e s u b s t a n t i a l l y b e e n c o n f i r m e d i n 
t h e o r e t i c a l s t u d i e s b y T a n i g a w a , M o r i a n d W a t a n a b e 5 , w h o c a r r i e d o u t 
a c o m p u t e r s i m u l a t i o n o f t h e s l u m p t e s t b a s e d o n t h e k n o w n f a c t t h a t 
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g (arbitrary units) 

F i g u r e 6.6 R e l a t i o n s h i p b e t w e e n s l u m p a n d g. ( S c u l l i o n ) 

concrete conforms to the Bingham model. They showed that the effect 
on slump of a change in yield value is much greater than that of a 
comparable change in plastic viscosity, and it is only at low yield value 
that the latter assumes some importance. They were even able to 
demonstrate theoretically the asymmetry of the slumped cone that is 
often observed in practice, and also the retention by the top surface 
of its original shape. 

The fact that over the normal range slump depends only (or at least 
mainly) on yield value, or g, explains immediately why two concretes 
of the same slump can behave quite differently on a job where the 
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circumstances are such that plastic viscosity, or h, is also important. 
A n example of practical importance is shown in Figure 6 . 7 which 
compares the flow curves of two concretes G and L. Concrete G is a 
concrete with a gravel aggregate and is known to be suitable for piling, 
while concrete L contains a crushed limestone and is known to be 
unsuitable because it does not flow satisfactorily. The two concretes 
have been adjusted to give the same slump, so the slump test says 
that if concrete G is acceptable then so is concrete L, a result which is 
known to be untrue. It can be seen from the graph that although the 
two concretes have the same value of g (yield value), consistent with 
the fact that they have the same slump, the value of h (plastic viscosity) 
of concrete L is almost double that of concrete G. Bloomer6 reports an 
actual case where some of the batches of concrete for a piling contract 
were wrongly made with a limestone aggregate instead of with the 

/ 
/ 

/ 

0 2 4 
Torque (Nm) 

F i g u r e 6 . 7 S u i t a b l e a n d u n s u i t a b l e c o n c r e t e s o f s a m e s l u m p . 

M i x S l u m p g h 
m m N m N m s 

G 1 8 5 2 . 3 1 . 4 s u i t a b l e f o r p i l i n g 
L 1 9 0 2 . 3 2 . 5 u n s u i t a b l e f o r p i l i n g 
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s p e c i f i e d g r a v e l ; t h e m i s t a k e w a s d e t e c t e d b y t w o - p o i n t w o r k a b i l i t y 
m e a s u r e m e n t a n d c o n f i r m e d b y a n e x a m i n a t i o n o f c o n c r e t e s p i l l e d 
r o u n d t h e t o p o f t h e p i l e . 

T h e h y p o t h e s i s t h a t e a c h o f t h e B r i t i s h S t a n d a r d t e s t s h a s a s s o c i 
a t e d w i t h i t a n e f f e c t i v e s h e a r r a t e c h a r a c t e r i s t i c o f t h e t e s t , e x p r e s s e d 
i n e q u a t i o n 6 . 3 a b o v e , w a s e x a m i n e d 7 b y o b t a i n i n g f r o m a d e t a i l e d 
c o n s i d e r a t i o n o f S c u l l i o n ' s r e s u l t s a n e q u a t i o n t h a t c o u l d b e t e s t e d 
a g a i n s t t h e r e s u l t s o f s e v e r a l w o r k e r s w h o h a d m e a s u r e d a l l o f s l u m p , 
c o m p a c t i n g f a c t o r a n d V e b e t i m e o n t h e s a m e m i x e s . T h e e q u a t i o n 
o b t a i n e d w a s 

4 . 5 5 V + 2 5 5 S ~ ° 4 7 + 1 0 1 0 C = 1 0 0 0 ( 6 . 6 ) 

w h e r e V i s V e b e t i m e i n s e c o n d s , S i s s l u m p i n m m , a n d C i s c o m 
p a c t i n g f a c t o r . T h e t e s t c o n s i s t e d o f s u b s t i t u t i n g v a l u e s o b t a i n e d b y 
o t h e r w o r k e r s i n t h e l e f t - h a n d s i d e o f t h i s e q u a t i o n a n d c o m p a r i n g t h e 
r e s u l t w i t h t h e p r e d i c t e d v a l u e o f 1 0 0 0 . T h e r e s u l t s w e r e a s s h o w n i n 
T a b l e 6 . 1 . T h e a g r e e m e n t b e t w e e n t h e a c t u a l a n d p r e d i c t e d v a l u e s o f 
t h e f u n c t i o n o n t h e l e f t - h a n d s i d e o f e q u a t i o n 6 . 6 i s e n c o u r a g i n g a n d 
s u p p o r t s t h e h y p o t h e s i s o n w h i c h t h e d e r i v a t i o n o f t h e e q u a t i o n w a s 
b a s e d . H o w e v e r , i n t h e o r i g i n a l p a p e r 7 i t w a s s u g g e s t e d t h a t , f o r 
v a r i o u s r e a s o n s , t h e r e s u l t s h o u l d b e t r e a t e d w i t h s o m e r e s e r v a t i o n 
a n d t h i s c a u t i o n w a s f o u n d t o b e j u s t i f i e d b y l a t e r w o r k b y S a e e d 8 . 

N e v e r t h e l e s s , t h e f a c t t h a t e q u a t i o n 6 . 6 s h o w s g o o d a g r e e m e n t w i t h 
d a t a p u b l i s h e d b y q u i t e i n d e p e n d e n t w o r k e r s d o e s p r o v i d e s o m e 
e v i d e n c e i n s u p p o r t a n d a t l e a s t i t c a n b e s a i d t h a t t h e r e s u l t s a r e 
c o n s i s t e n t w i t h t h e h y p o t h e s i s t h a t e a c h o f t h e B r i t i s h S t a n d a r d t e s t s 
m e a s u r e s a p p a r e n t v i s c o s i t y a t a n e f f e c t i v e s h e a r r a t e c h a r a c t e r i s t i c 
o f t h e p a r t i c u l a r t e s t . 

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

Table 6.1 T e s t o f e q u a t i o n 6 . 6 o n o t h e r w o r k e r s ' r e s u l t s 

W o r k e r N u m b e r of results M e a n value Standard deviation 
n 

of individuals of mean 

S i n g h 9 8 4 1 0 0 5 3 2 . 1 3 . 5 
D e w a r 1 0 2 1 9 8 6 4 0 . 5 8 . 8 
H u g h e s a n d 

B a h r a m i a m 1 1 3 7 9 0 3 6 6 . 3 1 0 . 9 
R i t c h i e 1 2 1 0 9 8 4 3 7 . 3 1 1 . 8 
B a n f i l l 1 3 1 4 6 1 0 0 7 2 4 . 5 2 . 0 

2 6 9 7 0 4 5 . 1 8 . 9 
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other sources. Blondiau, Descamps and Stayaert1 5 made measurements 
on the same concretes using the slump, the Vebe, the flow table and 
the Walz flow test, and reported their results in terms of the correlation 
coefficients between the tests taken two at a time. If the hypothesis 
that each test has associated with it an effective shear rate is correct, it 
would be expected that the results from two tests whose shear rates 
are the same, or close, would show a higher correlation than would be 
found for results from two tests whose shear rates are very differ
ent. Therefore, it should be possible to arrange the tests used by 
Blondiau et ai. in a ranked order, such that the correlation coefficients 
are greatest for results of adjacent tests, and decrease by increasing 
amounts as the tests become further apart in the order. Figure 6 . 8 
shows that this is indeed so. 

Thus, although the idea that any single-point test effectively measures 
apparent viscosity at some effective shear rate characteristic of the test, 
cannot be regarded as proven, it certainly receives quite a lot of direct 

v - B 

z 

0-88 

Walz 

0-57 

0-92 

0-77 

Flow 

0-53 

0-78 

Slump Yield value only 

Figure 6.8 C o r r e l a t i o n s b e t w e e n r e s u l t s o f t e s t s t a k e n t w o a t a t i m e . 
{Blondiau et a l . ) 
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a n d i n d i r e c t s u p p o r t , s u f f i c i e n t f o r i t t o b e r e a s o n a b l y a d o p t e d a s a 
w o r k i n g h y p o t h e s i s . 

T h i s c o n c l u s i o n i s o f c o n s i d e r a b l e p r a c t i c a l i m p o r t a n c e . I n p r i n c i p l e , 
i f a n y t w o o f t h e t h r e e q u a n t i t i e s S , C a n d V a r e k n o w n , i t i s p o s s i b l e 
t o c a l c u l a t e t h e t h i r d a n d a l s o g a n d h a n d b y t h i s m e a n s t o p r o v i d e t h e 
n e c e s s a r y c o n t r o l o f w o r k a b i l i t y . T a n i g a w a , M o r i a n d W a t a n a b e 5 m a k e 
a s i m i l a r p o i n t i n t e r m s o f s l u m p a n d f l o w v a l u e . I n p r a c t i c e , t h e 
e x e r c i s e w o u l d b e v a l u e l e s s b e c a u s e o f t h e p r o b a b l e e r r o r s a n d o t h e r 
d i f f i c u l t i e s a s s o c i a t e d w i t h e s t a b l i s h i n g a s u i t a b l e s y s t e m . O f m u c h 
m o r e p r a c t i c a l s i g n i f i c a n c e i s t h e f a c t t h a t t h e t w o - p o i n t t e s t , w h o s e 
r e s u l t s a r e o b t a i n e d f r o m a s i m p l e s t i r r i n g p r o c e s s , i s c a p a b l e o f a s s e s s 
i n g t h e b e h a v i o u r o f c o n c r e t e i n c o m p l e t e l y d i f f e r e n t p r o c e s s e s , a n d 
t h e s u g g e s t i o n f o l l o w s t h a t i t s h o u l d b e p o s s i b l e t o l a b e l a n y p r a c t i c a l 
p l a c i n g p r o c e s s w i t h i t s o w n c h a r a c t e r i s t i c s h e a r r a t e . T h i s l a t t e r p o i n t 
w i l l b e r e t u r n e d t o i n t h e d i s c u s s i o n o f t h e a p p l i c a t i o n o f t h e t w o - p o i n t 
t e s t i n r e l a t i o n t o p r a c t i c a l j o b r e q u i r e m e n t s . 

T h e r e i s a n o t h e r v e r y i m p o r t a n t p r a c t i c a l c o n s e q u e n c e . S e v e r a l 
a u t h o r s h a v e r e p o r t e d t h a t t h e r e e x i s t o p t i m u m v a l u e s o f s o m e f a c t o r s , 
s u c h a s f i n e s c o n t e n t , f o r a c h i e v e m e n t o f m a x i m u m w o r k a b i l i t y a n d 
h a v e u s e d s i n g l e - p o i n t t e s t s t o d e t e r m i n e t h e m . N o w , i f a s i n g l e - p o i n t 
t e s t a s s e s s e s a p p a r e n t v i s c o s i t y a t s o m e e f f e c t i v e s h e a r r a t e e q u i v a l e n t 
t o a s p e e d n c h a r a c t e r i s t i c o f t h e t e s t , i t i s , a s s h o w n i n e q u a t i o n 6 . 3 
a b o v e , m e a s u r i n g a q u a n t i t y W g i v e n b y 

W = gin + h ( 6 . 7 ) 

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

W = faxyn + f2(x) ( 6 . 8 ) 

w h e r e / i a n d f2 a r e d i f f e r e n t f o r m s o f f u n c t i o n o f x. A m i n i m u m i n W, 
t h a t i s a m a x i m u m i n w o r k a b i l i t y , w i l l o c c u r w h e n dW/dx i s z e r o , t h a t 
i s , w h e n 

/ ! ( * ) / * + # ( * ) = <> ( 6 . 9 ) 

T h e v a l u e o f x o b t a i n e d a s a s o l u t i o n t o t h i s e q u a t i o n d e p e n d s n o t o n l y 
o n t h e f o r m s o f t h e t w o f u n c t i o n s b u t a l s o o n t h e v a l u e o f n. I n o t h e r 
w o r d s , i f a s i n g l e - p o i n t t e s t i s u s e d t o f i n d , f o r e x a m p l e , t h e o p t i m u m 
v a l u e o f f i n e s c o n t e n t f o r m a x i m u m w o r k a b i l i t y , t h e a c t u a l v a l u e o f 
f i n e s c o n t e n t f o u n d w i l l d e p e n d o n t h e t e s t u s e d t o f i n d i t ; i t w i l l b e 
d i f f e r e n t i f a d i f f e r e n t t e s t i s u s e d , a n d i t w i l l b e d i f f e r e n t f r o m t h e 
f i n e s c o n t e n t t h a t i s b e s t o n t h e a c t u a l j o b . 
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7 E x t r e m e l y l o w - w o r k a b i l i t y 
c o n c r e t e s 

T h e t w o - p o i n t t e s t i n i t s u n i a x i a l f o r m i s s u i t a b l e f o r m e d i u m t o h i g h 
w o r k a b i l i t i e s ( a b o u t 7 5 m m s l u m p t o f l o w i n g c o n c r e t e ) a n d i n i t s p l a n 
e t a r y f o r m f o r l o w t o m e d i u m w o r k a b i l i t i e s ( a b o u t 2 5 m m t o 7 5 m m 
s l u m p ) , a n d r e s u l t s f r o m t h e t w o c a n b e r e l a t e d t o e a c h o t h e r . T h u s 
t h e t e s t c o v e r s a l m o s t t h e w h o l e r a n g e o f w o r k a b i l i t i e s o n a s i n g l e 
s c a l e , a n a c h i e v e m e n t n o t m a t c h e d , o r e v e n a p p r o a c h e d , b y a n y o t h e r 
t e s t . I t c a n n o t h o w e v e r b e u s e d f o r m e a s u r e m e n t s o n e x t r e m e l y l o w -
w o r k a b i l i t y c o n c r e t e s o f z e r o s l u m p o r s l u m p s b e l o w a b o u t 2 5 m m . 

S u c h c o n c r e t e s , w h o s e w a t e r / c e m e n t r a t i o s a r e t y p i c a l l y i n t h e r a n g e 
0 . 2 5 t o 0 . 4 , a r e u s e d i n t h e m a n u f a c t u r e o f p r o d u c t s b y p r o c e s s e s l i k e 
s l i p f o r m i n g , e x t r u s i o n , o r r o l l i n g , i n w h i c h t h e y a r e s u b j e c t e d t o 
a n i n t e n s e m e c h a n i c a l c o m p a c t i n g p r o c e s s , p e r h a p s a s s i s t e d b y t h e 
a p p l i c a t i o n o f v i b r a t i o n o r , a s i n a f a i r l y r e c e n t d e v e l o p m e n t 1 , b y t h e 
u s e o f a s h e a r - c o m p a c t i o n s y s t e m . T h e a d v a n t a g e s t o b e g a i n e d a r e 
t h a t t h e m o u l d c a n b e r e m o v e d i m m e d i a t e l y a f t e r c o m p a c t i o n , a n d 
t h a t t h e l o w w a t e r / c e m e n t r a t i o r e s u l t s i n t h e d e v e l o p m e n t o f h i g h 
s t r e n g t h . 

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

H o w e v e r , p r o g r e s s i n t h i s d i r e c t i o n h a s b e e n m a d e a n d a p r o m i s i n g 
m e t h o d h a s b e e n d e v i s e d b y P a a k k i n e n 2 i n t h e f o r m o f h i s I n t e n s i v e 
C o m p a c t i o n T e s t e r , o r I C T . H i s a p p a r a t u s , w h i c h i s t h e s u b j e c t o f 
p a t e n t s 3 , i s s h o w n i n t h e p h o t o g r a p h i n F i g u r e 7 . 1 a n d t h e p r i n c i p l e o f 
t h e c o m p a c t i o n m e t h o d i s s h o w n i n F i g u r e 7 . 2 . T h e e s s e n t i a l p a r t 
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F i g u r e 7 . 1 T h e I n t e n s i v e C o m p a c t i o n T e s t e r . (Photo courtesey o f l n v e l o p O Y ) 

consists of a cylinder of 100 mm internal diameter which is equipped 
with opposing pistons that are parallel to each other but inclined at a 
small angle (about 2°) to the axis of the cylinder. The concrete under 
test is contained in the cylinder and is compressed under a known 
applied pressure P , and then, while still under pressure, it is subjected 
to a shearing motion which is caused by rotating the angle of inclina
tion of the parallel pistons. It is important to note that the pistons 
themselves do not rotate, but their common angle of inclination to the 
cylinder axis, a, does, and the effect is to produce movement in the 
sample as shown schematically in Figure 7.3. The applied pressure can 
be adjusted between 1 and 7bar and the speed of rotation between 0.7 
and 2.7 rev/s but the values recommended for normal routine testing 
are 4 bars and 2 rev/s, respectively. 

In later developments the apparatus has been modified to a more 
complex mechanical form but the essential principle remains the same. 

During a test, the decrease in volume of the sample is measured 
continuously by monitoring the mutual approach of the two pistons, 
and a typical set of curves of density as a function of the number of 
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F i g u r e 7 . 2 T h e I n t e n s i v e C o m p a c t i o n T e s t e r : s c h e m a t i c (Paakkinen). 

c y c l e s ( i . e . n u m b e r o f r o t a t i o n s ) i s s h o w n i n F i g u r e 7 . 4 . T h e t i l t i n g 
m o m e n t a c t i n g o n t h e u p p e r p i s t o n m a y a l s o b e m e a s u r e d a n d a 
t y p i c a l e x a m p l e o f i t s v a l u e a s a f u n c t i o n o f n u m b e r o f c y c l e s i s s h o w n 
i n F i g u r e 7 . 5 . 

T h e q u a n t i t y o f c o n c r e t e u s e d i n t h e t e s t i s s u c h a s t o g i v e a f i n a l 
h e i g h t o f t h e c o m p a c t e d c y l i n d e r b e t w e e n 1 0 0 a n d 1 0 5 m m , a n d i t i s 
c l a i m e d t h a t t h e t e s t t a k e s a b o u t 3 - 5 m i n . T h e c o m p a c t e d c y l i n d e r 
m a y b e r e m o v e d f r o m t h e a p p a r a t u s a n d u s e d f o r t e s t i n g e i t h e r t h e 
g r e e n m a t e r i a l o r , a f t e r c u r i n g , t h e h a r d e n e d m a t e r i a l f o r c o m p r e s s i v e 
s t r e n g t h o r s p l i t c y l i n d e r t e n s i l e s t r e n g t h . 

F i g u r e 7 . 3 R e p r e s e n t a t i o n o f m o v e m e n t i n s a m p l e (Paakkinen). 
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F i g u r e 7 . 4 E f f e c t o f w o r k i n g p r e s s u r e o n d e n s i t y i n c r e a s e (Paakkinen). 

For routine testing of various mixes comparisons may be made of 
the densities achieved after 80 cycles with a pressure of 4 bar, as 
mentioned above, or, for mixes at the higher-workability end, at a 
pressure of 1 or 2 bar. Before establishing the particular conditions 
for measurement, Paakkinen4 had of course carried out experiments 
to investigate the effects of such factors as the value of the applied 
pressure, the number of cycles, and the mass of the test sample. He 
found that the point where the moment/cycle curve begins to drop is 
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F i g u r e 7 . 5 E f f e c t o f w o r k i n g p r e s s u r e o n w o r k i n g f o r c e (Paakkinen). 
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F i g u r e 7 . 6 C o m p a c t i o n a n a l y s i s o f o n e c o n c r e t e s a m p l e (Paakkinen). 

an indicator of the onset of expression of grout from the sample, and 
he also found that for a given mix, and within limits, pressure and 
number of cycles were inversely proportional to each other for a given 
final density. For example, if a particular density is reached after 
80 cycles at 4 bar, it will also be reached after 160 cycles at 2 bar. It 
follows that a plot of pressure against number of cycles, each on a log 
scale, will for a given density give a straight line with a negative slope 
equal to unity, and it was found that the lines for different densities 
were approximately parallel. This finding permits the preparation of a 
diagram as shown in Figure 7.6. 

By taking the measured density of a sample from a production 
machine, the performance of that machine can be related to a particular 
combination of the parameters of the I C tester, that is, to a combina
tion of pairs of pressure and number of cycles. This provides a means 
of comparison of the efficacy of various machines and also establishes 
for a particular machine the values of the parameters that should be 
used for experiments on the suitability or otherwise of mixes for use, 
and for investigations in the design and specification of new mixes. 
Figure 7.7, prepared as a result of work by Sarja5, provides this type 
of information. 

While the I C tester has not yet been provided with a sound theor
etical basis it does seem to be susceptible to theoretical treatment, 
and efforts are being made in that direction. 

So far, published results of investigations made with this apparatus 
are scarce, but J u v a s 6 - 8 has used it to study the effects on compact-
ability of no-slump concretes of such factors as water content, age, and 
the presence of superplasticizers, silt, silica fume and pfa. 
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F i g u r e 7 . 7 C o n c r e t e p r o d u c t i o n p r o c e s s e s a s c l a s s i f i e d b y t h e I C T . B y v a r y i n g 
w o r k i n g p r e s s u r e ( P ) a n d w o r k c y c l e s ( n ) , t h e d e g r e e o f c o m p a c t i o n c a n b e 
c o n t r o l l e d a n d d i f f e r e n t p r o d u c t i o n p r o c e s s e s s i m u l a t e d (Saja). 
Region 1 M a s o n r y b l o c k s ; c o n c r e t e p i p e s ; r o o f t i l e p r o d u c t i o n 
R e g i o n 2 M a s o n r y s t o n e ; h o l l o w c o r e s l a b s 
Region 3 P a v i n g b l o c k s ; r o l l e r - c o m p a c t e d c o n c r e t e 

7.1 R E F E R E N C E S 

1 . S c h w a r t z , S . ( 1 9 8 4 ) P r a c t i c a l h o l l o w - c o r e f l o o r s l a b p r o d u c t i o n b e l o w 8 5 
d B ( A ) , Betonwerk und Fertigteil-Technik, ( 1 2 ) , 8 0 7 - 1 3 . 

2 . P a a k k i n e n , I . ( 1 9 8 6 ) I n t e n s i v e c o m p a c t i o n t e s t e r d e v i c e f o r t e s t i n g t h e 
c o m p a c t a b i l i t y o f n o - s l u m p c o n c r e t e . N o r d i c C o n c r e t e Research Publication N o . 
5 . D e c . 1 9 8 6 , N o r s k e B e t o n f o r e n i n g K r o n p r i n s e n s g a t e , 0 2 5 1 O s l o 2 , 1 0 9 - 1 1 6 . 

3 . U n i t e d S t a t e s U S 4 , 7 9 4 , 7 9 9 ; F r a n c e F 8 6 0 4 7 8 8 ; U K P a t e n t A p p l i c a t i o n 
8 7 2 2 7 7 4 . 

4 . P a a k k i n e n , I . P r i v a t e c o m m u n i c a t i o n t o G . H . T a t t e r s a l l . 
5 . S a r j a , A . T e c h n i c a l R e s e a r c h C e n t r e o f F i n l a n d . P r i v a t e c o m m u n i c a t i o n t o 

I . P a a k k i n e n a n d t h e n t o G . H . T a t t e r s a l l . 
6 . J u v a s , K . J . ( 1 9 8 8 ) T h e e f f e c t o f f i n e a g g r e g a t e a n d s i l i c a f u m e o n t h e w o r k 

a b i l i t y a n d s t r e n g t h d e v e l o p m e n t o f n o - s l u m p c o n c r e t e , M a s t e r ' s T h e s i s , 
H e l s i n k i U n i v e r s i t y o f T e c h n o l o g y , 1 2 4 p p . 

7 . J u v a s , K . J . ( 1 9 9 0 ) E x p e r i e n c e s t o m e a s u r e t h e w o r k a b i l i t y o f n o - s l u m p c o n 
c r e t e , i n Proceedings of Conference of British Society of Rheology on Rheology of 
Fresh C e m e n t and C o n c r e t e , University of Liverpool, 2 6 - 2 9 M a r c h 1 9 9 0 , L o n d o n , 
E . & F . N . S p o n , 2 5 9 - 6 9 . 

8 . J u v a s , K . J . ( 1 9 9 0 ) E x p e r i e n c e s i n m e a s u r i n g r h e o l o g i c a l p r o p e r t i e s o f c o n 
c r e t e h a v i n g w o r k a b i l i t y f r o m h i g h - s l u m p t o n o - s l u m p , i n Proceedings of 
R I L E M Colloquium on Properties of Fresh C o n c r e t e , University of H a n n o v e r , 3 - 5 
Oct. 1 9 9 0 , L o n d o n , C h a p m a n & H a l l , 1 7 9 - 8 6 . 



8 F a c t o r s a f f e c t i n g 
w o r k a b i l i t y : T i m e a n d 
p r o p e r t i e s o f m i x 
c o m p o n e n t s 

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

The workability of a concrete mix is affected by: 
(a) the time elapsed since mixing; 
(b) the properties of the aggregate, in particular, particle shape and 

size distribution, porosity, and surface texture; 
(c) the properties of the cement, to an extent that is less important in 

practice than the properties of the aggregate; 
(d) the presence of any cement replacements such as ground granu

lated blast-furnace slag (ggbs), pulverized fuel ash (pfa) or micro-
silica (silica fume); 

(e) the presence of any admixture such as a plasticizer or retarder or 
air-entraining agent; 

(f) the presence of added fibres; 
(g) the relative proportions of the mix constituents. 

Thus there are many factors to be considered and the situation is 
complicated further by the fact that there are interactions between 
them, that is, they are not independent of each other in their effects. 
For example, the effect of time is not the same for all mixes, the effect 
of a change in fines content depends on the richness of the mix, and 
the effect of a plasticizer may depend on the type of cement in the mix. 

Most of these effects have been investigated with the two-point 
workability test but in some areas the amount of information yet avail
able is still limited, and in others complications have been revealed 
that will need further work for full elucidation. 

The effect on workability of the various factors will be discussed 
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in general terms then in terms of results obtained using the familiar 
standard tests as well as those obtained from measurements with the 
two-point test. For the cases in which the two-point test shows that g 
and h change in the same direction (i.e. both increase or both decrease) 
when some factor is changed, results from a standard test can be 
regarded as giving a fair indication of changes that would affect work
ability as experienced in practice on the job, because here, one is 
dealing with a set of flow curves that do not cross. 

This applies, for example, to the effect of time on an unplasticized 
mix, or to the effect of a change in water content (only) on any mix. 
However, if the two-point test shows that g and h may change in 
opposite directions (i.e. that one of them may increase and the other 
decrease) the results from a standard test must be treated with con
siderable reserve, not to say suspicion, because one is now dealing 
with a set of flow curves that cross each other, and as shown earlier, 
under those circumstances a single-point test may give indications in 
the opposite direction to the nature of the change in workability that 
will be observed on the job. This reservation applies particularly, for 
example, when attempts are made to find, say, an optimum value of 
fines content for maximum workability. 

8.2 T I M E 

When cement and water are mixed there is an initial period of very 
rapid hydration reaction followed by an induction or dormant period 
(typically of the order of three hours) during which very little reaction 
takes place. It is the occurrence of this dormant period that makes 
concrete such a useful material, in that it can be handled, placed and 
compacted in its fresh state during the dormant period, and then 
allowed to develop its strength and durability after these processes 
have been completed. However, workability does decrease with time, 
and appreciably so in the first few minutes after mixing. It does so 
because of the occurrence of some further hydration, because of any 
loss of water by evaporation, and because of absorption of water from 
the matrix into any particles of aggregate that were not fully saturated 
at the time of mixing. 

Clearly then, the time at which testing is carried out is very import
ant in relation to the time at which the mix was made, and the time at 
which it is to be used. Older editions of BS1881 specified a time 
interval of 6 min between adding the water to the dry mixed materials 
and completing the workability test, although according to Murdock1 

this time is too short and should be increased to 10 min. The current 
version of BS 1881 simply specifies that the workability test should be 
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F i g u r e 8 . 1 E f f e c t o f t i m e o n c o m p a c t i n g f a c t o r . ( M u r d o c k ) 
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carried out as soon as possible after sampling and that the time of 
sampling should be stated. The sample must be protected against 
evaporation between sampling and testing, and ambient temperature 
must be recorded. ASTMC172 says the slump test should be carried 
out within 5 min of completion of sampling. 

Murdochs results, shown in Figure 8.1, illustrate the effect of time 
and, for two different aggregates, the effect of starting with a saturated 
aggregate or a dry aggregate for the same total water content. 

Figure 8.2 shows the effect of time for a typical high-workability 
concrete, where progressive further additions of water were made in 
an attempt to maintain workability. Both yield value, g, and plastic 
viscosity, h, increase with time but the former more rapidly than the 
latter. Similar behaviour is shown in Figure 8.3. These results were 
obtained as part of a study of the stiffening of mixes containing super
plasticizers but the ones shown here are for very high-workability 
(flowing) mixes that did not contain a superplasticizer, using four 
different cements. Once again, yield value increases more rapidly than 
plastic viscosity. Small but significant differences between the cements 
are discernible, cement 3 showing the slowest rate of stiffening and 
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F i g u r e 8.2 E f f e c t o f t i m e o n g a n d h f o r f r e s h c o n c r e t e ( M H a p p a r a t u s ) . (Banfill) 
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F i g u r e 8.3 S t i f f e n i n g o f c o n c r e t e m a d e w i t h f o u r c e m e n t s ( M H a p p a r a t u s ; M i x 
3 3 0 k g / m 3 c e m e n t , 2 1 5 k g / m 3 w a t e r , 1 8 1 5 k g / m 3 a g g r e g a t e a s Z o n e 3 : 1 0 : 2 0 
= 4 2 : 1 9 : 3 9 ) . (Banfill) 



98 Factors affecting workability 

c e m e n t 2 t h e m o s t r a p i d . T h e s e t w o c e m e n t s h a d a h i g h C 2 S c o n t e n t 
a n d a l o w a l k a l i c o n t e n t r e s p e c t i v e l y , b u t i t i s n o t s u g g e s t e d t h a t a n y 
g e n e r a l c o n c l u s i o n a b o u t t h i s c a n b e d r a w n , b e c a u s e t h e e v i d e n c e i s 
i n a d e q u a t e . 

I n a l a r g e n u m b e r o f t e s t s o n p r o d u c t i o n c e m e n t s i n a s t a n d a r d 
t e s t m i x , C r o s s l e y 2 f o u n d t h a t t h e f l o w c u r v e t a k e n a t 2 0 m i n w a s c o n 
s i s t e n t l y t o t h e r i g h t o f t h e o n e t a k e n a t 1 0 m i n , t h a t i s y i e l d v a l u e h a d 
i n c r e a s e d i n t h e 1 0 m i n b e t w e e n t e s t s , a n d t h e c h a n g e w a s e q u i v a l e n t 
t o a c h a n g e i n w a t e r / c e m e n t r a t i o o f 0 . 0 1 . T h e r e w a s n o s y s t e m a t i c 
b e h a v i o u r o f p l a s t i c v i s c o s i t y c h a n g e o v e r t h i s s h o r t i n t e r v a l . 

D e w a r 3 c a r r i e d o u t a n i n v e s t i g a t i o n o n t h e e f f e c t s o f a g i t a t i o n f o r 
p e r i o d s u p t o f i v e h o u r s u p o n t h e p r o p e r t i e s o f r e a d y - m i x e d c o n c r e t e . 
I n g e n e r a l , w o r k a b i l i t y a s a s s e s s e d b y s l u m p , d e c r e a s e d w i t h t i m e a n d 
c o m p r e s s i v e s t r e n g t h ( m e a s u r e d l a t e r o f c o u r s e ) i n c r e a s e d . F o r a t i m e 
t h a t v a r i e d f o r d i f f e r e n t m i x e s , a s s h o w n i n T a b l e 8 . 1 , t h e l o s s i n s l u m p 
w a s s m a l l a n d c o u l d b e r e g a i n e d w i t h o u t l o s s i n s u b s e q u e n t s t r e n g t h 
s i m p l y b y a d d i n g e x t r a w a t e r . D e w a r a t t r i b u t e s w o r k a b i l i t y l o s s t o 
e v a p o r a t i o n , h y d r a t i o n , a b s o r p t i o n , a n d g r i n d i n g . T h e r a t e o f l o s s i s 
l o w e r f o r m i x e s o f l o w e r c e m e n t c o n t e n t o r h i g h e r w a t e r c o n t e n t , a n d 
a l s o f o r l o w e r a i r o r m a t e r i a l s t e m p e r a t u r e . S o m e a g g r e g a t e s , p a r 
t i c u l a r l y l i m e s t o n e f i n e a g g r e g a t e o r w e a k l y c e m e n t e d s a n d s t o n e , a r e 
l i k e l y t o b e a b r a d e d , s o r e d u c i n g w o r k a b i l i t y , b u t t h i s e f f e c t c a n b e 
o f f s e t b y r e d u c i n g t h e i n i t i a l f i n e / c o a r s e a g g r e g a t e r a t i o o f t h e m i x . 

L o s s o f w o r k a b i l i t y w i t h t i m e , o f t e n r e f e r r e d t o a s s l u m p l o s s , m a y 
b e v e r y i m p o r t a n t i n p r a c t i c e , p a r t i c u l a r l y i f t h e d i s t a n c e b e t w e e n a 
r e a d y - m i x e d p l a n t a n d t h e s i t e i s c o n s i d e r a b l e , o r i f u n f o r e s e e n d e l a y s 
o c c u r . T h e o r i g i n a l s l u m p m a y b e r e c o v e r e d s i m p l y b y a d d i n g w a t e r , a 
p r o c e s s t h a t i s k n o w n a s r e t e m p e r i n g , b u t t h e d a n g e r i s t h a t t h e a d d e d 
w a t e r m a y c a u s e a n i n c r e a s e i n w a t e r / c e m e n t r a t i o t o a v a l u e h i g h e r 
t h a n t h a t o r i g i n a l l y s p e c i f i e d a n d , c o n s e q u e n t l y , a d e f i c i t i n s t r e n g t h 
o f t h e h a r d e n e d c o n c r e t e . B e c a u s e o f t h i s , t h e p r a c t i c e i s d e p r e c a t e d 
a n d , o f t e n , s p e c i f i c a l l y f o r b i d d e n . 

Table 8.1 A p p r o x i m a t e t i m e o f a g i t a t i o n i n h o u r s u p t o w h i c h t h e r e l a t i o n s h i p 
b e t w e e n s l u m p v a l u e a n d c o m p r e s s i v e s t r e n g t h w a s u n a l t e r e d ( D e w a r 3 ) 

A g g r e g a t e x e m e n t A p p r o x i m a t e time of agitation 
ratio (by weight) 25 m m s l u m p m i x 125 m m s l u m p m i x 

3 : 1 l 
2 

1 
4 . 5 : 1 1 2 
6 : 1 2 3 
9 : 1 3 4 
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H o w e v e r , i f t h e a m o u n t o f a d d e d w a t e r d o e s n o t e x c e e d t h a t l o s t b y 
e v a p o r a t i o n t h e p e n a l t y i s a v o i d e d , a n d D e w a r ' s r e s u l t s s h o w t h a t 
t h i s c a n b e a c h i e v e d . I n f a c t , i f n o r e t e m p e r i n g i s c a r r i e d o u t t h e 
f i n a l s t r e n g t h o f t h e h a r d e n e d c o n c r e t e w i l l b e h i g h e r t h a n o r i g i n a l l y 
i n t e n d e d , p r o v i d e d ( a n d t h i s i s a v e r y i m p o r t a n t p r o v i s o ) t h a t t h e f r e s h 
m a t e r i a l i s s t i l l s u f f i c i e n t l y w o r k a b l e t o b e c a p a b l e o f b e i n g p l a c e d a n d 
c o m p a c t e d p r o p e r l y . 

C a r e f u l i n v e s t i g a t i o n s r e p o r t e d r e c e n t l y b y W e s t 4 l e n d s u p p o r t t o 
t h e r e s u l t s o f D e w a r a n d t o t h e a r g u m e n t g i v e n a b o v e . E x p e r i m e n t s 
w e r e c a r r i e d o u t o n s i t e a t t e m p e r a t u r e s b e t w e e n 8 a n d 1 2 °C a n d i n 
t h e l a b o r a t o r y a t 2 2 °C, a n d i n e a c h c a s e e q u a t i o n s w e r e e s t a b l i s h e d 
t o s h o w t h e e f f e c t o f k n o w n w a t e r a d d i t i o n s o n s l u m p r e g a i n a n d 
s t r e n g t h l o s s . F r o m t h e s e i t w a s e a s y t o d e d u c e t h e m a x i m u m p e r 
m i s s i b l e w a t e r a d d i t i o n t o i m p r o v e w o r k a b i l i t y w i t h o u t d e c r e a s i n g t h e 
f i n a l s t r e n g t h . W e s t h i m s e l f c o m m e n t s t h a t ' t h e r e s u l t s p r e s e n t e d a r e 
l i m i t e d i n s c o p e 7 b u t i t m a y b e p o i n t e d o u t t h a t t h e l i m i t a t i o n d o e s n o t 
e x t e n d t o t h e g e n e r a l p r i n c i p l e a n d , a s W e s t s a y s , ' i n d i s c r i m i n a t e 
r e t e m p e r i n g h a s b e e n c o n f i r m e d a s i l l - a d v i s e d ( b u t ) . . . l i m i t e d a n d 
c o n s i d e r e d r e t e m p e r i n g . . . ( m a y b e ) a p r a c t i c a l s o l u t i o n ' . T h e d i f f i c u l t y 
i n p r a c t i c e i s , o f c o u r s e , t h a t o f k n o w i n g w h a t i s t h e s a f e l i m i t i n 
p a r t i c u l a r c i r c u m s t a n c e s , a n d W e s t r e c o m m e n d s f u r t h e r s t u d y . 

T h e p r o b l e m o f w o r k a b i l i t y l o s s i s p a r t i c u l a r l y a c u t e i n r e g i o n s o f 
h i g h a m b i e n t t e m p e r a t u r e , a n d A l - K u b a i s y a n d P a l a n j i a n 5 r e p o r t s o m e 
w o r k c a r r i e d o u t o n s i t e a t t e m p e r a t u r e s o f 4 0 t o 5 5 °C. T h e p r e s e n c e 
o f a p l a s t i c i z e r o r s u p e r p l a s t i c i z e r a l s o r a i s e s a d d i t i o n a l c o m p l i c a t i o n s , 
w h i c h a r e c o n s i d e r e d l a t e r , i n C h a p t e r 1 0 . 

8.3 P R O P E R T I E S O F A G G R E G A T E S 

8 . 3 . 1 P a r t i c l e s h a p e 

A s a g e n e r a l i z a t i o n i t m a y b e s a i d t h a t t h e m o r e n e a r l y s p h e r i c a l a r e 
t h e p a r t i c l e s o f t h e a g g r e g a t e , t h e m o r e w o r k a b l e w i l l b e t h e m i x i n 
w h i c h t h e y a r e i n c o r p o r a t e d , o t h e r t h i n g s b e i n g e q u a l . T h i s e f f e c t i s 
d u e t o t w o p r o p e r t i e s o f s p h e r e s . F i r s t o f a l l t h e r e i s w h a t m a y b e 
c a l l e d t h e b a l l - b e a r i n g e f f e c t , t h a t i s s i m p l y t h a t i t i s c l e a r l y e a s i e r f o r 
p a c k e d s p h e r e s t o m o v e r e l a t i v e t o e a c h o t h e r t h a n i t i s f o r p a r t i c l e s o f 
a n g u l a r o r a w k w a r d s h a p e , e v e n i n t h e d r y s t a t e . S e c o n d l y , f o r a g i v e n 
m a s s , t h e s p h e r e i s t h e s h a p e t h a t h a s t h e s m a l l e s t s u r f a c e a r e a , s o 
c l o s e r a p p r o x i m a t i o n o f c o a r s e a g g r e g a t e p a r t i c l e s t o s p h e r i c i t y m e a n s 
t h a t l e s s m o r t a r i s n e e d e d f o r c o a t i n g t h e m , a n d a l s o l e s s i s n e e d e d t o 
f i l l t h e v o i d s b e t w e e n t h e m , s o m o r e i s a v a i l a b l e t o c o n t r i b u t e t o t h e 
g e n e r a l ' f l o w a b i l i t y ' o f t h e m i x . 
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Results conflicting with this argument have been obtained. For 
example, Erntroy and Shacklock6 found that, for some of their high-
strength mixes of very low water/cement ratio, the compacting factor 
was greater for concretes containing crushed granite than for similar 
concretes containing a more nearly spherical irregular gravel. 

Nevertheless, it is reasonable to say that, in general, the more nearly 
spherical are the particles of the aggregate, the better is the work
ability of the concrete. This may be illustrated by figures taken from 
Design of Normal Concrete Mixes7. For a mix of maximum aggregate size 
20 mm, the approximate free water content to give a slump in the range 
30-60 mm is 180kg/m3 if the aggregate is a natural gravel, but the 
quantity must be increased to about 210kg/m 3 if the aggregate is a 
crushed rock, whose particles are much less spherical. For a slump in 
the range 60-180 mm, the two figures are 195 and 225kg/m3. 

Lydon 8 illustrates the same point by considering the maximum 
aggregate: cement ratio that could be used for aggregates of different 
shapes in a low-workability concrete of 0.5 water/cement ratio and 
20 mm maximum aggregate size. His figures are given in Table 8.2. In 
addition to showing generally the effect of particle shape, Lydon's 
results indicate that the effect of changing the coarse aggregate only is 
not so great as that of changing the fine aggregate only. However, this 
is not true as a generalization and reference to Hughes' mix-design 
charts9 shows that for rich mixes the effect of the shape of the fine 
aggregate may be less than that of the coarse aggregate. 

Aggregate shape is usually described only qualitatively by the use of 
the terms rounded, irregular, angular, flaky, elongated, and flaky and 
elongated. The application of these terms is illustrated in the photo
graphs in Figure 8.4 and no further explanation of the first three, 

Table 8.2 E f f e c t o f a g g r e g a t e p a r t i c l e s h a p e o n m a x i m u m a c c e p t a b l e 
a g g r e g a t e : c e m e n t r a t i o ( L y d o n 8 ) ( L o w w o r k a b i l i t y m i x . w a t e r / c e m e n t r a t i o 0 . 5 . 
M a x . s i z e 2 0 m m ) 

Shape M a x i m u m aggregate-.cement ratio 

Coarse F i n e 
a g g r e g a t e aggregate 

R o u n d e d R o u n d e d 7 . 5 : 1 
I r r e g u l a r I r r e g u l a r 5 . 5 : 1 
A n g u l a r A n g u l a r 4 . 7 : 1 
R o u n d e d I r r e g u l a r 6 . 5 : 1 
I r r e g u l a r I r r e g u l a r 5 . 5 : 1 
A n g u l a r I r r e g u l a r 5 . 2 : 1 
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F i g u r e 8 . 4 A g g r e g a t e p a r t i c l e s o f v a r i o u s s h a p e s . 

w h i c h h a v e a l r e a d y b e e n u s e d i n T a b l e 8 . 2 , i s n e c e s s a r y . A f l a k y p a r 
t i c l e i s o n e f o r w h i c h o n e d i m e n s i o n i s c o n s i d e r a b l y l e s s t h a n t h o s e i n 
t h e t w o p e r p e n d i c u l a r d i r e c t i o n s , a n d a n e l o n g a t e d p a r t i c l e i s o n e f o r 
w h i c h i t i s c o n s i d e r a b l y g r e a t e r . F o r a f l a k y a n d e l o n g a t e d p a r t i c l e a l l 
t h r e e d i m e n s i o n s a r e c o n s i d e r a b l y d i f f e r e n t . 

I t i s d i f f i c u l t t o d e s c r i b e p a r t i c l e s h a p e i n q u a n t i t a t i v e t e r m s b u t a t 
t e m p t s h a v e b e e n m a d e a n d , f o r e x a m p l e , m e t h o d s a r e g i v e n i n B S 8 1 2 
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f o r t h e d e t e r m i n a t i o n o f a f l a k i n e s s i n d e x a n d a n e l o n g a t i o n i n d e x . 
T h e s e t w o m e t h o d s i n v o l v e t h e u s e o f s p e c i a l s i e v e s w i t h e l o n g a t e d 
a p e r t u r e s o r t h e c o m p a r i n g o f i n d i v i d u a l p a r t i c l e s w i t h s p e c i a l g a u g e s 
s o t h e y c a n b e s o m e w h a t l a b o r i o u s , b u t t h e y a r e s o m e t i m e s u s e d i n 
p r a c t i c e . L e e s 1 0 h a s g i v e n a c r i t i c a l a s s e s s m e n t o f t h e f l a k i n e s s a n d 
e l o n g a t i o n g a u g e s a n d c o n c l u d e s t h a t t h e y d o n o t s a t i s f a c t o r i l y f u l f i l 
t h e f u n c t i o n f o r w h i c h t h e y w e r e i n t e n d e d . H e r e c o m m e n d s t h e u s e o f 
c a l i p e r s o r a d j u s t a b l e g a u g e s a n d s t a t e s t h a t e v e n s u b j e c t i v e j u d g e 
m e n t b y t h e e y e o f a t r a i n e d o b s e r v e r i s s u p e r i o r t o t h e u s e o f t h e 
p r e s e n t g a u g e s . 

I n B S 8 1 2 a f l a k y p a r t i c l e i s d e f i n e d a s o n e f o r w h i c h t h e s m a l l e s t 
d i m e n s i o n i s l e s s t h a n 0 . 6 t i m e s t h e n o m i n a l p a r t i c l e s i z e , a n d t h e 
f l a k i n e s s i n d e x o f a n a g g r e g a t e i s d e f i n e d a s t h e m a s s o f f l a k y p a r t i c l e s 
e x p r e s s e d a s a p e r c e n t a g e o f t h e t o t a l m a s s . B S 8 8 2 , w h i c h d e a l s w i t h 
n a t u r a l a g g r e g a t e s f o r c o n c r e t e , l a y s d o w n t h a t t h e f l a k i n e s s i n d e x 
o f t h e c o m b i n e d c o a r s e a g g r e g a t e f o r c o n c r e t e s h a l l n o t e x c e e d 5 0 % 
f o r u n c r u s h e d g r a v e l a n d s h a l l n o t e x c e e d 4 0 % f o r c r u s h e d r o c k o r 
c r u s h e d g r a v e l . 

A n o t h e r q u a n t i t y t h a t h a s b e e n u s e d a s a m e a s u r e o f p a r t i c l e s h a p e , 
b u t i s n o w o m i t t e d f r o m B S 8 1 2 ' b e c a u s e o f l a c k o f u s e ' , i s t h e angularity 
number. I t i s d e t e r m i n e d , f o r a s i n g l e - s i z e a g g r e g a t e , b y w e i g h i n g t h e 
q u a n t i t y o f a g g r e g a t e c o n t a i n e d i n a s t a n d a r d m e t a l c y l i n d e r t h a t h a s 
b e e n f i l l e d b y r o d d i n g i n a s t a n d a r d m a n n e r , a n d i t i s d e f i n e d a s 

A n g u l a r i t y n u m b e r = 6 7 - 1 0 0 ̂ A ( 7 . 1 ) 
M W P A 

w h e r e M A i s t h e m a s s o f t h e a g g r e g a t e , M W i s t h e m a s s o f w a t e r 
r e q u i r e d t o f i l l t h e c o n t a i n e r a n d p A i s t h e s p e c i f i c g r a v i t y o f t h e a g g r e 
g a t e . T h u s M w p A i s t h e m a s s o f a g g r e g a t e t h a t w o u l d f i l l t h e c o n t a i n e r 
i f t h e r e w e r e n o v o i d s a t a l l a n d , s i n c e M A i s t h e m a s s o f a g g r e g a t e t h a t 
a c t u a l l y d o e s f i l l i t , t h e f r a c t i o n M A / M W P A i s a m e a s u r e o f t h e a b i l i t y 
o f t h e a g g r e g a t e t o p a c k , w h i c h i s k n o w n a s t h e p a c k i n g f r a c t i o n , 
a n d i s m u l t i p l i e d b y 1 0 0 t o e x p r e s s i t a s a p e r c e n t a g e . I t c a n e a s i l y b e 
s h o w n t h e o r e t i c a l l y t h a t t h e p a c k i n g f a c t o r f o r c l o s e l y p a c k e d s p h e r e s 
o f e q u a l r a d i u s i s 7 4 % b u t , t o a c h i e v e t h i s i n p r a c t i c e , e a c h s p h e r e 
m u s t b e c a r e f u l l y p l a c e d i n t h e c o r r e c t p o s i t i o n a n d e x p e r i m e n t h a s 
s h o w n t h a t t h e v a l u e a c h i e v e d w h e n e q u a l s p h e r e s a r e p l a c e d b y 
m e t h o d s s i m i l a r t o t h o s e u s e d i n t h e t e s t i s a b o u t 6 7 % . T h a t i s w h y 
t h e f i g u r e 6 7 a p p e a r s i n t h e f o r m u l a ; t h e a n g u l a r i t y n u m b e r i s t h u s t h e 
d i f f e r e n c e b e t w e e n t h e p a c k i n g f r a c t i o n s f o r e q u a l s p h e r e s a n d t h e 
a g g r e g a t e u n d e r t e s t a n d i t r e p r e s e n t s a m e a s u r e o f t h e d e p a r t u r e f r o m 
s p h e r i c i t y o f t h e a g g r e g a t e . 

A n a l t e r n a t i v e w a y o f e x p r e s s i n g t h e s a m e t h i n g i s t o s a y t h a t t h e 
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angularity number is given by V - 3 3 where V is the percentage voids 
in the aggregate as packed. 

Kaplan 1 1 carried out experiments on concretes made with thirteen 
different coarse aggregates which had angularity numbers from 1 to 1 0 . 
He obtained a correlation between compacting factor and angularity 
number, as shown in Figure 8 . 5 and he also proposed a simple test, 
which he called the drop test, for measuring angularity. This consisted 
essentially of carrying out a compacting-factor test on the dry aggre
gate and, although the percentage voids in the compacted mass so 
obtained was greater than in the standard angularity test, there was a 
highly significant correlation between the results of the two. Kaplan 
also found that changes in flakiness were less important than changes 
in angularity so far as an effect on compacting factor was concerned. 
Effects on Vebe time were broadly similar but his results with this 
method were not as reproducible as those with the compacting factor 
apparatus so he abandoned it in favour of the latter. 

Other measures have been introduced as suggested improvements 
on angularity number, such as the angularity index of Murdock1 and 
the angularity factor of Hughes 1 2 . Hughes compares the packing of 
aggregate in a given size range with the packing of spherical glass 
beads in the same size range. His angularity factor is based on a loose 
bulk density, in contrast to angularity number which refers to a rodded 
sample, because he considers that, particularly for flaky particles, such 

Angularity number 

F i g u r e 8 . 5 R e l a t i o n s h i p b e t w e e n t h e a n g u l a r i t y n u m b e r o f t h e a g g r e g a t e a n d 
t h e c o m p a c t i n g f a c t o r o f t h e c o n c r e t e . (Kaplan) 
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h Nms 

F i g u r e 8 . 6 E f f e c t o f c o a r s e a g g r e g a t e s h a p e o n g a n d h . (after Bloomer) 

packing is more likely to be similar to that in concrete. He has been 
able to show that the angularity factor of an aggregate can be cor
related with the Vebe time of a concrete in which it is used, and it 
appears as one of the quantities to be considered in his mix-design 
charts. 

There is as yet very little quantitative information on the effect of 
particle shape on the two parameters, g and h , of the two-point test, 
but what there is suggests that, at least for high-workability mixes, 
the greater change is in h . Figure 8.6 shows a plot of some results ex
tracted from Bloomer's work 1 3 , and compares the properties of mixes 
made with a rounded gravel and a crushed limestone. All mixes con
tained the same natural sand fine aggregate and all had a cement con
tent of 400kg/m3; the aggregate.cement ratios at 4.4:1 for the gravel 
mixes and 4.8:1 for the limestone were slightly different as were the 
water/cement ratios at 0.42 and 0.47 respectively. Figure 8.6 shows 
how g and h change as the percentage fines is altered in 5% steps 
from 30% to 50%. It can be seen that the two patterns are not dis
similar, that the range of values of g is about the same for both, but 
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that the values of h are on the whole higher for the crushed limestone 
mixes. 

A very practical example of this effect and its important consequences 
has already been given in Chapter 6 , where it was shown that of two 
concretes of the same slump one was suitable for piling and the other 
was not. The reason is that the unsuitable one had a much higher h 
value caused by the angularity of the aggregate. Since slump is largely 
unaffected by h, the slump test cannot pick up this effect. 

In Design of Normal Concrete Mixes it is pointed out that early mix-
design methods used in the U K classified shape as rounded, irregular 
or angular, but it is now considered that there is in practice insufficient 
difference between the behaviours of the first two to justify the use 
of separate classifications. These are the shapes generally associated 
with uncrushed naturally occurring gravels. The behaviour of angu
lar particles produced by crushing a natural rock is significantly differ
ent so, in this method of mix design, classification is simply in terms 
of uncrushed material and crushed material. 

Another important practical point to note is that natural gravels 
were not all conveniently laid down with a maximum size of 2 0 mm, 
which is the arbitrary choice for most of the concrete made in the UK, 
so particles greater in size are removed by screening and then sent to 
be crushed before being included in the final product. The proportion 
of crushed oversize material in a delivery can vary so that a repeat 
delivery of a nominally rounded gravel may contain a proportion of 
angular material different from previous deliveries, and there will be 
an immediate effect on the workability of the concrete produced. 

8.3 .2 P a r t i c l e s u r f a c e texture 

The surface texture of aggregate particles may have an effect on the 
bond between the particle and the matrix, and thus the strength of the 
hardened concrete, but it has no significant effect on the workability 
of the fresh concrete. 

In the work already referred to, Kaplan 1 1 measured the surface tex
tures of his thirteen aggregates by the method described by Wright 1 4 

and found that, although there was a wide variation in this property, 
there was no correlation between it and the compacting factor of the 
concrete. 

On the whole, smooth surfaces are associated with uncrushed ag
gregates and rough surfaces with crushed ones, although there are ex
ceptions such as smooth crushed flint and rough uncrushed rounded 
gritstone. 
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8.3.3 P a r t i c l e s i z e d i s t r i b u t i o n 

It is fairly obvious that the size of particles of an aggregate will have 
a considerable influence on the workability of the concrete in which 
it is used. The outdated practice of taking this into account only by 
considering the relative proportions of coarse and fine aggregates is 
quite inadequate because different sands will produce quite different 
results. 

An adequate description of particle size can be given only in terms 
of a distribution showing the proportion of particles within various 
size ranges. In the case of concrete aggregates, the particles are large 
enough for the method of sieving to be a satisfactory means of deter
mining this distribution, and the results are presented in the form of 
the particular type of distribution curve known as a g r a d i n g c u r v e . 
The method of test is described in BS 812 and a typical result is shown 
in Figure 8 . 7 . The cumulative percentage passing each of a series of 
sieves is plotted against the sieve size and the points are joined by 
straight lines, so that the proportion of material in any given size range 
is given by the difference in ordinates of the appropriate two adjacent 
points, or by the slope of the line joining them. 

As a first approach, the effect of grading may be considered in terms 
of what is called the s p e c i f i c s u r f a c e , which is the ratio of the total 
surface area to the total mass or volume, and is measured in m 2/kg 
or m 2 /m 3 . For a given shape of particle, specific surface is inversely 
proportional to linear dimension so that the finer the particles in a 
powder, the greater the total area of surface, for a given total mass. 
In a concrete, this means that the area of surface to be coated and lu
bricated by finer particles and by cement paste is greater and thus, 
other things being equal, it would be expected that the finer the fine 
aggregate, the less workable the concrete. It also suggests that chang
ing the proportion of material in the finer sieve range will have a bigger 
effect than a similar change at the coarser end. It will be seen later 
that these conclusions need some qualification. 

In any case, it does not follow that the aim is to use as coarse a fine 
aggregate as possible, with the intended object of achieving as high 
a workability as possible, because so far no account has been taken 
of that other most important factor in workability, namely 'stability'. 
A mix that is deficient in the finer sizes will be 'harsh7 and will lack 
cohesiveness so that segregation will occur and the concrete will no 
longer be homogeneous. In addition, such a mix will have a very low 
degree of 'finishability': the production of a satisfactory surface by 
trowelling or other means will be impossible, or at least difficult. It 
has been argued that the ideal grading is such that the voids in the 
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highest size range are filled by particles of the next size range, whose 
voids are filled by the next and so on. 

There have been several attempts to represent the grading of an 
aggregate by a single numerical value and one of the quantities de
fined with this intention is the f i n e n e s s m o d u l u s . It is calculated by 
adding up the cumulative percentages by weight of the aggregate 
retained on the nine sieves from 5 mm to 75 um and dividing by 100. 
Since the percentage retained on any sieve is 100 minus the percent
age that passes, it can equally well and more easily be calculated by 
adding up the cumulative percentages passing direct from the grading 
curve, subtracting from 900 and dividing the result by 100. The de
finition is rather arbitrary so it is perhaps not surprising that fineness 
modulus is not a satisfactory measure of particle-size distribution. 
Murdock and Blackledge1 attempted to improve on it by calculating 
what they called the surface index from the grading curve, using 
empirically determined weighting factors applied to the proportions in 
the various ranges. Hughes 1 5 also used weighting factors to calculate 
his grading modulus but in his case they were obtained theoretically 
from his definition of the modulus as the surface area per unit volume 
of spheres which pass the same sieve sizes as the actual aggregate. 
Whereas Murdock's surface index is not a straightforward measure
ment of a physical quantity, as he himself emphasizes, but is based on 
factors empirically determined to fit results of tests in which work
ability was assessed in terms of compacting factor, Hughes' grading 
modulus is a meaningful quantity determined from a simple experi
ment on the aggregate itself which, after having been denned, was 
shown to be usable in predicting the results of the Vebe test. 

However, by far the most common way of describing a grading by 
means of a single figure has been to label it with a number according 
to which one of several prescribed zones the grading falls entirely or 
mainly within. In previous editions of BS 882 four grading zones were 
defined for fine aggregates, such that the grading became progres
sively finer on passing from Zone 1 to Zone 4, and these categories 
were used in various mix-design methods. Thus it was usual to refer 
to an aggregate as, say, a Zone 2 sand, and so on. 

It should be realized that to ascribe a sand to a particular zone is to 
describe it only approximately; two sands in the same zone may ex
hibit appreciable differences in the behaviour found when they are 
incorporated in a concrete mix. In addition, the grading curve of a 
perfectly acceptable sand may wander from one zone to another. 

In the current edition of BS882 the concept of grading zones has 
effectively been abandoned and wide limits for acceptance for fine 
aggregates are given, as shown in Table 8.3. This table is accompanied 
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Table 8 . 3 F i n e a g g r e g a t e g r a d i n g l i m i t s a s g i v e n i n B S 8 8 2 : 1 9 8 3 

S i e v e Limits expressed as percentage passing 
size 

Overall 
limits C 

Additional Limits 
M F 

1 0 . 0 0 m m 
5 . 0 0 m m 
2 . 3 6 m m 
1 . 1 8 m m 

1 0 0 
8 9 
6 0 
3 0 
1 5 

5 -
0 

1 0 0 
1 0 0 
1 0 0 
1 0 0 
7 0 
1 5 

6 0 - 1 0 0 
3 0 - 9 0 
1 5 - 5 4 

5 - 4 0 

6 5 - 1 0 0 
4 5 - 1 0 0 
2 5 - 8 0 

5 - 4 8 

8 0 - 1 0 0 
7 0 - 1 0 0 
5 5 - 1 0 0 

5 - 7 0 
6 0 0 u r n 
3 0 0 n m 
1 5 0 u r n 

by the statement: 'Good concrete can be made with fine aggregates 
within the limits specified. In cases where the variability of grading 
needs to be restricted further for the design of particular mixes or for 
the adjustment of the fine aggregate content of prescribed mixes, this 
can be achieved by reference to one or more of the three additional 
grading limits C, M or F , given in (the) Table'. 

The overall limits are so wide that one may question whether it is 
worth stating them at all, and the additional limits are so wide that a 
description of a fine aggregate in terms of them alone would not be 
sufficient for practical specification and mix design. The abandonment 
of zones in BS 882 has necessitated the introduction of a new way of 
describing the grading of a fine aggregate in the current version of 
Design of Normal Concrete Mixes and that selected is simply to state the 
percentage passing the 600 um sieve. It should be mentioned that 
BS882 also gives grading limits for coarse aggregates. 

Normally, the gradings of fine aggregate (mainly passing the 5 mm 
sieve) and coarse aggregate (mainly retained on the 5 mm sieve) are 
first of all considered separately, but of course it is easy to calculate 
from them the grading of the combined aggregate as it is to be used 
in the concrete mix. It is in the adjustment of the relative amounts 
of coarse and fine aggregate that, in practice, the main control on 
grading is exercised. This will be considered later in the discussion 
of the effects of mix proportions. 

In addition to the effect of grading, or indeed as part of it, there is-
an effect of maximum size of the coarse aggregate. Lydon 8 quotes an 
example as follows. To produce concretes of comparable strengths 
(e.g. with comparable water/cement ratio of, say, 0.5) and workabilities 
(e.g. assessed by compacting factor at 0.85), using aggregates of simi-
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T a b l e 8 . 4 E f f e c t o f m a x i m u m p a r t i c l e s i z e ( L y d o n ) 

M a x i m u m size Water C e m e n t C o r r e s p o n d i n g 
o f a g g r e g a t e content content a g g r e g a t e : cement 
( m m ) ( k g / m 3 ) ( k g / m 3 ) ratio 

3 7 . 5 1 5 5 3 1 0 6 . 0 : 1 
2 0 . 0 1 6 9 3 3 8 5 . 5 : 1 
1 0 . 0 1 8 9 3 7 8 4 . 5 : 1 

lar particle shape but different maximum size, mixes as shown in 
Table 8 . 4 would be needed. As the maximum size of aggregate de
creases, it is necessary to add more water to maintain workability and 
consequently to add more cement to maintain strength. Therefore, it 
is advantageous to use the largest maximum size possible, but the 
choice will be restricted by other conditions such as the spacing of 
reinforcement. 

There are indications in work reported by Saeed 1 6 that for very rich 
mixes, with an aggregate:cement ratio of 3 : 1 , a change of maximum 
aggregate size from 1 0 mm to 2 0 mm may actually cause a decrease in 
workability, in that both g and h increased and slump decreased. For 
mixes of 6 : 1 aggregate .-cement ratio, both g and h decreased and slump 
increased so, in agreement with Lydon's results, workability increased. 
In mixes of the intermediate aggregate xement ratio of 4 5 : 1 , there 
were cases in which g decreased but h increased so, although slump 
increased, it cannot be said with certainty that workability increased. 
If the effective shear rate of the job in which the concrete were to be 
used were to be high enough for h to be the overriding factor, work
ability would be found to have decreased whereas, if not, workability 
would be found to have increased. 

8.3.4 P a r t i c l e p o r o s i t y 

The capacity of the aggregate to absorb water may also effect work
ability. Two otherwise identical mixes, one made with a saturated 
aggregate and the other with a dry aggregate, will have different work
abilities even when the total water content is the same, and also the 
workability of the latter will decrease with time as water is absorbed 
from the cement paste. This is illustrated by Murdock's results shown 
in Figure 8 . 1 . 

It should be noted that some methods of mix design are based on 
total water content and others on free water content. 
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8.4 C E M E N T P R O P E R T I E S 

The influence of cement properties on workability is much less im
portant than that of aggregate properties but may have to be taken 
into account, particularly for rich mixes. It is convenient to consider 
first the case where one type of cement is substituted for another as 
when rapid-hardening cement is used instead of ordinary Portland 
cement, and second, the case where unplanned variations occur be
tween batches of nominally identical cements. 

Rapid-hardening Portland cement differs from ordinary Portland 
cement only in being ground finer to a higher specific surface and in 
having a higher added sulphate content for control of the hydration 
of the C 3 A . In the ready-mixed concrete industry it seems to be a 
commonly held belief that, other things being equal, substitution of 
RHPC for O P C results in reduced workability or, what amounts to 
the same thing, an increased water demand to maintain a given work
ability, but there is a lack of hard evidence to support this contention. 
Experience in the testing laboratories of cement manufacturers with 
a standard BS4550 mix containing angular Mountsorrel granite has 
s h o w n 1 7 - 1 9 that RHPC mixes are more workable than their O P C 
equivalents in spite of the fact that standard consistency tests on 
cement pastes indicate that the water requirement of the former is 
higher than that of the latter. Evans 2 0 reports results which show a 
highly significant positive correlation between slump of the concrete 
and the specific surface of the cement, as shown in Figure 8.8. 

Thus although it seems reasonable to expect that the finer cement 
with its higher reactivity will be associated with lower workability 
there is evidence to the contrary. On the other hand, in the course 
of an investigation on the effects of plasticizers, Al-Shakhshir 2 1 ob
tained results on some concretes that did not contain any plasticizer 
as shown in Table 8.5. The mix composition was cement 300kg/m3, 

T a b l e 8 . 5 A l - S h a k h s h i r ' s r e s u l t s o n u n p l a s t i c i s e d m i x e s 

Specific surface of cement 

( 3 6 0 m 2 / k g ) ( 4 8 0 m 2 / k g ) 

8 h 8 h 

S o a k e d a g g r e g a t e 2 . 3 4 1 . 2 3 2 . 4 5 1 . 2 1 
2 . 0 6 1 . 5 9 2 . 6 8 1 . 1 8 

D r y a g g r e g a t e 1 . 8 6 1 . 3 8 2 . 0 6 1 . 1 2 
1 . 7 2 1 . 4 0 2 . 0 4 1 . 1 9 
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gravel 1132 kg/m 3 , sand 755 kg/m 3 (i.e. aggregatexement 6.3:1, 40% 
fines). Al-Shakhshir used an ordinary Portland cement and a rapid-
hardening cement which were ground from the same clinker to specific 
surfaces of 360 and 480m 2/kg respectively and he used the aggregates 
in both a dry condition and a saturated condition. The water content 
was such as to produce a nominal 75 mm slump so it differed slightly 
for the two cements, being 208 and 2111itres/m3 respectively, or ratios 
of 0.696 and 0.704, based on total water content. 

Analysis of these results shows that, for h, there is no difference 
between the mixes made with soaked and dried aggregates, but that 
the mixes made with RHPC had slightly lower values of h than those 
made with OPC (significant at about the 0.05 level). However, the 
slight difference can be explained as the effect of the slightly higher 
water content of the R H P C mixes. For g, the type of cement has an 
effect significant between the 0.05 and 0.01 levels, and the state of the 
aggregate an effect more significant than at the 0.01 level. The value 
of g is higher for the RHPC mixes, so cannot be explained in terms of 
the slightly higher water content, and since the two cements came 
from the same clinker must be attributed to the difference in fineness 
or the difference in S 0 3 content (OPC 2.8%, RHPC 3.4%), or both. 
However, although these differences have definitely been detected in 
carefully controlled laboratory experiments, they would be quite in
significant under plant or site conditions, and it is interesting to note 
that the effect of a change in aggregate (in this case moisture content) 
is more significant than a change even in the type of cement. 

In an investigation carried out by Nkeng 2 2 , O P C and FtfiPC from 
nominally the same clinker were obtained from each of four different 
cement works, with repeat batches taken about a fortnight later, and 
each batch was used in each of two concretes (nominal C30) made 
with coarse aggregates of gravel and crushed limestone respectively. 
Each concrete batch was replicated and the order of experimentation 
was randomized. Thus the total number of concrete batches inves
tigated was (2 cements) x (4 works) x (2 cement batches) x (2 aggre
gates) x (repeat) which is equal to 64, and for each of them Nkeng 
measured slump and the parameters g and h. Each mix contained 
300 kg/m 3 cement and the mix proportions were aggregatexement 
6.2:1 with 35.7% fines in the gravel mixes and a slight increase to 
37.4% in the limestone mixes. Dried aggregates were used and for 
each aggregate type preliminary trials were used to find the water 
content for a slump of about 75 mm, which was then used in all sub
sequent mixes. (Total water/cement ratio 0.675 gravel, 0.65 limestone). 

A n analysis of variance carried out on the results showed that for 
the limestone mixes none of the factors investigated had a significant 
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effect on workability, but for the gravel mixes there were significant 
interaction terms and it was necessary to carry out further analyses 
for each of the works separately. These showed that for two of the 
works none of the other factors investigated had a significant effect 
while for the other two works there was some indication of an effect 
of cement type, the RHPC mixes being slightly less workable than 
the OPC, but the variance ratios concerned were significant only at 
low levels. The outstanding feature was that for one of the works the 
effect of cement batch was significant between the 0.01 and 0.001 
levels. In other words, in these experiments, the effect of change in 
cement type was either undetectable or unimportant, and the most 
important factor causing variation in workability was variation be
tween nominally identical clinkers from one of the works. It should 
be realised that although this effect has been quite definitely detected 
in a laboratory experiment the variability in workability arising from 
this source was quite small and in industrial conditions the effect may 
well have been swamped by variations arising from other causes. 

However, it is generally accepted in the industry that nominally 
identical cements vary in their 'water demand', which may be defined 
as the quantity of water required to achieve some arbitrary level of 
workability in a standard mix. For example, in one investigation it 
was found that the slump of mixes made to a standard specification 
(0.65 water/cement ratio) with ten nominally identical cements, from 
the run of normal production, varied between 65 and 165 mm, with 
a mean of 110 mm and a standard deviation of 35 mm. Even after al
lowing for the intrinsic errors of the slump test, these results indi
cate a significant difference between the cements at the extremes of 
the range. 

Gebauer and Schramli 2 3 investigated 35 Portland cements from 35 
different, worldwide, cement plants and determined water require
ments of pastes using the standard Vicat procedure. They concluded 
that the important parameters of the cement were the C 3 A content, 
the alkali content, and the proportion of particles in the 10 to 30 um 
range. Specific surface, except as it was affected by this last factor, 
was not important. 

Of course, the possible variability of cements is recognized by manu
facturers. Crossley 2 has reported work with the two-point test in which, 
by using a standard cement-testing concrete mix but with variable 
water content, he was able to establish flow curves for intervals of 
0.02 water /cement ratio. Then, using his standard strength v. water/ 
cement ratio curves, strength differences were assigned to the flow 
curves, equivalent to the changes in strength that would be produced 
if water were added or taken out in a quantity sufficient to bring the 
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flow curve back to that for 0.6 water/cement ratio. Thus if, in sub
sequent routine testing of production cements all at a water/cement 
ratio of 0.6, the line for a particular sample was found to be to the right 
of the line for the works average, a prediction could be made of the 
strength loss to be expected if more water were added to bring the 
corresponding concrete back to average workability. 

Dimond 2 4 examined cement/water pastes made from the ten cements 
mentioned above (i.e. those that gave concrete slumps from 65 to 
165 mm). He used both a coaxial-cylinders viscometer and a scaled-
down version of the two-point workability apparatus. At a water/ 
cement ratio of 0.35 the yield values ranged from 47 to 72 Pa and the 
plastic viscosities from 1.3 to 2.2Pas. The spread of yield values was 
thus comparable with the spread of slump values of the concrete, but 
the correlation between the two was poor, perhaps because of the 
inadequacy of the slump test. Insufficient material was available for 
two-point testing of concretes incorporating these cements but it was 
possible to obtain two further cements which gave yield values and 
plastic viscosities at the extremes of the range. 

In cement pastes of water/cement ratios between 0.36 and 0.53, 
cement B consistently gave yield values and plastic viscosities double 
those of cement A, but when they were both tested in concretes of 4:1 
and 8:1 aggregate: cement ratio at various water/cement ratios, there 
was no difference between the g and h values, as shown in Figure 8.9. 
When experiments on the 4:1 mix were repeated using a different 
batch of nominally identical aggregate, g increased by about 35%, 
that is, the unplanned change in aggregate properties had a greater 
effect than the change from one cement to another of widely different 
rheological properties. This suggests that the variations in water 
demand noted by the industry are not always attributable to the 
cement. 

Unfortunately, information on the chemical and physical properties 
of the cements used by Dimond was not available; but results of a 
later limited trial involving four cements from four different works 
suggest that both the compound composition and the fineness could 
be important. Details are given in Table 8.6. Cements 1 and 2 differ 
little except in their alkali contents, and the g and h values agree closely. 
Cement 3, of similar fineness but high C 3 A and C 2 S , gives higher g 
and lower h, while cement 4 which is finer and has low C 3 A and C 2 S 
content gives lower g and higher h. These limited data suggest that 
alkali content has no effect but the effects of fineness and proportion 
of major compounds cannot be separated. 

For mixes richer than those referred to so far, the evidence of a 
connection between cement properties and concrete properties does 
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Figure 8.9 E f f e c t o n g a n d h o f t w o c e m e n t s a n d t w o s a m p l e s o f 
a g g r e g a t e ( D i m o n d ) 
( M H a p p a r a t u s ; m i x e s A : C = 4 : 1 , 3 5 % Z o n e 3 s a n d a n d A : C = 8 : 1 , 4 0 % s a n d . ) 

become a little stronger. Yeoh 2 5 carried out a detailed investigation of 
the relationships between the chemical and physical properties of ce
ment pastes made from 20 different cements, supplied by three dif
ferent manufacturers, which were considered to exhibit a wide range 
of water requirements. For 12 of these cements he also carried out 
two-point workability measurements on mixes of aggregatexement 
ratio 3:1, with 40% fines and a water/cement ratio of 0.40. He found 
significant correlations between the yield value and plastic viscosity 
of a paste of water/cement ratio 0.365, measured at low shear rates, 
and the values of g and h, respectively, of the corresponding con
cretes, as shown in Figures 8.10 and 8.11. However, even for these 
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Table 8.6 E f f e c t o f d i f f e r e n t c e m e n t s o n g a n d h o f a s t a n d a r d m i x ( c e m e n t 
2 8 5 k g / m 3 , w a t e r 1 8 5 k g / m 3 , a g g r e g a t e 1 9 3 0 k g / m 3 a s z o n e 3 : 1 0 m m : 2 0 m m = 
4 0 : 2 0 : 4 0 ) 

C e m e n t 

1 2 3 4 

c 3 s 6 5 . 9 5 9 . 8 5 3 . 7 6 7 . 8 
C 2 S 7 . 3 8 . 5 1 8 . 2 5 . 6 
C 3 A 7 . 1 8 . 6 1 1 . 6 1 . 2 
C 4 A F 1 0 . 0 1 1 . 2 6 . 7 1 5 . 1 
s o 3 2 . 3 2 . 5 2 . 7 2 . 3 
A l k a l i * 0 . 8 6 0 . 3 8 0 . 5 5 0 . 4 4 
S p e c i f i c S u r f a c e ( m 2 / k g ) 3 4 4 3 4 0 3 3 2 3 8 5 
S l u m p ( m m ) 8 5 5 5 6 0 1 3 5 
g ( N m ) 4 . 1 7 4 . 6 9 5 . 1 5 3 . 4 5 
h ( N m s ) 1 . 6 9 1 . 6 0 1 . 2 3 1 . 8 3 

* e x p r e s s e d a s % N a 2 0 + 0 . 6 5 8 x % K 2 0 

rich mixes the level of significance of the correlations is not high, and 
again, the work was carried out under carefully controlled laboratory 
conditions, using oven-dried aggregates. 

Cement is sometimes delivered hot and complaints are made in 
the ready-mixed concrete industry that there can be serious resulting 
workability problems, particularly for rich mixes in warm weather. A 

6 
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Figure 8.10 P l o t o f c o n c r e t e y i e l d v a l u e , g 2 o , v . y i e l d v a l u e o f p a s t e . { Y e o h ) 
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Concrete 
Plastic 
Viscosity, 

Nm/s 1 

Plastic Viscosity (Paste), g.cm.s 1 

F i g u r e 8 . 1 1 P l o t o f c o n c r e t e p l a s t i c v i s c o s i t y , h 2 o , v s p l a s t i c v i s c o s i t y o f p a s t e . 
( Y e o h ) 

cement at a temperature of T°C above that of the water and the ag
gregates can be expected to raise the temperature of a mix with an 
aggregate: cement ratio of 6:1 and water/cement ratio 0.5, by about 
T710°C, and of course, the effect for richer mixes and lower water 
contents will be greater. Keene showed 2 6 that a variation of tempera
ture over the range from 18 to 71 °C had negligible effect as assessed 
by compacting factor, at periods up to three hours after mixing, but 
Orr 2 7 , who experimented with cement temperatures of 71, 82 and 
93 °C, reports a statistically significant effect on compacting factor of 
the concrete. Orr also found a statistically significant effect of mix 
temperature which he had investigated at levels of 27, 35, and 43°C* 

Note that in practice cement may be delivered at temperatures in 
excess of 100 °C. 

It is possible that the temperature at delivery is important not just 
in its own right but because it indicates changes in conditions in the 
process of grinding of the clinker. The grinding of clinker always 
causes some conversion of gypsum ( C a S 0 4 - 2 H 2 0 ) into hemihydrate 

S e e A p p e n d i x . 
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( C a S 0 4 • J H 2 0 ) and the degree of conversion may be greater than ex
pected. Sharp 2 8 has reported that in a cement examined by X-ray dif
fraction he could not detect any peaks due to gypsum whereas those 
due to hemihydrate were prominent, and similarly, Al-Shakhshir 
found that in the cements he used the gypsum had almost completely 
disappeared. The presence of hemihydrate can result in a flash set and 
perhaps, in less extreme cases, in unusually rapid stiffening. Yeoh, in 
the work referred to earlier, found a fairly critical minimum gypsum 
concentration below which the ratio of yield value of a paste to its 
plastic viscosity increased very rapidly. 

More work is needed on the influence of cement properties on work
ability in both new experimental work and in further analysis of data 
already available. Present indications seem to be that the important 
factors in composition are the C 3 A content and the quantity and state 
of the sulphate. 
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9.1 W A T E R C O N T E N T 

The quantity of water in a mix is usually expressed either as litres/ 
cubic metre or as a water/cement (w/c) ratio by weight, but it is im
portant to note whether the quoted figure refers to total water or to 
so-called Tree7 water, which is the amount after allowance has been 
made for actual or potential absorption by the aggregate. Only a part 
of this free water (equivalent to a w/c ratio of about 0.25) is required 
for reaction with the cement and the rest is present simply to make 
the mix sufficiently workable for the intended use. 

A rough idea of the quantity of water required for various work
abilities, as assessed by slump and Vebe time, is given in Design of 
Normal Concrete Mixes1 and the information is reproduced graphically 
in Figure 9.1. 

For any given mix, an increase in water content always results in 
an increase in workability in that both g and h decrease monotonously, 
so that the flow curves for a series of mixes that differ in water content 
only form a fan-shaped set of lines. A typical set of results, obtained 
by Al-Shakhshir, has already been shown in Figure 5.9 of Chapter 5, 
and in Chapter 6 it was shown that a series of this type is the only case 
for which a single-point test, such as slump, can be expected to give 
results of any practical value. 

For water /cement ratios from about 0.5 upwards the dependence 
of either g or h on w/c ratio can be satisfactorily represented by a 
straight-line graph, and it follows that the relationship between g and 
h themselves is also linear. If the range is extended to lower w/c ratios, 
down to 0.35 say, the line becomes curved, and Scullion2 obtained the 
relationships 

g = go exp(-aW) 
h = h E + h 0 e x p ( - b W ) 

These equations mean that both g and h decrease exponentially as 
water/cement ratio ( W ) increases but that while g eventually approaches 
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Figure 9.1 A p p r o x i m a t e f r e e w a t e r c o n t e n t s r e q u i r e d t o g i v e v a r i o u s s l u m p 
a n d v e b e t i m e s . ( F r o m T a b l e 3 o f D e s i g n of Normal C o n c r e t e M i x e s ) 

zero, h decays to some non-zero value h E . In ordinary terms this means 
that in the extreme the mix becomes a flowing concrete, with a collapse 
slump, but will still provide some resistance to movement because of 
the friction and partial interlocking of aggregate; in practice, before this 
stage is reached quite unacceptable bleeding and segregation would 
have occurred. 

These equations of Scullion, for the greater range of w/c ratio, may 
seem to be complicated, but the relationship between g and h over a 
range of w/c ratios of practical interest will still be approximately linear 
or be represented by a shallow curve. 

As stated earlier, this simple relationship between g and h , that is a 
straight or slightly curved line, is typical of circumstances where only 
water content varies and it may therefore be used for diagnostic pur
poses. In other words, if the relationship between g and h of a series of 
batches is found to be linear, with a positive slope, it can be deduced 
with confidence that variability in workability is due entirely to vari
ation in water content, and, conversely, if the relationship does not 
follow this form, some factor other than water content has changed. 
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This will be discussed again later in connection with the question of 
quality control of concrete production. 

9.2 AGGREGATE : CEMENT RATIO AND FINES 
CONTENT 
The case just considered, of variation of a water content, is a simple 
one because it can be stated that for all mixes art increase in water 
causes an increase in workability, but no such generalization can be 
made for the effects of changing the quantities of aggregate, either in 
total, or in the relative proportions of coarse and fine. The effects of 
changes in cement content, aggregate content, and percentage fines, 
are all interlinked and the effect of altering one of them depends on 
the values of the others. For example, a change in percentage fines has 
less effect for rich mixes than it has for leaner mixes. 

Moreover, the relationship between workability and any one of the 
three variables, say percentage fines, is not necessarily monotonous, 
that is, there may be a minimum in the curve so that an increase in 
fines may either increase or decrease workability. It is well known 
in practice that there may be an optimum fines content. If in a highly 
sanded mix the quantity of fines is reduced, workability may be in
creased, but a point is reached at which a further decrease in fines 
causes a decrease in workability. Presumably this is because in the 
first stage the main effect is to reduce the overall specific surface, and 
therefore the area to be coated and lubricated, but beyond the optimum 
this effect is outweighed by the fact that there is insufficient fine mate
rial to fill the voids in the coarser material and friction between the 
larger particles becomes more important. 

The effects are even further complicated by the fact that g and h 
are affected in different ways, and this has the consequence that the 
optimum fines content for a particular job may be different from the 
optimum that may be assessed by any of the standard single-point 
tests. 

The very first results, shown in Figure 4.2 of Chapter 4, obtained 
by the two-point test method using the Hobart mixer illustrate this 
point. The flow curves for a 1:2:4 mix of various w/c ratios give the 
typical fan-shaped set, as do those also for a 1:3:3 mix, but those of 
the latter cross those of the former. This means, for example, for mixes 
of higher w/c ratios, that one containing 40% fines is more workable 
than one containing 50% at very low shear rates, but is Jess workable 
at somewhat higher shear rates. Without knowing the equivalent 
shear rate applying on the actual job it is not possible to say which 
of the two will be the more workable in practice. 
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It follows that progress can be made only if effects on g and h are 
studied in detail and then the results used in an attempt to assess 
the effects on practical jobs. Fairly extensive investigations have been 
carried out by Scullion, Saeed, and Dimond and Bloomer. 

Scullion2 worked with the early version of the two-point test, based 
on the Hobart food mixer, and on mixes made from Hoveringham 
gravel, zone 2 sand, and ordinary Portland cement. He studied all 
combinations of two maximum sizes (20 mm and 10 mm), three aggre
gatexement ratios (3:1, 6:1, 9:1) and three levels of fines content (30, 
40, 50%), and for each combination used a range of water/cement 
ratios. His findings were as follows. 
(a) In general, g increases as fines content increases and the rate of 

increase is greater for richer mixes or lower water/cement ratios, 
but at high water/cement ratios (actual value depending on ag
gregatexement ratio) increase of fines has little effect. 

(b) There was some evidence of a minimum in some of the g v. fines 
curves and for the 6:1 aggregatexement ratio mixes he obtained 
definite evidence of such a minimum by experimenting at an 
additional fines content of 33% (see Figure 9.2). 

(c) The effect of fines content on h is even more complicated. For the 
richest mixes there is little effect at all but for the others the value 
of h passes through a minimum at a fines content that depends 
on both w/c ratio and aggregatexement ratio. Again, in general, 
the effect of a change in fines content is greater for lower w/c 
ratios. 

(d) No systematic effect of maximum aggregate size was found. 
A replot of Scullion's results is shown in Figure 9.3 for the 6:1, 20 mm 

mixes and demonstrates clearly that a given combination of values of g 
and h may be obtained in more than one way. For example, the same 
pair of values is obtained for a 30% fines 0.6 w/c ratio mix and a 33% 
fines 0.55 w/c ratio mix, but the effects of changes are very different. 
In particular, it may be noted that while an increase in fines for the 
former mix decreases both g and h , either an increase or a decrease 
in fines for the latter mix increases both g and h . 

Saeed 3 used the L M apparatus (planetary motion, H impeller) to 
investigate a range of mixes similar to those of Scullion. He used an 
irregular gravel of 20 mm maximum size, a zone 2 sand, and ordinary 
Portland cement, and made mixes with ax ratios of 3:1, 4j : l and 6:1, 
and 30, 40 and 50% fines. His w/c ratios ranged from 0.35 to 0.70. 
His results are shown in Figures 9.4 and 9.5. Because he and Scullion 
worked with different forms of apparatus their numerical results may 
not be compared directly, but the interrelationships may, and it may 
be commented that conclusions from the two workers are in general 





agreement. Saeed confirmed that for the 6:1 mix there was a marked 
minimum in the value of g at all w/c ratios. For the other two a:c ratios 
change in fines content had little effect at higher w/c ratios. He also 
confirmed that the effect of change in fines on h was much less sys
tematic but there was some evidence of the occurrence of minima at 
fines contents that depended on w/c ratio. 

Bloomer4 has reported work carried out by himself and Dimond on 
high-workability mixes of the type used for piling and diaphragm 
walling, using the M H apparatus (uniaxial rotation, interrupted-helix 
impeller). They used four different cement contents with a gravel ag
gregate and one cement content with a crushed limestone aggregate. 
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A l l o t h e r p o i n t s a v e r a g e o f t w o r e s u l t s . 

At each cement content they covered a range of fines contents which 
had been chosen to be in the neighbourhood of the minimum of the 
graph of percentage voids plotted as a function of fines content, deter
mined by the method due to Kempster5. Their results are shown in 
Table 9.1 and Figure 9.6. Note that the free w/c ratio increases as 
cement content increases to keep the mixes within the same practical 
workability range, and that each mix contained 0.28% by weight of 
cement of Flocrete N, a conventional lignosulphonate plasticizer. 

As found by many other investigators, there is a highly significant 
correlation between slump and g, so, in conformity with that result, 
for each cement content the slump v. fines curve is a mirror image of 
the g v. fines curve. The remarkable thing is that both these curves 
show three turning points, i.e. two minima. This effect has not been 
reported before, although other workers besides Scullion and Saeed 



Table 9.1 V a l u e s o f g a n d h f o r v a r i o u s h i g h - w o r k a b i l i t y m i x e s (Bloomer) 

M i x Nominal A / C Fines Free Time* S l u m p Two-point results 
n u m b e r cement (%) W / C ( m i n ) ( m m ) 

content Time* C o r r g h 
(kgfm3) ( m i n ) coeff. ( N m ) ( N m s, 

Gravel m i x e s 
F l 5 2 0 3 . 1 3 0 0 . 3 9 1 1 2 0 0 c 1 6 0 . 9 8 4 2 . 0 5 1 . 1 4 
F 2 3 5 1 0 1 7 5 1 6 0 . 9 9 5 2 . 4 7 1 . 0 7 
F 3 4 0 1 0 1 8 5 1 6 0 . 9 8 8 2 . 5 4 1 . 0 7 

F 4 4 6 0 3 . 8 2 5 0 . 3 8 1 3 8 8 1 6 0 . 9 9 8 4 . 7 3 1 . 4 8 
F 5 3 0 1 0 1 6 4 1 6 0 . 9 9 8 3 . 5 3 1 . 6 8 
F 6 3 5 1 0 1 3 4 1 2 0 . 9 9 0 4 . 1 7 1 . 5 4 
F 7 4 0 1 4 1 9 0 1 7 0 . 9 9 9 2 . 0 5 1 . 2 1 
F 8 4 5 1 5 s u b c 1 6 0 . 9 9 4 1 . 6 2 1 . 4 8 
F 9 5 0 1 3 1 5 8 1 6 0 . 9 9 4 2 . 9 7 1 . 4 1 

F 1 0 4 0 0 4 . 3 5 3 0 0 . 4 2 1 3 1 8 5 c 1 6 0 . 9 9 9 2 . 4 0 1 . 3 4 
F l l 3 5 1 3 1 5 9 1 7 0 . 9 9 5 3 . 0 4 1 . 6 1 
F 1 2 4 0 1 0 1 6 7 1 4 0 . 9 9 8 2 . 8 9 1 . 8 8 
F 1 3 4 5 1 3 s u b c 1 6 0 . 9 9 4 1 . 6 9 1 . 0 1 
F 1 4 5 0 1 0 1 6 9 1 6 0 . 9 9 6 3 . 1 8 1 . 1 4 



F 1 5 3 5 0 5 . 1 1 3 0 0 . 4 7 1 3 1 3 7 S 1 6 0 . 9 9 7 3 . 8 1 1 . 7 4 
F 1 6 3 5 1 3 1 1 5 1 6 0 . 9 8 5 3 . 6 0 2 . 1 5 
F 1 7 4 0 1 3 1 1 8 1 6 0 . 9 9 8 4 . 1 7 1 . 8 1 
F 1 8 4 5 1 3 1 9 1 1 6 0 . 9 4 0 2 . 3 3 0 . 8 7 
F 1 9 5 0 1 3 6 3 1 6 0 . 9 9 4 6 . 7 8 0 . 8 7 
Limestone m i x e s 
F 2 0 4 0 0 4 . 6 8 3 0 0 . 4 7 1 0 1 9 7 c 1 8 0 . 9 8 0 3 . 8 1 2 . 0 8 
F 2 1 3 5 1 3 1 6 8 1 7 0 . 9 9 7 2 . 6 1 2 . 5 5 
F 2 2 4 0 1 3 s u b c 1 7 0 . 9 9 7 1 . 4 1 1 . 8 1 
F 2 3 4 5 9 s u b c 1 8 1 . 0 0 0 1 . 2 7 1 . 7 4 
F 2 4 5 0 1 0 1 7 0 1 6 0 . 9 9 9 2 . 4 0 2 . 3 5 
F 2 5 5 5 1 0 1 8 0 1 9 0 . 9 9 8 3 . 3 2 3 . 1 5 

* A f t e r f i r s t a d d i t i o n o f m i x i n g w a t e r . 
S = s h e a r s l u m p . 
c = c o l l a p s e s l u m p ; s u b c = s u b j e c t i v e l y j u d g e d t o b e a c o l l a p s e s l u m p . 
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Figure 9.5 E f f e c t o n h o f f i n e s c o n t e n t a t d i f f e r e n t a g g r e g a t e / c e m e n t r a t i o s . 
(Saeed) 
• = a v e r a g e o f 4 r e s u l t s 
O = a v e r a g e o f 3 r e s u l t s 
A l l o t h e r p o i n t s a v e r a g e o f 2 r e s u l t s . 

have reported single minima, and in fact if anyone had discovered the 
double effect on the basis of the slump test he would in all probability 
have ignored it because differences are within the generally accepted 
error of that test. The effect is undoubtedly real because it has been 
detected by the two-point test and also because the curves obtained 
at different cement contents are similar in shape. The effect of fines 
content on h is less than on g and the range of h decreases as cement 
content increases. Only one cement content (400kg/m3) was used with 
crushed limestone and a w/c ratio higher than that for the comparable 
gravel mixes was required to give workability in the same range of 
high slump values. The g v. fines graph had only one turning p o i n t 
(a minimum) while the h v. fines graph was similar to those of the 
gravel mixes but the range of h values was greater. 

Apart from a few statements of the type that the effect of a change 
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F i g u r e 9 . 6 E f f e c t o f c e m e n t c o n t e n t , f i n e s c o n t e n t a n d a g g r e g a t e t y p e o n g, h 
a n d s l u m p v a l u e s . (Bloomer) 

in fines content is less at high cement contents or low water/cement 
ratios, it is not possible to generalize satisfactorily about the effects 
on workability of changes in mix composition because the behaviour 
is so complicated. There are interactions between variables, that is, 
the effect of altering one factor depends on the values of the other 
factors so any rule becomes specific to one particular starting mix. 

The possible ways of dealing with this complex situation will be 
discussed later in the consideration of control of concrete quality. 

9.3 S E G R E G A T I O N A N D B L E E D I N G 

It has already been stated that, in a full consideration of workability, 
account must be taken of the stability of the mix, that is, its ability to 
resist segregation and bleeding. Figure 9.7, which is due to Lynsdale 8, 
shows the top and bottom surfaces, after grinding, of two discs that 
were cast on a vibrating table from two batches that differed only in 
water content. The mix had an aggregate cement ratio of 5.8:1 with 
40% fines, but the water /cement ratio of one batch was 0.5 and of 
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the other 0.65. The marked effect of the increase in water content on 
segregation is obvious. Clearly, it is important that during all the pro
cesses of mixing, transporting and placing the concrete must retain its 
uniformity of composition.* Some mention has already been made of 
the factors that are important in this connection but it is helpful to 
consider them together. 

Popovics6 has published a comprehensive review on segregation 
and bleeding in which he distinguishes between two types of segre
gation, internal and external. The former is settling of the coarsest 
or heaviest particles towards the bottom, whereas the latter is a separ
ation of the coarser particles from the main body and is usually caused 
before consolidation by external forces such as improper methods of 
transport. 

Tendency to internal segregation may be tested by subjecting a 
sample to a standard method of consolidation and then either mea
suring the change in the position of the centre of gravity, or splitting 
the sample into an upper and lower half and determining the coarse-
aggregate content of each. Density distribution has also been investi
gated by measuring the attenuation of gamma rays passed through 
the sample. 

Tendency to external segregation has usually been estimated by 
methods that involve dropping the concrete under standard conditions, 
but Walz 7 proposed a test in which the concrete was passed over an 
inclined riddle and the increase in coarse-aggregate content, due to 
loss of mortar through the apertures of the riddle, was measured. 

Segregation is usually harmful and it is much easier to prevent it 
than to repair the damage it causes. Popovics lists the following as 
factors that contribute to an increased tendency to segregation: 
(a) increase in maximum particle size over 25 mm; 
(b) increase in the quantity of largest aggregate fractions; 
(c) increase in the specific gravity of coarse aggregate compared with 

the specific gravity of fine aggregate; 
(d) decrease in proportion of fines; 
(e) decrease in cement content; 
(f) unfavourable change in particle shape; 
(g) change in water content to make the mix either too dry or too wet. 
Addition of an air-entraining agent or a finely divided pozzolanic 
material reduces the tendency to segregation. 

Bleeding is the appearance of water at the surface of concrete after 
consolidation and may occur either as 'normal bleeding' or as 'chan
nelled bleeding'. The former is a uniform seepage over the whole 

* S e e A p p e n d i x . 
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surface, which in small quantities is not harmful, and may even be 
an advantage if the procedure for curing is inadequate, but the latter 
occurs in localized channels and is always harmful. Numerical charac
terization of bleeding is in terms of three quantities: the bleeding 
capacity, which may be defined as the volume of water exuded per 
unit volume of mix; the rate at which bleeding occurs; and the dur
ation of bleeding or the time at which bleeding becomes negligible. 
These quantities can be measured by decanting the supernatant water 
or by collecting it over carbon tetrachloride, with which it is immis
cible. Browne and Bamforth's pressure-bleed test, used in relation to 
pumping, is described later. 

Generally the bleeding rate can be reduced by: 
(a) increase in fineness of the cement; 
(b) increase in cement content; 
(c) addition of pozzolanas; 
(d) decrease in water content; 
(e) addition of an air-entraining agent. 
These considerations apply also to total bleeding capacity, with the 
notable exception that an increase in cement content usually results in 
an increase in total bleeding capacity because of the reduced bridging 
effect of the aggregate particles. 

In experiments on cement pastes, Suhr and Schoner9 demonstrated 
the importance of the concentration and the form of the sulphate pres
ent. Their graph of total bleed water as a function of hemihydrate 
concentration showed a peak whose position occurred at higher con
centrations for higher temperatures. In other words, at the temperatures 
they used (5, 20 and 30 °C) there was a particular hemihydrate com-
centration which gave maximum bleeding and at higher or lower 
concentrations the tendency to bleed was less. This decreasing ten
dency to bleed, on each side of the peak, was explained as being due 
to the build-up of structure caused by the formation of additional 
reaction products; on one side, a lack of easily soluble sulphate en
couraged the development of monosulphate, while on the other side, 
excess sulphate tended to recrystallize. 

It might reasonably be expected that, for a given mix specification, 
there should be a simple relationship between the bleeding of the 
concrete and the bleeding of the cement-paste fraction, so that the 
former could be predicted from the latter. Such a correlation was found 
by Bielak 1 0 but, although it was significant at about the 0.001 level, 
there was a wide spread of the points about the line and Bielak states 
that only 30% of the bleeding of the concrete could be explained in 
terms of water segregation of the cement. 
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9.4 S E G R E G A T I O N D U R I N G T E S T I N G 

The possibility of the occurrence of segregation during the carrying 
out of a test should be borne in mind. In the case of the two-point test 
it is sometimes noticed that there is a relative concentration of larger 
particles on the surface of the sample towards the end of a test, and 
a concentration of finer particles is found in the material below the 
impeller when the bowl is emptied. For the great majority of mixes 
there is no problem and even when some segregation is observed the 
composition of the material in the central zone is still representative. 
Wallevik and Banfill 1 1 examined samples taken from various positions 
in the bowl after various times of mixing and concluded that, during 
a single test taking a few minutes, 'the aggregate grading in the zone 
sheared by the impeller is unchanged'. Similar later, unreported, 
experiments have confirmed this finding, but prolonged and unnec
essary shearing of the sample should be avoided. 

The impeller rotates in a sense such as to lift the sample of concrete 
and that is intended to oppose any tendency to segregate. If serious 
segregation does occur it is likely that the mix is in any case an unsatis
factory one that would be likely to segregate on the job. If segregation 
sufficient to affect the results does occur during the test, it will of 
course be betrayed by a change in the torque (or pressure) reading 
obtained at a particular speed. Ellis and Wimpenny 1 2 have exploited 
this phenomenon to suggest a means of using the two-point test to 
investigate the segregation tendency of various mixes. 

Their experiments covered 15 mix designs including cement contents 
of 200, 300, and 400kg/m3, replacement levels of 0, 40 and 70% for 
each of two different slags, and replication of each mix. For each of 
the 30 batches the flow curve was obtained using the apparatus in the 
L M form (planetary motion, H impeller) and then immediately a repeat 
measurement was made of the torque at the top speed used in deter
mining the down-curve. The difference between the first and second 
readings of the torque at the top speed was designated T c . 

Stability of each batch was then assessed in two ways. 
(a) The fresh concrete was examined subjectively for its tendency to 

bleed and each batch was assigned a number, the bleeding mark, 
B m , on a scale ranging from 1 representing a low tendency to 
10 representing a high tendency. 

(b) The hardened concrete was examined for homogeneity by mea
suring the transit times of an ultrasonic pulse at different depths 
in a 500 x 100 x 100 mm beam. The difference in the transit t i m e s 
at depths of 25 mm and 75 mm, measured in the direction of 
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casting, was taken as a measure of inhomogeneity and desig
nated T t r . 

Figures 9.8 and 9.9 show the results. There is a highly significant 
correlation, at better then the 0.001 level in each case, between torque 
change Tc and bleeding mark B m / and between Tc and transit time 
difference T t r , so Ellis and Wimpenny conclude that the two-point 
test is a useful method for assessing stability of a mix. Additional 
support for this conclusion was obtained from further experiments 
in which flow curves were determined at various times after mixing 
and the results correlated with ultrasonic pulse velocities measured 
at eight different depths in 150 x 150 x 450 mm columns. 

Wallevik and Gj0rv 1 3 have also assessed segregation by carrying out 
a repeat torque measurement at the top speed but have not related the 
results to any measurement other than in the two-point test itself. For 
a mix of 140 mm slump they found appreciable segregation had taken 
place in the test bowl even after 7 min and they consider that the time 
of testing should not be greater than about 2 min. This can be achieved 
even with the simple pressure-gauge method of measurement of 
torque but Wallevik and Gjerv have made it much easier by using a 
pressure transducer and an automatic tachometer both coupled to a 
recorder. 
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1 0 T h e e f f e c t o f c h e m i c a l 
a d m i x t u r e s 

Admixtures may be used in concrete mixes for a variety of purposes 
including accelerating or retarding the set, waterproofing, or entrain
ing air, and some of these will have an effect on workability. However, 
some admixtures, known as plasticizers or superplasticizers, have 
been developed specifically to improve workability for placing and 
compacting, and others as pumping aids to avoid blockages and to 
widen the range of pumpable mixes. Table 10.1 summarizes the most 
common types of admixture and gives an indication of the effect of 
each on the rheological properties of the fresh concrete. Several books 
and reviews have dealt with the types, mode of action, and technology 
of these materials 1 - 4. 

10.1 P L A S T I C I Z E R S A N D S U P E R P L A S T I C I Z E R S 

The principal types of plasticizer and superplasticizer are the ligno-
sulphonates, which are obtained from the waste liquor from wood 
pulping, and the synthetic resin types which are aqueous solutions of 
naphthalene formaldehyde sulphonates, or melamine formaldehyde 
sulphonates. All of them act by being adsorbed at the surface of cement 
particles in water to cause deflocculation and of course, all of them 
produce an increase in observed workability. 

They are used in three ways in practice: 
(a) by adding to a mix whose composition is otherwise unaltered, so 

giving increased workability with the same long-term strength 
and durability; 

(b) by adding to a mix with reduced water content, to get the same 
workability as the original mix but with higher strength; 

(c) by adding to a mix in which both water content and cement con
tent are reduced, to get the same workability and strength as 



Table 10.1 C o n c r e t e a d m i x t u r e s - t h e m o s t c o m m o n t y p e s n £ 

A d m i x t u r e s Effects Typical m a t e r i a l s A d v a n t a g e s / u s e s D i s a d v a n t a g e s Effect o n workability 

Accelerators (a) More rapid 
setting 

(b) More rapid 
strength 
development 

Sodium aluminate 
Sodium silicate 
Lime 
Potassium hydroxide 
Calcium chloride 
Calcium formate 
Sodium nitrite 

Facilitate sprayed 
concreting 

Normal rate of strength 
development at low 
temperature 

Shorter times to striking 
formwork 

Possible cracking due to 
heat evolution 

Risk of corrosion of 
embedded metal 

Increased rate of 
change with time 

Retarders Delay setting Hydroxycarboxylic acids 

Sugars 

Maintain workability at 
high temperatures 

Reduce rate of heat 
evolution 

Extend placing times 

May promote bleeding Initially may be 
significant 

Reduced rate of 
change with time 

Water-reducers 
(Plasticizers) 

Increase workability Calcium and sodium 
lignosulphonate 

(a) Higher workability 
with strength 
unchanged 

(b) Higher strength with 
workability unchanged 

(c) Less cement for 
same strength and 
workability 

Retardation at high 
dosages 

Risk of segregation 
Premature stiffening 

under certain 
conditions 

Very significant 
effect in all three 
uses 

Superplasticizers 
(super-water-
reducers) 

Greatly increase 
workability 

Sulphonated melamine-
formaldehyde resin 

Sulphonated naphthalene-
formaldehyde resin 

Mixtures of saccharates 
and acid amides 

As for water-reducers, but 
over wider range 

Facilitate production of 
flowing concrete 

Risk of segregation 
Time of addition to mix 

may be important 
May increase rate of loss 

of workability 

Very significant 
effect in all uses 

May modify rate of 
change with time 



Accelerating 
water-reducers 

Increase workability 
with faster 
strength gain 

Mixtures of calcium 
chloride and 
lignosulphonate 

As for water-reducers, with 
faster strength 
development 

Risk of corrosion of 
embedded metal 

Very significant 
initial effect 

Increased rate of 
change of time 

Retarding water-
reducers 

Increase workability 
and delay setting 

Mixtures of sugars or 
hydroxycarboxylic acids 
and lignosulphonate 

As for water-reducers, with 
slower loss of workability 

Very significant 
initial effect 

Decreased rate of 
change with time 

Air-entraining 
agents 

Entrain small air 
bubbles into 
concrete 

Wood resins 
Fats 
Lignosulphonates 

Increase durability to frost 
without increasing 
cement content and heat 
evolution 

Careful control of air 
content and mixing 
time necessary 

Workability increase 
may be unacceptable 

Significant increase 

Waterproofers (a) Prevent water 
from entering 
capillaries of 
concrete 

(b) Reduce 
permeability of 
concrete to 
water 

Soaps 
Butylstearate 
Petroleum waxes 

Very fine particulate 
minerals 

Reduce surface absorption, 
staining 

Facilitate production of 
watertight structures 
without using very low 
water/cement ratios 

Probably negligible 

Slight 

Pumping aids Prevent segregation 
of mix during 
pumping to avoid 
blockage 

Polyethylene oxide 
Cellulose ether 
Alginates 
Alkylsulphonate 

Widen the range of mixes 
suitable for pumping 

Significant increase 
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the original mix but more economically because of the saving in 
cement. Of course, this can be done only if durability require
ments are still met. 

Because of the second and third uses, these substances are sometimes 
referred to as water-reducing agents. 

The presence of retarding impurities in most lignosulphonates limits 
the concentration that can be used, while the synthetic materials, 
without retarders, can be used to higher concentrations and thus 
achieve greater gains in workability or reduction in water content. At 
very high workabilities segregation may occur unless the mix com
position is modified to ensure that there is a sufficient quantity of fine 
particles present5. 

Early work by Scullion6 showed that a lignosulphonate has a greater 
effect on g than on h and this was confirmed later by Waddicor7 on 
a series of commercial lignosulphonates. His results for eighteen dif
ferent admixtures are shown in Figure 10.1. He also found that in
creased molecular weight of lignosulphonate gave a greater reduction 
in g but not in h , that degree of sulphonation had no effect on either, 
and that at a given molecular weight sodium lignosulphonates had a 
greater effect on g than had calcium lignosulphonates. 

The so-called superplasticizers, which are used at higher concen
trations, must be free of retarding impurities, so they must be either 
the synthetic resins referred to above or they must be ultra-pure ligno
sulphonates. They are used to increase workability to such an extent 
as to produce 'flowing' concrete, whose yield value has been reduced 
so far that little or no vibration or other compacting effort is needed, 
and it has been suggested8 that for these self-levelling concretes g 
should not be greater than about 2Nm. Banfill9 thinks that the best 
mixes are probably in the range g = 1 - 1.5, h = 0.4 - 1.0. 

Rixom and Waddicor 1 0 found that the ultra-pure lignosulphonates 
compare favourably in performance (and price) with the synthetic 
resins, as shown in Figure 10.2. Again, it can be seen that the major 
effect of the admixture is on g , with little or no effect on h . Banfill9 

studied a naphthalene resin and a melamine resin with four different 
cements and he also found a major effect on g , but some indication 
of a slight increase in h followed by a decrease as concentration in
creased. This is shown in Figure 10.3. Some confirmation of this latter 
result is afforded by Bloomer1 1 who studied the effects of a standard 
dose of a commercially available melamine resin admixture on mixes 
of three cement contents. As shown in Table 10.2, g always decreased 
but at each cement content there was a slight increase in h above that 
of the control mix. Bloomer also showed that the effect on h can be 
reversed by altering the sand content, as shown in Figure 10.4. There 
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F i g u r e 1 0 . 2 E f f e c t o f s u p e r p l a s t i c i z e r s o n g a n d h . ( M H a p p a r a t u s , m i x a s 
F i g u r e 1 0 . 1 ) (Rixom and Waddicor) 

is little effect of sand content on the change in g but moving from 35% 
to 45% sand alters the change in h from positive to negative. 

Although there are some exceptions, it may be said as a general 
practical guide that the major effect of adding a plasticizer or super-
plasticizer is on g, with little or no effect on h. This means that a series 
of mixes of increasing plasticizer content but with other factors con
stant, will give a series of parallel flow lines as shown in Figure 6.4 of 
Chapter 6, because h, the reciprocal slope, remains constant while g, 
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a s Z o n e 3 : 1 0 : 2 0 m m = 4 2 : 1 9 : 3 9 ) (Banfill) 

the intercept, decreases. The appearance of such a pattern in practice 
is an indication that the main factor causing variability of the concrete 
is one associated with the plasticizer. This will be discussed in more 
detail later in connection with control of concrete production. 

Another consequence of the fact that plasticizers affect only g , whereas 
water affects both g and h , is that it is not possible to alter a mix to 
obtain the same workability at a lower water content by adding a plas-
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35 40 

- 2 0 -

-40 

Aflf 

(%) •60 

45 Sand (%) 

F i g u r e 1 0 . 4 E f f e c t o f t h r e e s u p e r p l a s t i c i z e r s o n g a n d h f o r m i x e s o f d i f f e r e n t 
s a n d c o n t e n t . ( M H a p p a r a t u s ; m i x 3 6 5 k g / m 3 c e m e n t , 1 8 2 k g / m 3 w a t e r , 
1 8 2 5 k g / m 3 a g g r e g a t e t o 2 0 m m ) (Bloomer) 
C o n t r o l m i x e s : s a n d ( % ) g h 

3 5 4 . 4 1 . 4 
4 0 5 . 1 1 . 3 
4 5 3 . 8 2 . 1 

ticizer, or, in other words, it is not possible to produce two mixes of 
the same workability that differ only in plasticizer content and water 
content. This is contrary to what is generally believed by those who 
use a plasticizer for the second of the uses listed at the beginning of 
this chapter. Figure 10.5 illustrates the point by showing the results 
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Water 

Torque (Nm) 

F i g u r e 1 0 . 5 T w o c o n c r e t e s o f t h e s a m e s l u m p : r e l a t i v e e f f e c t s o f 
s u p e r p l a s t i c i z e r a n d w a t e r . 
M i x S l u m p 8 h 

( m m ) ( N m ) ( N m s ) 
C 7 5 7 . 3 4 . 8 
S P 1 8 0 3 . 6 4 . 9 
w 1 8 8 3 . 2 2 . 9 

T a b l e 1 0 . 2 E f f e c t o f s u p e r p l a s t i c i z e r o n m i x e s o f d i f f e r e n t c e m e n t c o n t e n t 
( B l o o m e r ) - M H a p p a r a t u s 

C e m e n t Water A g g r e g a t e * Before After C h a n g e (%) 
( k g / m 3 ) ( k g / m 3 ) ( k g / m 3 ) addition addition 

8 h 8 h 8 h 

2 4 0 1 9 2 1 9 2 0 3 . 0 1 . 8 1 . 9 1 . 9 - 3 7 + 5 
3 6 5 1 8 2 1 8 2 5 4 . 7 1 . 2 2 . 2 1 . 5 - 5 3 + 2 5 
4 3 5 1 9 5 1 7 4 0 4 . 5 2 . 0 1 . 4 2 . 4 - 6 9 + 2 0 

* 2 0 m m : Z o n e 3 s a n d = 6 0 : 4 0 . 
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on three mixes. The slump value of the control mix may be increased 
either by adding plasticizer or water; the values of g for the two 
modified mixes are the same, as are the slump values, but the values 
of h are quite different. The effect of this would readily be observed in 
practice. 

Unfortunately, the effects of adding a plasticizer do not depend only 
on the amount added because other factors can influence the opport
unities for the material to be adsorbed on particles of the cement. A 
consequence is that in practice concrete containing a plasticizer may 
show more variation in workability than expected. Al-Shakhshir 1 2 

investigated the effects of a lignosulphonate plasticizer in mixes con
taining dried and pre-soaked gravel coarse aggregate, and ordinary 
Portland and rapid-hardening cements from the same clinker, and he 
used a variety of mixing procedures. He found that, provided the 
mixing programme was consistent, reproducibility was good for both 
unplasticized and plasticized mixes, and just as good for the latter as 
for the former. The values of g were greater by a small but statistically 
significant amount for the mixes containing rapid-hardening cement 
than for those containing ordinary Portland, an effect which might 
be due to either the higher specific surface or the higher sulphate con
tent of the former. It made no difference whether the admixture was 
added in the mixing water or separately at the same time as the mixing 
water, but the time at which the addition was made had an important 
influence on g . If addition was made at the same time as the mixing 
water, g was increased by 70% above the value obtained if addition 
was after 1 min of mixing. 

Penttala1 3, using the slump and Vebe tests, obtained a similar result 
for both melamine formaldehyde and naphthalene formaldehyde 
sulphonates. In addition to finding that delayed addition resulted in 
increased workability, he also found that it resulted in decreased air 
content. 

The explanation is seen in terms of the adsorption of the superplas-
ticizer molecules on to the tricalcium aluminate, which occurs in sub
stantial amounts, even in a few seconds. If the superplasticizer is 
added with the mixing water, much of it becomes rigidly attached to 
the unreacted C 3 A so that only a small amount remains available for 
dispersion of the silicate phases, but if addition is delayed, the C 3 A 
has time to develop a protective layer of ettringite so adsorption is 
reduced, more superplasticizer molecules do remain available, and the 
plasticizing action is therefore more effective. 

On a longer timescale, Bloomer1 1 compared the effects of adding 
a superplasticizer at 15 and 30 min after mixing and found that the 
reduction in g for the latter was about 10-20% less. 
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Of course, the presence of a plasticizer or superplasticizer does not 
prevent the loss of workability with time and in the case of the latter, 
which is used for very high-workability concretes, the loss may be 
much greater than is acceptable. It can be ameliorated by delaying the 
addition, repeated dosing, or mixing a retarder with the super
plasticizer. 

Bloomer1 1, Rixom and Waddicor 1 0 and Banfill 1 4 found that the rates 
of change of g and h with time depend on both the admixture and the 
cement type. The rates for both g and h when a melamine resin type is 
used may be two or three times greater than for naphthalene resins, 
and for the latter are no greater than for high-workability concrete 
containing no admixture. Banfill also found that the original flowing 
consistency of a high-workability concrete could be regained by adding 
a second dose of admixture after up to 60 min for a melamine resin and 
up to 120 min for a naphthalene resin. 

Fukuda, Mizunama, Izumi, Izuka and Hisaka 1 5 consider that the loss 
in workability with time, referred to as slump loss, is caused by both 
physical and chemical factors, the former being an increase in the 
number of cement particles per unit volume as a result of dispersion, 
and the latter being the gradual consumption of the dispersant during 
the cement hydration reaction. They argue that the problem can be 
solved by incorporating in the superplasticizer a reactive polymer 
which initially is insoluble but is converted to a soluble dispersant by 
reaction with the alkali that is always present. Thus the process pro
ceeds in four steps: 
(a) generation of alkali by the hydration of the cement; 
(b) alkali attack on the reactive polymer; 
(c) conversion of the polymer into soluble dispersant; 
(d) adsorption of the dispersant onto the surface of cement particles. 
Put simply, the dispersant that is being removed is being replaced by 
new dispersant. 

Fukuda et al. present the results shown in Figure 10.6. A mix that 
did not contain the reactive polymer suffered a decrease in slump 
from about 180 mm to about 130 mm in 60 min whereas those that did 
contain it maintained a slump constant at 180 ± 20 mm. 

The efficacy of a plasticizer may also be affected by the length of 
mixing time and some recent results from a site where the time varied 
from 1 to 5 min are shown in Figure 10.7 for a mix with a lignosul
phonate plasticizer. The value of g decreased as mixing time increased 
while that of h seemed to increase, although for this small number of 
results the trends are not statistically significant. 

Anomalous behaviour, such as abnormally rapid stiffening of the 
mix, may sometimes occur, and Coulon 1 6 and Sugi, Kameshina, 
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a 
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CO 

200 
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160 
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65; RA 
60; SP 
55; SP 

A W/C = 50; SP 
A W/C = 45; SP 
A W/C = 40; SP 

• W/C = 35; SP 
• W/C = 30; SP 
• W/C = 25; SP 

30 
Elapsed time (min) 

60 

Notes: SP; New superplasticizer containing reactive polymer 
RA; Water reducing admixture (lignosulfonate) 

F i g u r e 1 0 . 6 E f f e c t o f i n c o p o r a t i o n o f r e a c t i v e p o l y m e r o n s l u m p l o s s . 
(Fukuda et a l . ) 

Yamada and Okada 1 7 have explained cases of this in terms of the rela
tive availability of sulphate and tricalcium aluminate (C 3 A) in providing 
sites for adsorption, and for reaction with each other, or with water. 

Edmeades, Hewlett and Thomas reported 1 8 problems on two sep
arate sites caused by rapid loss of workability of concretes in which 
sulphate-resisting cement, from the same source in both cases, was 
being used in a mix that also contained a lignosulphonate-based plas
ticizer. In each case the start of the trouble coincided with the delivery 
of a new batch of cement and when that cement was replaced by SRPC 
from another source the trouble disappeared. No samples of the sus
pect cement were available and attempts to reproduce the anomalous 
effect using a fresh sample from the same source were unsuccessful 
until the cement was conditioned at 150 °C for 24 hours. This suggested 
that the problem batch had been overheated in grinding with resulting 
partial dehydration of gypsum. They were then able to propose an 
explanation which assumed supersaturation of the mixing water with 
respect to gypsum followed by competition for active C 3 A and C 4 A F 
sites between calcium sulphate and the o r g a n i c admixture. The un
desirable behaviour of the overheated cements could be prevented by 
delaying the addition of admixture to the concrete by several minutes 
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200 
Mixing time - sec 

300 

F i g u r e 1 0 . 7 E f f e c t o f t i m e o f m i x i n g o n e f f i c i e n c y o f a p l a s t i c i z e r . 
x g r = - 0 . 8 1 
O r r = + 0 . 6 3 

400 

so that the normal hydration reactions become established before 
admixture molecules are available to block reactive sites at which 
ettringite can form. The practical effect of doing this is shown in 
Figure 10.8. 

The behaviour of an admixture can also be affected by changes in 
other constituents of a mix such as, for example, the delivery of a pfa 
with a higher loss on ignition than normal. 

For practical purposes the various complications in the use of plas
ticizers and superplasticizers should be catered for by making a trial 
mix with an admixture concentration recommended by the manufac
turer and then standardizing not only the quantity to be added but 
also the method, time, and rate of addition and the total time of mix
ing. Records should be kept of materials deliveries so that if anomalous 
behaviour occurs there is a possibility of identifying the cause. 

10.2 A I R E N T R A I N M E N T 

The commonest use of air entrainment, for improvement of frost re
sistance of the hardened material, is in pavement-quality concrete for 
which a typical mix might be Grade 30 with 35 mm slump and about 
5% entrained air. Figure 10.9 shows the effect of air content on g and 
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F i g u r e 1 0 . 8 S l u m p l o s s w i t h t i m e o f S R P C c o n c r e t e s c o n t a i n i n g a 
s u p e r p l a s t i c i z e r . (Edmeades et a l . ) 

h for three mixes of this type, whose details are given in Table 10.3. 
Five per cent air reduces h by about 70% but g by only 30%; there is 
no further decrease in h beyond an air content of about 5% but g con
tinues to decrease slowly. 

10.3 COMBINED EFFECTS 
The fact that air-entraining agents affect h more than g, whereas plas-
ticizers affect g more than h , is one that can be exploited in a consid-



Combined effects 

h 10h 

0 5 10 
Air content (%) 

F i g u r e 1 0 . 9 E f f e c t o f a i r c o n t e n t o n g a n d h . ( L M a p p a r a t u s ; m i x e s a s 
T a b l e 1 0 . 2 ) 
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Table 10.3 D e t a i l s o f a i r - e n t r a i n e d m i x e s o f F i g u r e 1 0 . 9 

M i x C e m e n t 
( k g i m 3 ) 

Water 
( k g / m 3 ) 

A g g r e g a t e 
( k g / m 3 ) 

Sand 
(%) 

1 3 0 0 1 6 5 1 9 6 3 3 5 
2 2 9 2 1 7 5 1 9 5 2 4 0 
3 2 7 7 1 8 0 1 9 5 6 4 5 

eration of quality control. It can also be used to adjust mix properties 
by incorporating both types of admixture, and an important practical 
example was given by Helland 1 9 , in relation to a slip-forming process. 
Helland's results are shown in Figure 1 0 . 1 0 . Mix E, which contains 
no admixture, behaved satisfactorily but mix F, which is the corre
sponding 'water-reduced' mix containing a plasticizer and having the 
same slump as mix E, did not respond well to vibration. This illustrates 
in a very practical way the point made earlier that a water-reduced mix 
does not in fact have the same workability as the original, because the 
value of h is higher. In Helland's case, the h value was reduced by 
incorporating an air-entraining agent, as well as the plasticizer, to 
produce mix G which behaved as well as the original mix E. 

•o 
a. 

CO 

1.33 
1.22 

1.05 

0.88 4 

0.70 

0.52 

0.33 

E No admixture 
F Water reducer 
G Water reducer + 

air entraining agent 

Slump 150-200 mm 

-r 

5 6 

Torque 

7 8 9 10 Nm 

Figure 10.10 E f f e c t o f c o m b i n a t i o n o f p l a s t i c i z e r a n d a i r - e n t r a i n i n g a g e n t . 
(Helland) 
E n o a d m i x t u r e 
F w a t e r r e d u c e r 
G w a t e r r e d u c e r a n d a i r - e n t r a i n i n g a g e n t 
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1 1 E f f e c t o f c e m e n t 
r e p l a c e m e n t s a n d o f f i b r e s 

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

There are several materials that can be, and are, used as partial re
placements for cement in a concrete mix and since they are produced 
as by-products in other industrial processes the cynic may think that 
this is just a convenient way of getting rid of unwanted waste products 
that would otherwise have no commercial value. In fact there are con
siderable benefits to be obtained because of the effects they may have 
on the properties of both the fresh and the hardened concrete. They 
fall very roughly into two categories, those that consist of more or less 
pure silica and depend for their effectiveness on their ability to react 
with the free lime in the mix, and those that contain compounds 
somewhat similar chemically to those in Portland cement and under 
the influence of an initiator will hydrate to produce hydration products 
similar to those produced in the hydration of cement itself. In the first 
category are pulverized fuel ash (pfa) which is also sometimes referred 
to as fly ash, microsilica which is also referred to as silica fume, and, 
in appropriate parts of the world, material such as rice-husk residues. 
In the second category are ground granulated blast-furnace slag (ggbs) 
and, possibly in the future, gasiher slag which is obtained in the 
process of gasification of coal. The ones important at present are pfa 
and slag, which are in fairly common use, and micro-silica which is 
relatively new but is likely to be used in increasing quantities. 

The effect on fresh concrete properties of incorporating these mate
rials depends mainly on their particle shape and particle-size distribu
tion, while the effect on hardened concrete properties depends on the 
way the fresh concrete is affected and also on the chemical properties 
that influence development of strength and durability. To some extent, 
chemical properties may also affect the fresh concrete. 

The relationship of these materials to each other can be shown on a 
ternary C a O - A l 2 0 3 - S i 0 2 composition diagram but can also be shown 
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Si0 2 Fe 2 0 3 A l 2 0 3 CaO MgO Na 20 K 2 0 

E H 3 Microsilica O G.G.B.S. E 3 P.F.A. £ 3 Portland Cement 

F i g u r e 11.1 C o n s t i t u e n t s o f c e m e n t i t i o u s m a t e r i a l s . 

as in Figure 11.1 which is due to Male 1 as is Figure 11.2 which shows 
the main physical properties. 

11.2 P U L V E R I Z E D F U E L A S H 

Pulverized fuel ash (pfa), which is also known as fly ash, is a by-product 
of the combustion of pulverized coal in power stations, being removed 
from the flue gases by mechanical or electrostatic collectors. It consists 
mainly of spherical glassy particles ranging from 1 to 150 um in di
ameter, of which the bulk passes a 45 ^im sieve. The finely divided 

Surface Area Bulk Density Relative Density 

£13 Microsilica P.F.A. {"ZD G.G.B.S. Portland Cement 

F i g u r e 11.2 Physical properties of cementitious materials. 
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glassy material consists chiefly of silica with some alumina and will 
react with the lime that is present in a mix to produce the same calcium 
silicate hydrate as is produced in Portland cement. When some of the 
cement in a mix is replaced by pfa early strength is lowered, because 
there is less cement, but once sufficient lime has been liberated to start 
the pozzolanic reaction (i.e. the reaction with the silica) the strength 
increases more rapidly so that eventually the line for strength develop
ment as a function of age crosses that for a normal mix without pfa. 
The main practical advantages are in a lower rate of heat evolution, 
improved resistance of the concrete to chemical attack, and reduced 
susceptibility to alkali-silica reaction. In addition, there is a marked 
effect on the workability of the fresh concrete, caused primarily by the 
spherical shape of the pfa particles. 

The potential improvement in workability can be exploited by re
ducing the water content sufficiently to counter what would otherwise 
be a loss in early strength. Table 11.1 gives factors which when applied 
to an existing satisfactory concrete mix are intended to produce a con
crete of the same workability and the same 28-day compressive strength 
with increased strengths at later ages. 

However, Brown 2 found that the effect of pfa replacement on work
ability depended not only on the actual mix proportions but also on 
the choice of test used to assess the workability. For compacting factor 
and Vebe each 10% weight fraction of cement replaced by pfa had 
approximately the same effect as increasing the water content of the 
mix by about 4% whereas for the slump test the corresponding figure 
was about 6%. This is a clear indication that the effects on g and h 
are different, and work by Ellis 3 shows that this is indeed the case. 

Figure 11.3 shows his results for a medium-workability mix and 
illustrates the fact that it is important to specify whether a given per-

Table 11.1 Mix adjustment factors 

pfa in cement 
(%by mass) 

W a t e r content C e m e n t + pfa 
content 

0 1 . 0 0 0 1 . 0 0 0 
1 5 0 . 9 7 0 1 . 0 3 5 
2 0 0 . 9 6 5 1 . 0 5 0 
2 5 0 . 9 4 5 1 . 0 6 5 
3 0 0 . 9 2 0 1 . 0 8 0 
3 5 0 . 8 9 5 1 . 0 9 5 
4 0 0 . 8 7 0 1 . 1 1 0 
4 5 0.845 1 . 1 2 5 
5 0 0 . 8 2 0 1 . 1 4 0 
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3 0 4 0 5 0 6 0 
F l y a s h r e p l a c e m e n t (%) 

F i g u r e 1 1 . 3 E f f e c t o n g a n d h o f p a r t i a l r e p l a c e m e n t , b y m a s s ( • ) a n d v o l u m e 
( O ) , o f c e m e n t o f f l y a s h . ( L M a p p a r a t u s ; m i x 3 7 8 k g / m 3 c e m e n t , 1 6 9 k g / m 3 

w a t e r , 1 8 8 1 k g / m 3 a g g r e g a t e a s Z o n e 3 : 2 0 m m = 3 3 : 6 7 . ) (Ellis) 

centage replacement is reckoned on a mass or volume basis. The dif
ferent relative densities of cement and pfa result in an increase in the 
volume of total cementitious material when replacement is on a mass 
basis, and this may give a greater reduction in g and h by supplying 
additional lubricant round the grains of aggregate, or it may give a 
lesser reduction because of the increased surface area to be wetted in 
the paste. For these results, the latter appears to be the case because 
the effect on g and h of volume replacement is appreciably greater 
than that of mass replacement. 

Figure 11.4 shows the effect of replacement by mass for mixes of 
similar workability initially but of different cement contents and fines 
contents. The reduction in g is less marked at higher cement contents, 
presumably because the increase in volume of the cementitious com
ponent is more useful in a relatively lean mix, in filling voids and in 
lubricating. Except in one mix, h is largely unaffected. 
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h 9 -

8 -

Fly ash replacement (% by mass) 

F i g u r e 1 1 . 4 E f f e c t o n g a n d h o f p a r t i a l r e p l a c e m e n t o f c e m e n t b y f l y a s h i n 
v a r i o u s m i x e s ( L M apparatus). 

Banfill4 has used these results, together with the known information 
about the effect of change in water content on g and h, to estimate 
water-reduction factors for comparison with those given in Table 11.1, 
and his results are shown in Figure 11.5. Two factors stand out. First, 
the water adjustment to achieve equal g values is much larger than 
that needed to achieve equal h values; in other words, it is impossible 
to apply a water adjustment to obtain a pfa-replaced concrete whose g 
and h values are identical with those of the plain concrete. If the larger 
reduction, appropriate to give constant g is used, then h will be too 
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0.7 -

0.6 -

Quoted in Table 11.1 

- Fig. 11.4 at 450 cement 

Fig. 11.3 

Fig 11.4 at 250 cement 

0 .5 -

* Quoted in Table 11.1 

Fig. 11.3 
Fig. 11.4 at 450 cement 

Fig. 11.4 at 250 cement 

0 10 20 30 40 50 

Fly ash replacement {% by mass) 

F i g u r e 1 1 . 5 Water-adjustment factors for partial replacement of cement by fly 
ash. (Banfill) 

l a r g e ; conversely, if the smaller reduction, appropriate for constant h is 
used, g will be too small. The situation is thus rather similar to that 
when water reduction is used in conjunction with addition of a plas
ticizer, discussed previously. Brown's finding of the effect of test 



162 Effect of cement replacements and fibres 

method, referred to above, is also explained because the compacting 
factor and Vebe tests operate at a higher shear rate than does the 
slump test, so the effect of changes in g is less in the former two than 
in the last. 

Secondly, Banfill's results show that required water reductions are 
larger than those given in Table 11.1. It may be remarked that the 
reductions recommended in the table are intended to be used with a 
simultaneous increase in the total cementitious content, whereas in the 
mixes used by Ellis on whose results BanfuTs calculations are based, 
no such increase was made. Banfill considered whether this could 
explain the discrepancy and concluded that it could not. 

11.3 M I C R O S I L I C A 

Microsilica (MS), which is also known as condensed silica fume, or 
sometimes simply as silica fume, is a by-product in the production of 
silicon and ferrosilicon alloys and is collected from the gases issuing 
from the furnace. It consists of microspheres of very pure glassy silica 
and has a specific surface of the order of 18,000 m 2/kg which makes it 
an ideal material to take part in a pozzolanic reaction. It is claimed that 
a microsilica concrete can achieve without difficulty high early strength 
to the extent that 40N/mm 2 that would normally be reached in 28 
days, can be achieved in about 30 hours and increase to 80N/mm 2 at 
28 days. The resulting concrete is said to be highly resistant to abrasion, 
resistant to chemical attack, and immune to alkali-silica reaction1 pro
vided the MS is fully dispersed. 

In its initial form as a powder, MS has a bulk density of only about 
250 kg/m 3 , so it is difficult to handle and expensive to transport. It can 
also be difficult to disperse properly so for these reasons it is often 
prepared in the form of a slurry consisting of 50% MS by weight in 
water, and is used in that form. A concrete mix may contain of the 
order of 16 to 25% slurry by weight of cement. 

Since incorporation of pfa has such marked effects on workability it 
would be expected that MS would have too, to an even more marked 
extent, and such is the case. Mixes containing MS are cohesive, so that 
they can be very effective for underwater concreting, and in more 
ordinary use they do not bleed. Male 1 emphasizes that the usual slump 
test is useless and misleading if applied to MS concrete, and says that 
it is possible to get a negative slump from a well-designed mix with 
well-dispersed microsilica when the concrete sticks to the cone as 
it is lifted. In practice, the aim may be to produce a concrete with a 
workability 'equivalent' to a 75 mm slump normal concrete, and as 
this may often mean that the slump of the MS concrete is about 15 
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to 20 mm, it may be necessary to make the judgement largely on a 
subjective basis to achieve a workability suitable for site. Complaints 
have sometimes been made that an MS concrete would not pump, 
when in fact the difficulty was that the material had refused to pass 
through the grid of the pump hopper. All that was necessary was to 
provide extra energy by dropping the material a little further or to 
apply mild vibration to overcome the yield value. The concrete then 
pumped easily. In fact a small addition of microsilica, say about 2 to 
3% solids by weight of cement, will act as a pumping aid for normal 
concrete, and is so effective that a 150 kg/m 3 mix with a small addition 
of microsilica will pump satisfactorily. 

In microsilica concrete, the effect of a change in sand content is greater 
than that in normal concretes, and would require corespondingly a 
greater change in water content to maintain workability. Usually, 
microsilica concrete also contains a plasticizer such as a refined ligno
sulphonate to ensure adequate dispersion of the MS. 

Although the effects on workability are so profound, very little has 
so far been published on the results of proper measurements. Munn 5 

compared microsilica from five different sources by using each of them 
as a partial replacement (7\%) for the cement in a mix of 10mm maxi
mum size, aggregatexement ratio 3.9:1, and water/cement ratio 0.34. 
His results are shown in Figure 11.6 and he concludes that the two-
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point test is readily capable of differentiating between the different 
microsilicas, but the possibility of effects due to differences in disper
sion can not be discounted. 

According to Wallevik6 substitution of cement with silica fume up to 
a threshold value, which depends on cement content, reduces plastic 
viscosity h by up to 50%. The threshold value is thought to decrease 
with decreasing water content. Yield value, g, is nearly constant until 
the threshold value is reached and then increases dramatically. This is 
shown in Figure 11.7. 

9 
(Nm) 

h 
(Nms) 

Figure 11 . 7 E f f e c t o f m i c r o s i l i c a r e p l a c e m e n t a t v a r i o u s c e m e n t c o n t e n t s . 
(Wallevik) 

11.4 BLAST FURNACE SLAG 
Blast furnace slag is a by-product of the production of iron which, 
when cooled rapidly in intense water sprays, solidifies in a glassy form 
that has latent cementitious properties. After cooling, the material, 
which is in a granular form, is either ground with Portland cement 
clinker and gypsum, or is ground alone to produce ground granulated 
blast-furnace slag (ggbs) which is then mixed with Portland cement at 
the point of use. Slag normally requires an alkaline medium to initiate 
its hydration and in Portland blast-furnace cement, prepared by either 
of the two methods, that is provided by the gypsum and the lime 
liberated when the Portland component hydrates. The advantages of 
incorporating ggbs lie in a lower initial rate of heat evolution and in 
an enhanced resistance of the concrete to chemical attack. 

The effect on workability of the fresh concrete of replacing part of 
the Portland cement with ggbs is much less than that of a similar 
replacement by pfa. Early work with ggbs of specific surface around 
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350m 2/kg suggested the effect was probably equivalent to increasing 
water content by about 5%. 

In normal practice where ggbs is used the aim would be to work to 
a constant slump with water contents reduced if possible. An inves
tigation was conducted on these lines with a mix of aggregatexement 
ratio 6.4:1 and 38% fines with cement/ggbs replacements of 0, 10, 30, 
50, 70 and 90% W/W. The water content was adjusted in each case to 
give a constant slump of 75 mm ten minutes after mixing, two mixes 
were made at each replacement level, and the order of making and 
testing was randomized. Water content of the aggregates (irregular 
gravel and Zone 2 sand) was measured for each individual batch and 
appropriate allowances were made. Workability was assessed by the 
two-point method in the L M (planetary) mode at 20 min and 60 min 
and also slump was measured a second time at 60 min. 

The results are shown in Figure 11.8 and confirm the observation 
that for constant slump the water-content reduction possible does not 
exceed about 5%. In no case is the value of g and h reduced below 
that for the control mix. The value of g is significantly higher than the 
control at 30 and 50% replacement, while h is significantly higher 
at 70 and 90% replacement, and the differences tended to increase 
with time. There is no ready explanation of the shape of these curves, 
but even though the effects are significant they are not large and the 
general statement that ggbs has little effect seems to be confirmed. 

However, recent work by Ellis and Wimpenny 7 shows that the 
statement requires some qualification, particularly for mixes richer or 
leaner than an aggregatexement ratio of 6:1. In a thorough investi
gation they studied slags from two sources (type A and type B) at 
three replacement levels (0, 40 and 70%) in concretes of three different 
cement contents (200, 300, and 400 kg/m 3). Cement content here refers 
to total cementitious content, i.e. cement plus ggbs. The aggregate: 
cement ratios corresponding to the three cement contents were respec
tively 10.0:1, 6.4:1, and 4.6:1, with water/cement ratios respectively 
of 0.83, 0.55 and 0.41. The volume of cement plus fine aggregate was 
kept approximately constant in each of their 15 mix designs. 

Workability was assessed 15 min after the first addition of mixing 
water by means of the two-point test (LM mode, planetary motion, 
nine experimental points), and slump and compacting factor were also 
measured. Each mix design formed part of a randomized block of 15 
mixes and the whole experiment was repeated three times to give four 
such randomized blocks on which an analysis of variance was carried 
out for each of the measured parameters, g , h , slump and compacting 
factor. 

Their results are shown in Tables 11.2 & 11.3 and in Figures 11.9 & 
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F i g u r e 1 1 . 8 E f f e c t o f g g b s r e p l a c e m e n t o n m i x e s o f c o n s t a n t s l u m p ( s u f f i x 
d e n o t e s t i m e [ m i n ] b e t w e e n m i x i n g a n d m e a s u r e m e n t ) . 
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Table 1 1 . 2 W o r k a b i l i t y p r o p e r t i e s o f f r e s h c o n c r e t e : t w o - p o i n t t e s t r e s u l t s , 'g' 
( E l l i s a n d W i m p e n n y ) 

Slag type A 

C e m e n t content 2 0 0 k g / m 3 3 0 0 k g / m 3 4 0 0 k g / m 3 

Replacement (%) 0 40 70 0 40 70 0 40 7 0 

B l o c k 1 6 . 3 2 . 5 0 . 8 2 . 8 2 . 0 1 . 4 2 . 4 3 . 1 2 . 6 
B l o c k 2 6 . 4 4 . 4 0 . 5 3 . 0 1 . 7 1 . 6 3 . 5 3 . 7 2 . 6 
B l o c k 3 6 . 2 2 . 6 1 . 8 2 . 8 2 . 1 1 . 2 2 . 3 2 . 4 3 . 2 
B l o c k 4 4 . 0 1 . 7 0 . 5 1 . 7 1 . 9 1 . 4 2 . 1 2 . 3 2 . 1 

Slag type B 

C e m e n t content 2 0 0 k g / m 3 3 0 0 k g / m 3 4 0 0 k g / m 3 

Replacement (%) 0 40 70 0 40 70 0 40 70 

B l o c k 1 6 . 3 4 . 9 4 . 6 2 . 8 3 . 9 5 . 4 2 . 4 5 . 2 7 . 5 
B l o c k 2 6 . 4 5 . 3 1 . 5 3 . 0 2 . 1 2 . 6 3 . 5 5 . 3 6 . 6 
B l o c k 3 6 . 2 1 . 6 1 . 2 2 . 8 2 . 5 4 . 7 2 . 3 5 . 8 6 . 1 
B l o c k 4 4 . 0 4 . 1 1 . 1 1 . 7 2 . 8 2 . 6 2 . 1 3 . 7 6 . 7 

Table 1 1 . 3 W o r k a b i l i t y p r o p e r t i e s o f f r e s h c o n c r e t e : t w o - p o i n t t e s t r e s u l t s , 'h' 
(Ellis a n d W i m p e n n y ) 

Stage type A 

C e m e n t content 2 0 0 k g / m 3 3 0 0 k g / m 3 4 0 0 k g / m 3 

Replacement (%) 0 40 70 0 40 70 0 40 7 0 

B l o c k 1 5 . 5 7 . 8 7 . 3 3 . 0 3 . 3 2 . 5 2 . 5 3 . 1 3 . 0 
B l o c k 2 4 . 8 7 . 5 6 . 8 3 . 3 3 . 3 3 . 0 2 . 8 2 . 8 3 . 6 
B l o c k 3 4 . 9 5 . 9 7 . 5 4 . 3 4 . 5 3 . 6 3 . 6 2 . 8 3 . 8 
B l o c k 4 5 . 2 6 . 1 6 . 2 3 . 1 3 . 0 3 . 0 2 . 8 2 . 7 2 . 9 

Slage type B 

C e m e n t content 2 0 0 k g / m 3 3 0 0 k g / m 3 4 0 0 k g / m 3 

Replacement (%) 0 40 7 0 0 40 7 0 0 40 7 0 

B l o c k 1 5 . 5 4 . 4 7 . 1 3 . 0 3 . 4 2 . 8 2 . 5 2 . 7 5 . 1 
B l o c k 2 4 . 8 6 . 0 4 . 9 3 . 3 3 . 3 3 . 6 2 . 8 3 . 8 4 . 6 
B l o c k 3 4 . 9 8 . 0 7 . 4 4 . 3 4 . 1 4 . 8 3 . 6 3 . 4 4 . 3 
B l o c k 4 5 . 2 4 . 9 5 . 6 3 . 1 3 . 1 3 . 9 2 . 8 3 . 4 4 . 6 
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SLAG SLAG 

% Replacement % Replacement 

F i g u r e 1 1 . 9 I n f l u e n c e o f c e m e n t c o n t e n t ( C ) a n d r e p l a c e m e n t l e v e l ( R ) u p o n 
t w o - p o i n t t e s t p a r a m e t e r g f o r O P C / g g b s c o n c r e t e s c o n t a i n i n g s l a g t y p e A 
a n d s l a g t y p e B . (Ellis and W i m p e n n y ) 

11.10. In these figures the results are plotted on a quasi-three-dimen
sional basis using an oblique parallel projection, so that plots of the 
dependent variable (vertical axis) versus replacement level (horizontal 
axis) are placed at equal intervals along an oblique line representing 
cement content. 

SLAG SLAG 
TYPE TYPE 

1 2 

% Replacement % Replacement 

F i g u r e 1 1 . 1 0 I n f l u e n c e o f c e m e n t c o n t e n t ( C ) a n d r e p l a c e m e n t l e v e l ( R ) u p o n 
t w o - p o i n t t e s t p a r a m e t e r h f o r O P C / g g b s c o n c r e t e s c o n t a i n i n g s l a g t y p e A a n d 
s l a g t y p e B . (Ellis a n d W i m p e n n y ) 
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It is clear that for both g and h the effect of replacement level R 
depends on the cement content C, that is, there are interactions be
tween the variables, and this is confirmed by the analysis of variance. 
For the intermediate cement content of 300 kg/m 3 , which corresponds 
to an aggregatexement ratio of 6.4:1, replacement of O P C by ggbs has 
little effect on either gorh. Looking at the results more broadly shows 
that for slag A, g decreases substantially with increase in R for C = 
200 kg/m 3 but the dependence on R decreases as C increases until at 
C = 400 kg/m 3 R has no effect. For slag type B this trend is more marked 
in that a decrease in g with increase in R at C = 200 kg/m 3 changes to 
an increase in g with increase in R at C = 400 kg/m 3 . The behaviour of 
h is less dependent on slag type. The effect of change in replacement 
level R at constant cement content C is not large but on the whole h 
increases slightly as R increases. At constant R, h decreases appreciably 
as C increases, this being more marked for slag A. In general, the 
slump and compacting factor results show trends similar to those for g, 
although of course, in the opposite direction numerically. 

Ellis and Wimpenny conclude that the factors cement content, re
placement level, and slag type, and their interactions, all have an effect 
on workability, and they point out that it is not possible to assess that 
effect properly without a knowledge of the results from the two-point 
test because g and h may change in opposite directions. 

Finally, it may be noted that the two slags used came from two 
different sources. They differed from the slag used in the experiments 
described earlier in being finer, with specific surfaces of 406 and 452 m 2 / 
kg respectively and having 45 um sieve residues of 18% and zero. 

11.5 F I B R E S 

The practice of incorporating fibres as reinforcement in ceramic materials 
is a very ancient one 8 but its introduction into concrete technology is 
relatively recent. The object is to improve toughness, impact resist
ance, and strain capacity, and to reduce the tendency to crack propa
gation. The fibres may be introduced by means of hand laying-up 
or by a spraying technique, or they may be included in a mix that is 
mixed and placed more or less conventionally. It is only this last case 
that is considered here because in the first two the fibre-reinforced 
composite does not exist other than in its final moulded form, and 
consequently the flow properties of the fresh material are unimportant 
except as they influence deformation under self-weight. 

The fibres used in concrete are of polypropylene or steel; the former 
is available in fibrillated form and the latter in various configurations 
that have been developed in attempts to improve the mechanical bond 
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between the fibre and the matrix. In considering their effect on work
ability, fibres may first of all be thought of as an aggregate with extreme 
deviation in shape, with the additional property that they are flexible, 
so it is not surprising that their inclusion in a mix decreases work
ability. There are difficulties in achieving uniform dispersion which 
increase as fibre length increases, and tangling and balling can occur, 
particularly for the longer fibres. The size and concentration of aggre
gate has an important influence on the effect of the fibres. Hannant 9 

recommends that the coarse aggregate content be lower than in a 
normal mix and that the maximum particle size should not exceed 
10 mm. The mortar volume (all particles below 5 mm) should be around 
70% and aggregatexement ratios as low as 3:1 are needed. 

The fibre factors that are of the greatest importance are the aspect 
ratio (length/diameter, lid) and the fibre volume concentration. 

A new test for workability of fibre-reinforced concretes has been 
proposed 1 0 but has been severely criticized1 1; the single-point test that 
has been most commonly used is the Vebe test. 

Edgington, Hannant and Williams 1 2 carried out experiments in 
which steel fibres of a variety of shapes and surface conditions, of 
diameters from 0.15 to 0.50mm and aspect ratios from 30 to 250, were 
incorporated at various concentrations into cement paste, mortar, 
10 mm concrete, and 20 mm concrete. They measured both Vebe time 

1 2, 3 4 By volume 
1 2 3 4 5 6 7 8 9 10 11 12 13 

Percentage content of fibres 

Figure 11.11 E f f e c t o f f i b r e a s p e c t r a t i o o n V e b e t i m e o f f i b r e - r e i n f o r c e d 
m o r t a r . ( E d g i n g t o n , H a n n a n t a n d Williams) 
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and compacting factor but considered that results for the latter were 
suspect because all the mixes required rodding through the hoppers. 
They present the Vebe results shown in Figure 11.11 as typical for 
fibre-reinforced mortars and emphasize that it is not the actual length 
or diameter of fibre that is important but the ratio of the two, that is, 
the aspect ratio. It is clear that for a given Vebe time a higher volume 
of low-aspect-ratio fibres may be incorporated in a mix, or conversely, 
the higher the aspect ratio the lower the volume concentration that can 
be used. 

Figure 11.11 also indicates that there is a critical fibre content beyond 
which Vebe time increases very rapidly. Figure 11.12 has been con
structed from the results of Edgington et al. by assuming that the 
critical fibre content may be defined as the fibre content at the point 
of intersection of the tangents drawn to the initial and final parts of 
the curves shown in Figure 11.11, and it shows how critical fibre con
tent depends on the aspect ratio of the fibres. 

Figure 11.13, also due to Edgington, Hannant and Williams, shows 
the dependence of Vebe time on fibre content for fibres with an aspect 

Figure 11.12 E f f e c t o f f i b r e a s p e c t r a t i o o n c r i t i c a l f i b r e c o n t e n t f o r r e i n f o r c e d 
m o r t a r . ( C a l c u l a t e d f r o m r e s u l t s o f E d g i n g t o n , H a n n a n t and Williams) 
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F i g u r e 1 1 . 1 3 W o r k a b i l i t y a g a i n s t f i b r e c o n t e n t f o r m a t r i c e s w i t h d i f f e r e n t 
m a x i m u m a g g r e g a t e s i z e . ( E d g i n g t o n , H a n n a n t a n d Williams) 

ratio of 100 in matrices ranging from cement paste to concretes with 
20 mm aggregate. The form of the relationship, already shown for 
mortars, is similar for other matrices and the critical fibre content de
creases as the size of the coarse aggregate increases. The characteristics 
of the fibre-reinforced paste and mortar are very similar, thus indi
cating that the presence of aggregate particles up to 5 mm in size has 
little influence. 

According to Edgington et a l . , a reasonable estimate of the fibre con
tent required to make concrete effectively unworkable can be obtained 
from the following equation: 

nSG1 d Wm 

'LWm + Wa 

C F C = 75 • 
SG< 

(11.1) 

where 

CFC 
SG{ 

SGC 

dll 

Wm 

critical percentage of fibres, by weight of matrix 
specific gravity of fibres 
specific gravity of concrete matrix 
reciprocal of fibre aspect ratio 
weight of mortar fraction (i.e. particles under 5 mm) 
weight of aggregate fraction (i.e. over 5 mm) 

They recommend that to ensure that the workability of a composite is 
'sufficient to allow compaction by substantial external vibration' the 
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T a b l e 1 1 . 4 B e h a v i o u r o f s t e e l - f i b r e - r e i n f o r c e d c o n c r e t e s i n t h e t w o - p o i n t 
a p p a r a t u s ( L M m o d e ) 

F i b r e F i b r e size W a t e r / c e m e n t ratio 
content L x d 0.45 0.50 0.55 0.60 0.65 
(vol. % ) ( m m ) 

0 . 5 2 0 x 0 . 3 T o o 
1 . 0 2 0 x 0 . 3 s t i f f - T e s t e d s a t i s f a c t o r i l y 
0 . 5 2 5 x 0 . 4 t o r q u e s 
1 . 0 2 5 x 0 . 4 t o o 
0 . 5 6 0 x 0 . 6 5 h i g h 1 1 . 0 6 0 x 0 . 6 5 F i b r e s t a n g l e d d u r i n g t e s t 

fibre content in practice should not exceed three quarters of this value 
of CFC. 

They also made a study of the air content of compacted steel-fibre-
reinforced specimens because they had noted that it had been reported 
by Grimer and A l i 1 3 that addition of glass fibres resulted in considerable 
air entrapment. They found that, provided the composite was capable 
of compaction on a vibrating table, the air content of the matrix within 
fibre-reinforced concretes was no greater than that of the matrix with
out fibres. In fact, in the case of mortars, there was a trend for de
creasing air content with increasing fibre content. 

Only limited data are available so far from two-point testing of fibre-
containing concretes. Steel fibres of the Duoform indented type were 
used in three sizes, quoted as L x d in mm, 20 x 0.3, 25 x 0.4, and 
60 x 0.5. Each of these types was used at fibre contents of 0.5 and 
1.0% by volume (1.7 and 3.3% by weight) in a mix of aggregate: 
cement ratio 4 : 1 and water content was progressively increased, with 
remixing between tests, to give a range of water/cement ratios. The L M 
(planetary) apparatus was used and Table 11.4 shows the qualitative 
observations on its ability to cope with the various mixes. At low 
water/cement ratios the torques were too high to be measured but 
that difficulty could be overcome simply by altering the gear ratios on 
the apparatus. Of the mixes that tested satisfactorily, all gave points 
that conformed to a straight line, about half of them with correlation 
coefficients greater than 0.99, showing that their flow properties are 
well represented by the Bingham model, as are those of ordinary plain 
concretes. 

Variation of g and h with water/cement ratio for the different mixes 
is shown in Figure 11.14, from which trends emerge that are in broad 
agreement with those noted from single-point tests. Increasing fibre 
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content increases both g and h , whereas increasing length of fibres 
increases g but has little effect on h . 

Only a very few two-point test results have been reported for poly
propylene fibres, and these were obtained by Llewellyn 1 4 , using the 
apparatus in its L M form 1 5 , during the course of an investigation con
cerned mainly with plastic cracking and the properties of the hardened 
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concrete. He incorporated 40mm fibrillated polypropylene fibres at 
three concentrations up to about 0.1% by volume, in mixes containing 
20 mm gravel (15) with 42% fines at an aggregatexement ratio of 6j : l 
and water/cement ratios of 0.47 and 0.67. He reports difficulties arising 
from tangling of the long flexible fibres, during test, but his results are 
compatible with those for steel fibres in that workability was decreased 
and the effect on g was greater than that on h. 
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1 2 W o r k a b i l i t y a n d 
p r a c t i c a l p r o c e s s e s 

12.1 M I X I N G 

A study of the relationship between workability and the practical pro
cess of mixing could of course be valuable to mixer manufacturers 
for application in the processes of mixer design and determination 
of power requirements, but for the concrete producer and user the 
interest lies in a consideration of the efficiency of the mixer with which 
he is provided, and in the possibilities of introducing at the mixing 
stage a means of control of production. This last will be discussed later. 

The question of between-batch variation, that is the variability of 
nominally identical batches, will also be considered later, in relation to 
quality control, so discussion here will be confined to within-batch 
variance, which is a measure of the ability or otherwise of a mixer to 
produce a well-mixed homogeneous product. 

It should perhaps be noted here that firms in the ready-mixed con
crete industry operate both 'wet batch' and 'dry batch' plants. In the 
former case, the batching and mixing plant forms one unit and the 
mixer itself may be of the pan, tilting drum, or other type; most com
monly the operation is of the batch type but in some plants a continu
ous mixer is used. At dry-batch plants the raw materials are weighed 
and discharged unmixed into a truck mixer, in which the mixing pro
cess takes place. Clearly, the demands on the efficacy of the truck 
mixer are greater in this case than if it is simply being used as a delivery 
vehicle for wet-batched concrete. 

The degree of uniformity of concrete in a batch depends not only 
on the design of the mixer but also on the method of loading of aggre
gates, cement and water. In very bad cases, the concrete may contain 
dry balls of unmixed material or there may be a delivery of a slurry at 
one side of the chute with comparatively dry material at the other 
side, so that even the most casual visual inspection shows that the 
concrete is unsatisfactory and should be rejected. To avoid this sort of 
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occurrence the Manual of Quality Systems for Concrete1, of the Quality 
Scheme for Ready Mixed Concrete, requires that 'wherever possible 
the cement and aggregates should be fed into the drum simultaneously 
and at a uniform rate', and that the mixer should not be overloaded, 
but it says nothing about the time and rate of addition of water and 
admixtures. Very rapid addition of water can result in the obviously 
heterogeneous concretes referred to above, and haphazard addition 
of a plasticizer can result in wide variations in workability between 
nominally identical batches. 

However, even when considerable care is taken there may still be 
considerable within-batch variability of the concrete. This is clearly, 
although tacitly, recognized in BS1881: Part 101 when it lays down 
procedures for sampling, and in the later parts of the same Standard, 
when requirements for further homogenization of the samples are 
given. If the mixing process were fully satisfactory there would be no 
need to state sampling requirements, because two samples from any 
two parts of the same batch would be sufficiently identical in composi
tion and properties. 

Stubbs2 carried out a thorough investigation on variability in a truck 
mixer, in terms of cement content as assessed by means of the rapid 
analysis machine (the RAM). Practical considerations limited his work 
to one mix only, but he chose a 'popular' mix of 270 kg/m 3 cement 
content and 75 mm slump. He studied ten nominally identical batches 
of this mix in one particular truck mixer, and then one batch in each 
of ten different truck mixers, in each case taking samples when 20, 40, 
60, and 80% of the concrete had been discharged, and splitting each 
sample into two parts for analysis so that an independent estimate of 
testing error could be obtained. He carried out an analysis of variance 
with the results shown in Table 12.1. 

The interaction term here is significant and there is some justification 
for carrying out a more detailed analysis than was actually done by 
Stubbs, but it is perhaps sufficient to point to one or two conclusions. 
Stubbs found in general that the variance due to sampling was not 
statistically significant, and somewhat incautiously concluded that 

T a b l e 1 2 . 1 S t u b b s ' a n a l y s i s o f v a r i a n c e 

Source of variance Degrees of freedom M e a n Squares 

B a t c h B 9 2 7 5 0 . 5 
S a m p l i n g S 3 2 0 8 . 7 
B x S I n t e r a c t i o n 2 7 3 5 5 . 0 
T e s t i n g e r r o r 4 0 1 5 2 . 7 
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therefore all the mixers were satisfactory. The correct conclusion from 
this finding is that any variability in the mix was such that it could not 
be convincingly detected by the testing procedure (the RAM) adopted, 
so it is necessary to consider what is the actual value of the variance. 
The value quoted above, by Stubbs, is 152.7 which corresponds to a 
standard deviation of 12.4 kg/m 3 and a repeatability, r, (see Chapter 2) 
of 35 kg/m 3 . The manufacturers of the R A M claim that a repeatability 
figure of about half of this, at 20 kg/m 3 , has been well established by 
many experiments, and recommend that if repeat determinations in 
practice differ by more than 20 kg/m 3 they should be rejected3. Whether 
that recommendation is regarded as reasonable or not, the fact remains 
that Stubbs, in a well-conducted practical investigation, found the 
higher figure. A n estimate of Stubbs' sampling variance, that is, the 
variance in the mixer, may be obtained from the figures for S and 
B x S in Table 12.1 as 340 which corresponds to a standard deviation 
of 18kg/m 3 (this includes variability due to testing). These figures 
indicate that the variability within a mixer, and therefore of the con
crete placed in a job, may be very considerable. One may note also 
the substantial batch-to-batch variance of nominally identical batches, 
represented by the figure against B in Table 12.1. 

The two-point test has been used in site trials to estimate both 
between-batch and within-batch variability. One trial, using the M H , 
or uniaxial, form of the apparatus, was carried out on a site where 
piles were being cast by tremieing high-workability concrete under 
water, and measurements were made over a period of some weeks. 
Over the whole period of the trial some batches were sampled at a 
quarter, half, and three quarters of the way through the delivery, in 
order to obtain an estimate of within-batch variability for comparison 
with the figures for between-batch variability. The results are shown 
in Table 12.2. 

The between-batch variance for h is significantly greater than the 
within-batch variance at higher than the 0.001 level, but for g, the 
between-batch variance was significantly greater than the within-batch 
variance only between the 0.05 and 0.01 levels. In other words, for g, 
a substantial contribution to the overall variability of the concrete is a 

Table 12.2 V a r i a b i l i t y a s s e s s e d b y w o r k a b i l i t y m e a s u r e m e n t 

Source 
8 

Variance 
h 

Degrees of f r e e d o m 

W i t h i n - b a t c h 0 . 3 5 8 0 . 0 9 3 1 4 
B e t w e e n - b a t c h 0 . 9 5 5 0 . 6 4 7 5 0 
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variability occurring within the batch. In the trial, the measured values 
of g ranged from 1.02 to 3.40 and of h from 0.33 to 2.5, an astonishing 
range for concrete that seemed to be well produced. This is not an 
isolated example; similar large variability of supposedly identical batches 
has been found in other site investigations. 

Bei tzel 4 - 9 used one particular mix (maximum aggregate size 22 mm, 
350kg/cu.m cement, W/C 0.42, slump 15-50 mm) to investigate 
the efficiency of a variety of mixers at mixing times of half, one, and 
three minutes. In each case he followed the manufacturer's instructions 
for the use of a mixer and sampled into 60 containers that were passed 
under the discharge on a conveyor belt. Twenty of these samples were 
selected for determination of water content by drying over a gas flame, 
and another twenty for determination of fines plus cement content, 
and coarse aggregate content, by washing through sieves. For each of 
the variables he calculated the coefficient of variation and concluded 
that for each mixer there was an optimum mixing time beyond which 
segregation began. For drum mixers that time was about three minutes, 
for pan mixers between one and three minutes, and for horizontal 
shaft mixers between a half and one minute. Of course, since tendency 
to segregate depends very much on mix composition, these figures 
may well need modifying for different mixes. 

BS 3963:1974 Testing the performance of concrete mixers lays down a 
fairly complicated method '. . . principally for use by the manufacturer 
(of the mixer) in order to provide evidence that the mixer meets the 
performance requirements. . / It involves making three batches of a 
specified mix, splitting each batch into quarters, and from each quarter 
taking two independent samples which are each analysed for percen
tage water, fines, and cement. From the average range D of the results 
from the twelve pairs of samples, and from the average range C of the 
results from the four quarters, quantities are calculated which are to 
be compared with, and to be not greater than, a 'maximum permitted 
variability' given in a table appropriate to the mixer being considered. 
The Standard does not make it clear that the calculated figures are in 
fact estimates of the respective standard deviations, calculated by a 
rather unsatisfactory method. Neither is it made clear that the per
mitted variability in a mixer that is deemed to be satisfactory can be 
rather large. The mixers tested by Stubbs would comfortably comply 
with the requirements and, for example, the Standard classifies as 
satisfactory a mixer in which there is a 1 in 10 chance that the fines 
content of a nominal 40% fines mix could lie outside the range 35 to 
45%. 

There is little doubt that more work could profitably be done on the 
design and operation of concrete mixers. 
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12.2 PUMPING 
Pumping as a means of transporting concrete, both horizontally and 
vertically, is now commonplace (see Figure 12.1), and, when it is used, 
it imposes further requirements for workability, because the behaviour 
of the material must be considered not only in relation to placing and 
compacting but also in relation to its performance in the pumping 
system. 

When a Bingham material is made to flow through a pipe at rela
tively low velocities it would be expected to exhibit the phenomenon 
of plug flow, because it is only near the wall of the pipe that the shear 
stresses are high enough to overcome the yield stress. This means that 
the concrete flows forward as a solid plug in a way quite different from 
the way an ordinary liquid would flow under the same conditions, and 
indeed this can be seen by ordinary observation on site. However, the 
situation is a little more complicated than at first appears. 

From his experimental results for the yield value of a concrete, 
Morinaga 1 0 calculated that the radius at which flow would occur, 
under the conditions he was using, was greater than the radius of 
his pipe, which means that if the concrete was of uniform composition 
across the whole cross-sectional area of the pipe, it would not move 
at all. But flow d i d occur, so some explanation must be sought; it is 
to be found in the fact that the composition is not uniform across the 
section and that near the wall there is a layer of cement grout which 
forms a slippage layer. Later results from the work of Sakuta, Yamani, 
Kasami and Sakamoto1 1 showed that under some conditions flow took 
place in the main bulk of the concrete as well as in a slippage layer. 

Earlier, Aleekseev 1 2, Weber 1 3, and E d e 1 4 had all found that pumping 
pressure for a given velocity was linearly related to the length of pipe
line and Weber added that, for a given length, pressure was linearly 
related to velocity of the concrete. 

All these results can be explained by a theoretical treatment15 as
suming that one must consider the flow of a Bingham material (the 
concrete) lubricated by another Bingham material (the slippage layer 
of grout) of lower yield value and plastic viscosity. These observations 
are in full conformity with practical observations on the site and it is 
normal practice to establish a lubricating layer by pumping a grout 
through the pipe before any attempt is made to pump concrete. Whether 
the concrete will then continue to pump depends on whether it is 
capable of sustaining a lubricating layer, and it is its behaviour in this 
respect, rather than its own bulk properties, that is the determining 
factor. This statement applies only to straight runs of pipe of unvarying 
cross-section; when the concrete is forced to flow through a reducing 
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section, or round a bend, the bulk properties will become important 
in their own right. 

There are two extremes of concrete composition that inhibit the use 
of pumping. At one end of the scale the mix may be so coarse and 
harsh that it acts as a filter through which water is pumped and lost, 
while at the other end the mix may be so cohesive that it will not expel 
grout to sustain the lubricating layer. Between these two extremes lie 

Figure 1 2 . 1 P l a c i n g c o n c r e t e b y p u m p i n g a n d c o m p a c t i o n b y u s e o f a n i n t e r n a l 
v i b r a t o r . {Photo courtesey of the British C e m e n t Association) 
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the pumpable mixes, and to establish which they are it is necessary to 
consider the bleeding characteristics under pressure, and the void con
tent of the combined coarse and fine aggregates. 

Browne and Bamforth 1 6 emphasize the need for a lubricating layer 
and draw attention to a statement of Ede's that concrete can be trans
formed from the unsaturated state (unpumpable) to the saturated state 
(pumpable) by an increase in the water/cement ratio. They point out 
that if the permeability of the concrete, under the pressure gradients 
imposed by the pump, is such that water flows at an excessive rate down 
the pipeline, then the concrete near the pump may become 'dewatered' 
and be transformed from the saturated to the unsaturated state, re
sulting in a large increase in flow resistance and possible blockage. 

Browne and Bamforth therefore carried out pressure bleed tests, 
in which they measured the volume of water, V, expressed from the 
concrete in time t, when it was subjected to a constant pressure applied 
by a piston in a specially designed apparatus. Some typical results are 
shown in Figure 12.2. It appears that the important factor is not the 
relative positions of the pumpable and unpumpable curves but their 
shapes, in that the unpumpable concrete tends to have a higher flow 
rate of water immediately the experiment starts. For all concretes, it 
was found in practice that the volume of water emitted after the first 
140 s was small, so the volume up to that time, V140/ could be taken as 
the total available. Hence, the difference between this quantity and the 

7 h I 2 0 r 

o 20 40 60 80 100 120 140 
Time (s) 

Figure 12.2 Typical bleed test results. (Browne and Bamforth) 
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volume emitted after 10 s, V 1 0 , could be taken as a measure of the 
proneness to dewatering. Minimum permissible values of — Vi0 

were quantified for concretes with 20 mm aggregates over a range of 
workabilities, as assessed by slump, and the results were presented as 
in Figure 12.3. 

The behaviour of concrete in relation to dewatering must of course 
be related to the void content. It is necessary to consider the void 
content of the combined coarse and fine aggregates, reduce it where 
possible by suitable choice of grading, and ensure that there is suf
ficient cement and finer fines to fill the voids. This is illustrated in 
Figure 12.4 which is due to Kempster 1 7. Note that admixtures may be 
used as pumping aids (see Table 10.1 in Chapter 10) and, as pointed 
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out in Chapter 11, a small addition of microsilica can be very effective 
in promoting pumpability. 

There is, as yet, no published information on the relation between 
mix workability measured in terms of g (yield value) and h (plastic 
viscosity) and the pumpability as assessed either subjectively or objec
tively in terms of pumping pressures and flow rates. Work in this area 
is needed. 

12.3 VIBRATION 
It is well known that the effect of applying to fresh concrete a vibra
tory force, of nominal frequency around 50 to 300 Hz, is to increase its 
workability, and for decades it has been common practice to exploit 
this phenomenon on site to assist in the placing and compaction pro
cesses (Figure 12.1). Under the influence of vibration of a suitable 
amplitude and frequency, fresh concrete at first subsides and then 
appears to fuse or liquefy, so that it will flow relatively easily under its 
own weight, then follows a third stage during which air is seen to be 
expelled and the concrete compacts. The practical benefit is that either 
a given concrete may be handled more easily than it could otherwise 
be or, alternatively, the mix specification can be modified to achieve 
economies without loss of desirable properties of the hardened con
crete. By using vibration it is possible to work with mixes drier than 
those suitable for hand placing and compaction and thus use a lower 
water/cement ratio to achieve higher final strength, or to use an un
altered water/cement ratio with a lower cement content and save on 
costs. 

There are several different forms of equipment for application of 
vibration but perhaps the most common on site is the internal, or 
poker, vibrator which is actually immersed in the concrete. Use may 
also be made of vibrators attached to the shutters or formwork, or to 
a screeding bar. In the case of precast products, normal practice is 
to place the mould containing the concrete on a vibrating table, which 
may or may not be mounted on springs. 

The mathematics of practical vibrating systems can be quite com
plicated but it is useful to consider the simplest form, which can be 
represented graphically by a sine wave. In this case, the vibrating 
mass moves from a mean rest position to an extreme position on one 
side and then back through the mean position to a symmetrically 
distant extreme position on the other side, and it continues to repeat 
this oscillating movement. A n example is the movement of the bob 
of a simple pendulum. The distance of either extreme from the mean 
position is called the amplitude, A , and the number of complete cycles 
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in one second is called the frequency, F or / , measured in cycles per 
second or Hertz (Hz). During the movement the mass has a changing 
velocity which is zero at each of the two extreme positions and reaches 
a maximum at the mean position but, conversely, the acceleration is 
zero at the mean position and maximum at the two extreme positions. 

The movement can be represented graphically by a sine wave and is 
described by the equation 

where y is the distance of the centre of mass from its mean position 
at time f, and co is a constant. A simple vibration of this type is thus 
completely characterized by the values of the amplitude, A , and fre
quency, F, (= a>/2rc) but it is often useful to consider also the derived 
quantities of maximum velocity, v, and maximum acceleration, a; it 
can easily be shown that they are given by 

These are very simple relationships. The maximum velocity is propor
tional to the product of amplitude and frequency, while the maximum 
acceleration is proportional to the product of amplitude and the square 
of the frequency. Maximum acceleration is often expressed as a multiple 
of gr, the acceleration due to gravity, and clearly, this quantity is ob
tained, in SI units, by dividing a by 9.81. 

All the vibrators in common use in the concrete industry rely on 
the production of vibration by the rapid rotation of an out-of-balance 
weight and may therefore be referred to as rotating eccentric vibrators. 
Such an arrangement has the advantage of being simple and cheap, 
and is quite effective, but the waveform produced by real pieces of 
equipment is very complicated. The vibration is not in one direction 
only, the amplitude is variable, and many different frequencies are 
present. Any values of amplitude and frequency quoted for this type 
of vibrator are only nominal, and the latter is usually only the speed in 
rev/s of the eccentric mass. This does not matter for practical site use 
but it does if an attempt is to be made to elucidate what are the im
portant factors for assessing the efficacy of vibration. Although in 
principle it is possible to express even a complicated waveform as the 
sum of a series of simple ones, it is highly desirable to use for inves
tigational purposes a waveform that is itself simple, and this can be 
achieved by means of an electromagnetic vibrator. Such an apparatus 
was used in work to be described below. 

y = Asincof (12.1) 

v = InAF (12.2) 

(12.3) a = 4n2AF2 
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The importance of the use of vibration for the placing and compacting 
of fresh concrete is reflected in the large amount of research that has 
been carried out, and in the fairly regular appearance of review and 
summary statements 1 8" 2 1. Experimental investigations may be roughly 
divided into two categories, those involving measurements on the 
fresh concrete, and those in which measurements, particularly of 
strength, were made on hardened concrete that had been cast under a 
variety of vibration conditions. Although it is of course the quality 
of the hardened concrete that is of ultimate importance, this latter 
approach is rather indirect, and it seems likely that a better under
standing of the vibration process will emerge from direct studies on 
the behaviour of the fresh concrete. 

Just as ordinary observation on site indicates that unvibrated fresh 
concrete possesses a yield value, because it can stand in a stable pile, 
so it also indicates that application of vibration reduces that yield value 
markedly, and at least to an extent such that the material can flow 
under the influence of its own self-weight. Experiments such as those 
of L'Hermite 2 2 40 years ago support this conclusion, although his 
theory of the phenomenon has been shown to be invalid 2 3 . It is of 
course desirable to go further than this and a promising possibility 
is to attempt to obtain the flow curve of concrete while it is being 
vibrated. In fact, it is a simple matter to mount the bowl of the two-
point workability apparatus on a suitable vibrating table so not only 
can the flow curve be obtained while the concrete is being vibrated, 
but also while it is not, and then the two flow curves can be compared, 
and this can be done for a whole range of applied frequencies and 
amplitudes. 

Preliminary experiments of this type were carried out on a mix 
with an aggregatexement ratio of 6:1 with 40% fines, in which all the 
cement had been replaced by pfa to reduce the rate of change with 
time, and water content had been adjusted to give 150 mm slump. The 
bowl of the workability apparatus was mounted on a table vibrator 
driven by a rotating eccentric formwork vibrator whose amplitude 
could be varied by altering the relative angular position of the eccentric 
masses. The concrete was placed in the bowl and the flow curve was 
obtained in the normal way when the vibrator was not operating. The 
impeller was then run at the top speed used and the vibrator was then 
switched on, resulting in a very rapid drop in torque followed by a 
slower rise. The rise was attributed to the occurrence of compaction, 
so the minimum torque observed was taken as a measure of the effect 
of vibration on workability and gave one point on the flow curve of 
the concrete under vibration. The concrete was then remixed, replaced 
in the bowl, and measurements were repeated at a lower impeller 
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speed, to give another point on the flow curve. In this way four points 
were obtained and the flow curve was constructed. 

The results obtained were of the form shown in Figure 12.5. The 
curve for the unvibrated concrete is the usual straight line but that 
for the vibrated concrete is quite different in that it is not linear and 
appears to start at or near the origin. Although experiments were 
carried out over a range of vibrator speeds (i.e. nominal frequencies) 
and amplitudes, no useful deductions could be made about the 
effects of frequency and amplitude because the waveform of the crude 
vibrator was so complicated. However, it was evident that the method 
was well worth pursuing if a more controllable vibrator could be 
obtained. 

Suitable apparatus was immediately available only for smaller-scale 
work. A 100 mm bowl was mounted on a small electromagnetic vibrator 
and an impeller similar to that used in the workability apparatus, but 
scaled down in the same ratio as the bowl (2/5), was driven by a con
ventional viscometer mechanism which also provided the means of 
measuring the torque. Apparatus on this scale is not of course suitable 
for concrete or any material that contains large particles. Dimond 2 4 
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experimented on a variety of materials that had a range of rheological 
behaviours and obtained two important results: 
(a) The effect of vibration was to produce a marked lowering of yield 

value and for materials that had no yield value vibration had no 
effect on the flow curve. 

(b) When vibration did have an effect, that effect was immediate, and 
was also instantaneously reversible; in other words, switching 
on the vibrator caused an immediate drop in torque and switching 
it off caused the torque to return immediately to its original value. 

Following Dimond's work, an investigation25 was carried out with 
the same apparatus on cement pastes of water/cement ratios 0.28, 0.30 
and 0.32, at frequencies from 25 to 100 Hz and at four different values 
of acceleration. It was found that for any impeller speed N, the torque 
under vibration, T v , was related to the torque for the unvibrated mate
rial, T, by the simple relationship 

T J T = K > N k v (12.4) 

where v is the maximum velocity of the vibration and K and k are 
constants for the particular experimental set-up. This means that the 
effect of vibration depended only on the maximum velocity of the 
vibration and not on the frequency and amplitude separately. It was 
also independent of the water/cement ratio of the paste and, as stated 
previously, was wholly and instantaneously reversible. 

When an electromagnetic vibrator of sufficient capacity became 
available, it was possible to carry out similar experiments on concrete26. 
The apparatus used was essentially the same as in the preliminary 
experiments described earlier, except that the crude mechanical vibrator 
was replaced by the electromagnetic vibrator whose waveform was 
close to a sine wave and could therefore be characterized by a frequency 
and an amplitude, which could be controlled independently of each 
other. The set-up is shown in Figure 12.6. Two mixes were used; the 
cement was ordinary Portland, the aggregates were a 20 mm irregular 
gravel and a zone 2 sand, both air dried, the aggregatexement ratios 
were 4^:1 and 6:1 respectively, both with 40% fines. For each mix the 
water content to give a 75 mm slump was found by trial and error 
and then that water content was used in all subsequent batches of the 
mix, so the water/cement ratios were 0.47 and 0.57 respectively. The 
method for determining the flow curves was similar to that used in 
the preliminary experiments, except that for the vibrated concrete the 
number of points was increased from 4 to 7, and each test was com
pleted in about 20 min. Experiments were carried out at six frequencies 
ranging from 15 to 100 Hz and at amplitudes corresponding to accel
erations of 2\, 5, 7\ and 10g. 
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In each case the effect of vibration was to change the flow curve 
from the simple straight line of the unvibrated concrete to a curve 
that seemed to start from the origin and could be represented by the 
equation 

T v = AvNBv (12.5) 

where the suffix v indicates under vibration, and A and B are con
stants. This means that under vibration concrete behaves as what is 
known as a power-law pseudoplastic, and has zero yield-value. 

Further analysis of the results led to an equation containing four 
empirical constants, by which the torque under vibration could be 
calculated from the values of g and h of the unvibrated concrete and 
the maximum acceleration and velocity of the vibration applied. The 
measure of agreement between the calculated and experimental values 
of T v is shown for the first mix in Figure 12.7; 80% of the 276 points lie 
within ± 2 5 % of the line of equality. The agreement, while probably 
sufficient to justify the nature of the treatment given to the results, is 
not particularly satisfactory and, in any case, the equation concerned 
is too complicated for immediate practical use. Fortunately, interesting 
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information can be obtained by considering only the early part of the 
vibrated flow curve. 

In most normal practice in which vibration is used, the vibrated 
concrete is allowed to flow and compact under the influence of its own 
self-weight, and it does so at very low rates of shear. In the low-shear-
rate region, that is at the lower end of the flow curve, the power-law 
pseudoplastic relationship can be approximated closely by a straight 
line passing through the origin. In other words, at these low shear 
rates the vibrated fresh concrete behaves as a simple Newtonian liquid 
whose fluidity cj) (the reciprocal of the viscosity r\) is simply propor
tional to the slope of the line, S, as shown in Figure 12.8. 

Values of the slope, S, were obtained from the flow curves and 
it was found that at a given frequency S was simply related to the 
amplitude A by the equation 

S = So(l - ebA) (12.6) 

where b is a constant at constant frequency. It was further found that 
the dependence of b on frequency / was of the very simple linear form 

b = k(f-f0) (12.7) 



Vibration 191 

where k is an empirical constant and fQ is a small threshold frequency 
below which vibration has no effect on the concrete. Combining these 
two equations gives 

S = S 0 ( l - exp(- Ak(f - /o))) (12.8) 

Figure 12.9 shows that there is quite good agreement between the 
value of S calculated from this expression and the value of S obtained 
experimentally. The values of the threshold frequency fQ for the two 
mixes were 12 and 16 Hz respectively. If the actual applied frequency 
is well in excess of fa/ equation 12.8 reduces to 

S = S 0 ( l - e-W) (12.9) 



192 Workability and practical processes 

N 

Power Low Curve 
of Vibrated Concrete 

Newtonian approximation 
at low shear rates 

T 

Figure 12.8 L i n e a r a p p r o x i m a t i o n o f p o w e r - l a w c u r v e a t l o w s h e a r r a t e . 

and, since Af is proportional to the maximum velocity, v, of the vibra
tion this becomes 

In words, the effectiveness of the vibration in promoting flow of the 
concrete depends only on the maximum velocity of that vibration. 

Experiments of the type described are time-consuming and are not 
easy to carry out, but the finding that at low shear rates concrete under 
vibration behaves as a Newtonian liquid presents the possibility of 
designing a much simpler method 2 7. The new apparatus is shown 
in Figure 12.10. A vertical pvc pipe, 700 mm long x 100 mm internal 
diameter, was mounted centrally inside a 356 mm diameter steel cylin
drical bowl that was firmly clamped to the vibrating table. The lower 
end of the pipe was 100 mm above the base of the bowl but could 
effectively be lengthened to touch it by means of a sleeve sliding on 
the outside of the pipe. The apparatus was used as follows. The sleeve 
was lowered so that the extended pipe was in contact with the base of 
the bowl and the pipe was then filled with the concrete under test to 
a height of 600 to 700 mm. A light piston, connected to an ordinary 
builder's tape-measure by a string running over pulleys, was placed 
on the top of the concrete. The sleeve was then raised so that the 
lowest 100 mm of the concrete was unsupported (but because of its 
low workability remained in position), the vibrator was switched on at 
the chosen amplitude and frequency, and the downward movement of 
the concrete surface was monitored by reading the measuring tape 
against a fixed index. 

Five mixes were investigated, and experiments were carried out at 
eleven different frequencies ranging from 16 to 200 Hz, and eight dif-

S = S 0 ( l - e~k'v) (12.10) 
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ferent accelerations ranging from 0.85 to 8.9gr, that is, 88 different 
vibration conditions for each of the five-mixes. Air-dried aggregates 
were used and for the first batch of each mix the water content was 
adjusted to give a slump of 20-25 mm; that water content was then 
used in all subsequent batches of the particular mix. 

The reasoning behind the design of this form of apparatus is that if 
fresh concrete under vibration behaves as a Newtonian liquid, its rate 
of flow out of the pipe will be simply proportional to the hydrostatic 
head. The rate of flow is proportional to the rate at which the height 
of the concrete column drops and the hydrostatic head is proportional 
to the height of the column provided the reasonable assumption is 
made that the drag at the pipe/concrete interface is either negligible or 
is proportional to the area of contact. Therefore 

dH/dt = -b-H (12.11) 

where the minus sign indicates that height H decreases as time t 
increases. 

Integrating this equation gives 

I n H = lnH0 - bt (12.12) 
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where H Q is the initial height of the concrete column. It follows that a 
plot of I n H as a function of time, f, should be a straight line with a 
slope of —b. It was found that all the experimental points fitted this 
relationship well over the first 15 s, so the efficacy of vibration may be 
studied by examining the relationships between b, which as already 
stated is a measure of the fluidity and the vibration parameters. 

Such a study showed, first of all, that there was a small threshold 
amplitude A Q below which, and an upper limiting frequency above 
which, vibration has no effect on the fresh concrete. The final expres
sion obtained was of the form 

where F is the upper limiting frequency and c is an empirical constant 
that depends on the particular mix, while K\, K 2 and K 3 are empirical 
constants that are the same for all the mixes. The good agreement 

b = ( l i e ) • ln(l - f / F ) • ( A - K \ ( f / F ) + K 3 ) (12.13) 
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S = i[l - exp (-0-034/)] (12) 
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between the values of b calculated from this expression and the ex
perimental values is shown in Figure 12.10. Equation 12.13 looks rather 
complicated but for values of amplitude A that are appreciably larger 
than the threshold amplitude A 0 , and values of frequency that are 
appreciably less than the upper limiting frequency F, that is, for the 
practical range of conditions, the equation reduces to 

b = constant x Af = constant x velocity v (12.14) 

that is, once again, the effect of vibration depends only on the maxi
mum velocity. 

In fact, over the whole range the value of b is almost constant at any 
constant value of velocity v. Figure 12.11 shows the calculated value of 
b plotted against frequency for various constant values of velocity and 
various constant values of acceleration. It can be seen that b depends 
markedly on frequency at a fixed acceleration but is, as just stated, 
almost independent of frequency at constant velocity. 

Limitations to the conditions of vibration that can be applied to the 
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concrete are of course imposed by the design of the apparatus used. 
For the vibrating table used in this work the amplitude cannot exceed 
12 mm, even at the lowest frequencies, and the acceleration cannot 
exceed 10 gT. The corresponding limiting lines are also shown in Figure 
12.12 and it is evident that, using this particular apparatus, the best 
results, that is, the highest values of b, are obtained by working in the 
region of the cusp formed by the two limiting lines; in this case that 
means at a frequency of something under 20 Hz, which is considerably 
lower than the nominal frequency of most commercial vibrating tables. 

A further test of the justification for regarding the behaviour of 
vibrated concrete at low shear rates as Newtonian, and the validity 
of the arguments used in establishing the various equations, can be 
made by comparing the results from the two quite different types of 
experiment. If the reasoning has been satisfactory the two quantities, 
S from equation 12.8, and b from the pipe experiments, should be 
simply related, for the same, mix, because each of them is a measure 
of the fluidity o>. 

Because in the earlier work it was necessary to use concretes of 
slightly higher workability, there is in fact no case of exactly the same 

Acceleration g 

Frequency: Hz 

Figure 12.12 Fluidity expressed as b (calculated) as a function of frequency /at 
constant values of acceleration and velocity. 
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mix being used in both sets of experiments, but two mixes which 
differed only in water content were used. For these two, it is still 
reasonable to expect a relationship between S and b although some 
departure from linearity is likely. Figure 12.13 shows that there is a 
very good correlation and this result of a very good agreement between 
measures of fluidity obtained from two very different types of experi
ment is very encouraging. 

The important practical conclusions from this work may therefore be 
summarized as follows: 
(a) At low shear rates, which are the ones important in practice, fresh 

concrete under the influence of vibration behaves as a simple 
Newtonian liquid. 

(b) There is a threshold amplitude below which, and an upper limit
ing frequency above which, vibration has no practical effect in 
that the yield value is not reduced to a level low enough for flow 
to occur. 

(c) The important parameter for assessing the effectiveness of vibra
tion is the maximum velocity of the vibration. 

It may also be noted that the results from the first set of experiments, 
on the determination of the full flow curve, show that at high rates of 
shear the vibrated curve crosses the unvibrated curve so above this 
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crossing point vibration actually reduces workability. At present, in
sufficient is known about the effective average shear rates prevailing 
in practical processes, but it is quite possible that the use of vibration 
in conjunction with some other mechanical process would actually be 
disadvantageous. The results also suggest that some reconsideration 
of the design of vibrating tables for maximization of vibration velocity 
might be worthwhile. 

Although the conclusions are likely to have some general validity, 
they should for the time being be regarded as applying specifically to 
table vibrators. In the case of internal vibrators, for example, other 
factors are likely to be important, because the effectiveness of the 
vibration decreases with distance from the source, that is, it is atten
uated. The practical manifestation of this attenuation is that an internal 
vibrator, or poker, has a radius of action which can be seen by ordinary 
visual observation and, as a consequence, a poker must be inserted 
at about 400 mm centres. Withdrawal of a poker must of course be 
performed while the poker is still vibrating, otherwise the yield value 
of the concrete will immediately be restored and withdrawal will leave 
a hole. 

It is possible that work of the kind described will eventually lead to 
proposals for an improved workability test for concretes of extremely 
low workability but no suggestions can be made at present. The fluidity, 
and therefore the workability, of a vibrated concrete depends not only 
on the properties and proportions of the mix constituents but also 
on the parameters of the applied vibration. Further experiments are 
needed, on concretes of a wide range of workabilities, to investigate 
the relationships between the workability parameters, g and h , of the 
unvibrated material and, for example, the constant in equation 12.14. 

A limited amount of other work has already been stimulated. Kakuta 
and K o j i m a 2 8 - 2 9 used a set-up essentially the same as that shown in 
Figure 12.6 except that the uniaxial form of the two-point apparatus 
was replaced by the planetary form and it was mounted on a vibrating 
table that was actuated by a rotating eccentric. The nominal frequency 
(i.e. speed of rotation of the eccentric) was 1750rev/min (nominal 
29 Hz) and was not varied, but the amplitude was set at four different 
levels. No information is given about the nature of the waveform but 
accelerometers indicated that there was an appreciable horizontal 
component and that the vertical component ranged from about l g r to 
about 5g r, (as measured by the accelerometers). 

The main results of this work were to confirm the early findings 
of the work described previously: that is, that the linear curve of un
vibrated concrete was transformed by vibration to a power-law curve, 
although Kakuta and Kojima do suggest that over the full range of 
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shear rates a better fit is obtained by using a power law for the lower 
half of the curve and a straight line for the upper portion. The corre
lation coefficients they quote do not seem to give much support to this 
suggestion. 

There is a fruitful field for investigation using either the original 
form of the apparatus, or the very simple vertical-pipe apparatus 
which is so easy to use that large numbers of variables can be coped 
with. In the meantime, it might be thought that some justification 
has been provided for the use of the Vebe consistometer but such a 
conclusion would be quite wrong. As already stated, the waveform 
associated with that apparatus is so complicated and variable as not 
to be readily characterized, and there can be no guarantee that results 
from such an arrangement relate in any simple or useful way to the 
behaviour of concrete vibrated under site or factory conditions. 

There i s not a s yet any satisfactory theory o f the effect o f vibration 
o n fresh concrete, and there does not seem t o have been any serious 
attempt t o provide one since that o f L'Hermite 2 2 already mentioned 
and criticised2 3. Recently, Chandler 3 0 has said that the mechanism can 
be explained easily i n terms o f pore pressure, using a soil mechanics 
approach, and suggests that the implication i s that observed frequency 
effects may only be a result o f resonance i n a particular mould. Clearly, 
this i s another area where further work i s needed. 
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1 3 S p e c i f i c a t i o n o f 
w o r k a b i l i t y 

For any particular job it is necessary to know what workability is re
quired so that a specification may be written, so, obviously, unless 
the decision is to be based on personal practical experience, informa
tion relating workability levels to various particular types of job is 
needed. Road Note 41, which for many years was the best-known U K 
guide to concrete-mix design, gave such information in tabular form 
and listed four categories of workability in purely descriptive terms 
ranging from Very low7 to 'high7. With each category there was as
sociated a corresponding compacting factor, a range of slump values, 
and examples of jobs for which that grade of workability was said to 
be suitable. A caveat was entered in a footnote which said: T h e slump 
is not definitely related to the workability or the compacting factor. 
The figures given must, therefore, be regarded as a rough indication 
of the order of the slump and nothing more7. The value of attempting 
to give general rules at all has more recently been questioned, and in 
Design of Normal Concrete Mixes2, which was produced as an intended 
replacement for Road Note 4, it is stated, as was pointed out earlier, 
that 'it is not considered practical for this Note to define the work
ability required for various types of construction or placing conditions 
since this is affected by many factors'.* 

In practice therefore, workability specifications are devised on the 
basis of experience, and are stated in terms of results from one of the 
standard tests. In this connection, by far the most commonly quoted 
test is the slump test; the flow table is occasionally quoted, compact
ing factor rarely, and the Vebe hardly ever. Of course, as with any 
specification, it is necessary to quote tolerances on the desired value 
and this is done in British Standard BS 5328:1981 Methods for specifying 
concrete, where it is stated that workability shall be within the limits 
given in Table 13.1. 

*See Appendix. 
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T a b l e 1 3 . 1 T o l e r a n c e s o n w o r k a b i l i t y s p e c i f i c a t i o n a s g i v e n i n B S 5 3 2 8 : 1 9 8 1 * 

Specified test Specified value Tolerance 

S l u m p A l l ± 2 5 m m o r \ o f s p e c i f i e d 
v a l u e , w h i c h e v e r i s t h e 
g r e a t e r 

S l u m p w i t h 2 5 m m + 3 5 m m , - 2 5 m m 
s a m p l i n g f r o m 5 0 m m ± 3 5 m m 
e a r l y p a r t o f 7 5 m m + ± ( 3 o f s p e c i f i e d + 1 0 m m ) 
d i s c h a r g e 

C o m p a c t i n g 0 . 9 0 + ±0 .03 
F a c t o r 0 . 8 1 t o 0 . 8 9 ±0 .04 

0 . 8 0 - ±0 .05 

V e b e A l l ± 3 s o r o f s p e c i f i e d ) 
w h i c h e v e r i s t h e g r e a t e r 

* S e e A p p e n d i x . 

These requirements are not always applied in practice. Figure 13.1 
shows slump-test results obtained on 39 nominally identical batches 
delivered to a typical (but not necessarily representative) site during 
one day. The specified slump was 50 mm and, since samples were 
taken from the early part of the discharge, the tolerance according to 
BS5328 should have been ± 3 5 mm so the seven batches whose slumps 
exceeded 85 mm should have been rejected. In fact none of them was, 
but two batches whose slumps were 25 mm and 35 mm were rejected 
when, according to the specification, rejection was not justified. 

The limits given in Table 13.1 are very wide, particularly in the case 
of slump, which as remarked earlier, is by far the most commonly 
quoted. For example, if the sample is taken from the early part of the 
discharge, as is common on site and may be the only procedure prac
tically possible, a specified 25 mm slump mix must be accepted if the 
test result lies between zero and 60 mm, a 50 mm if it lies between 
15 and 85 mm, and 100 mm if it lies between 57 and 143 mm. These 
ranges imply the possible acceptance not only of a wide range of work
abilities, including what may be unsuitable, but also of concretes 
whose composition may be incorrect in a way that will show up in 
cube tests a month later. 

It could be argued that there is an inconsistency in quoting work
ability tolerances as definite ranges when cube-test results are con
sidered on a probability basis, because both workability and strength 
results are subject to the same sort of variability arising from manu
facturing and testing variability. However, whichever way it is done, 
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Specified 
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Slump in mm (10 mm ranges) 
F i g u r e 13.1 Site results of slump testing on 3 9 nominally identical batches of 
concrete (specified slump = 5 0 mm). 

the establishment of tolerances properly requires consideration of both 
manufacturing variability and testing variability. 

Sym 3 has approached this problem by accepting the tolerances as 
given by BS5328 and then considering whether the variability asso
ciated with a particular test is low enough for that test to be suitable 
for use as intended in BS5328. He proposes a measure which he calls 
the Test Capability Index defined as 

/ = 2d/s (13.1) 

where the material is required to meet a specification of T ± d and S is 
testing standard deviation. He considers that a value of I - 4 or less 
indicates that the test is unsatisfactory for the tolerances proposed 
while a value of J = 8 or more indicates it is satisfactory. Because the 

*See Appendix for flow table. 

BS 5328 Tolerance 

Median 

" Mean 
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values of / for slump and compacting factor lie between these he con
cludes that the case for both those tests is a marginal one.* 

The meaning of I may be explained as follows. If I = 4, the whole 
of the variability allowed in the tolerance range is required for test 
variability and nothing is left to allow for process variability. In other 
words, if all the batches had an actual slump equal to the specified 
value, 1 in 20 of the test results would lie outside the tolerances simply 
because of testing variability. A value of 1 = 8 is equivalent to saying 
that the testing standard deviation shall be not more than half of the 
standard deviation associated with the whole operation of making 
the concrete and testing it, and with the same probability of a 1 in 20 
failure rate. The choice of this condition is arbitrary. While the Test 
Capability Index may be a useful quantity to consider it will be realized 
that it is somewhat inaptly named because it is not, as may seem to 
be implied, a characteristic of the test alone; its value depends on the 
chosen tolerance too. 

If the desirability of a value of J not less than 8 is accepted, and if 
calculation is based on the value of 11 mm for testing standard devia
tion, argued for in Chapter 2, the tolerance on slump values would 
have to be widened to around ± 4 0 mm, to restrict failure to 1 in 20. 

Although the histogram of site results in Figure 13.1 shows some 
evidence of skewness it is probably close enough to a normal distri
bution to permit calculations to be made on that basis without serious 
error, as suggested by the fact that the mean at 66 mm is close to the 
median at 60 mm. The standard deviation, calculated as that of a nor
mal distribution, is 20 mm and the corresponding confidence limits at 
the 0.05 level are L = ± 4 0 mm. That means that 1 in 20, or 2 of the 39 
results, can be expected to lie outside the range 65 ± 40 mm and in
spection of Figure 13.1 shows that such is the case: one at the lower 
end and one at the upper end. 

The agreement between these confidence limits and the suggested 
necessary extended tolerances (i.e. both at 40 mm) is coincidental. 
More work is needed to resolve this matter satisfactorily but, so far 
as total variability is concerned, it is likely that much information 
already exists and only needs collecting. 

13.1 SPECIFICATION IN TERMS OF THE 
TWO-POINT TEST 

Just as it has been accepted that specification of workability levels in 
terms of mean values obtained by standard tests can be done only 
on the basis of experience, so also must the determination of values 
of g (yield value) and h (plastic viscosity) appropriate for particular jobs 
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ia) 

F i g u r e 1 3 . 2 S u i t a b i l i t y b a n d o f c o n c r e t e s f o r p a r t i c u l a r j o b 

be done from experience in practice, but it can be done in a system
atic way. Moreover, when the desired values and ranges are known, 
the situation does not become clouded by the need to use overall 
values for test accuracy, as for the standard tests, because an experi
mental error can be quoted for every separate measurement, as already 
explained in Chapter 5 . 

First of all, it must be recognized that any attempt to associate suit
ability of concrete for a particular job with any form of quantitative 
measurement can only be carried out on actual jobs; it cannot in prin
ciple be done in the laboratory, and this applies to the two-point test 
as it does to any other. In other words, before any answer can be given 
to the question 'What values of g and h are needed for this job?7 it is 
necessary to carry out site trials in which measurements are made on 
as many batches as possible and, on the same batches, appropriate 
assessments of the suitability of the concrete are recorded. Those as
sessments may sometimes be made in terms of objective measure
ments, such as, for example, pressures needed for pumping, but more 
often they will have to be made on a subjective basis. 

It is possible to make some progress by recording simply whether 
the concrete was satisfactory or not, and in early site trials subjective 
assessments were made in simple descriptive terms such as 'a bit stiff' 

-> 
9 



F i g u r e 1 3 . 4 S u i t a b i l i t y b a n d a s i n F i g . 1 3 . 2 . B r o k e n l i n e s r e p r e s e n t a p p r o x i m a t e 
r e l a t i o n s h i p b e t w e e n g a n d h w h e n o n l y w a t e r c o n t e n t v a r i e s . A c c e p t a b l e 
c o n c r e t e s l i e i n t h e ' d i a m o n d ' c o m m o n t o b o t h b a n d s . 
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0 
9 (Pa) 

F i g u r e 1 3 . 5 S i t e r e s u l t s o n d i a g r a m s i m i l a r t o F i g u r e 1 3 . 4 . ( F i g u r e s i n d i c a t e 
s u i t a b i l i t y r a t i n g o n s u b j e c t i v e s c a l e . ) 

and so on. It was soon realized that this was rather unsatisfactory, 
so in later trials the site engineers were asked to allocate a number 
to each batch of concrete on a scale of 1 to 10, where 5 meant perfect 
for the job, higher numbers meant increasing difficulty because work
ability was too low, and lower numbers meant that workability was 
higher than necessary. 

Now, it is reasonable to suppose that associated with every practical 
job there is some (unknown) effective average shear rate and it follows 
that any two concretes whose apparent viscosities are the same at that 
shear rate will behave in a similar way on the job. Apparent viscosity 
is defined as shear stress divided by shear rate so a measure of it, k 
say, in terms of two-point test results, is given by torque divided by 
speed or 

k = TIN = gIN + h (13.1) 

If N = n is the speed in the apparatus that corresponds to the shear 
rate on the job it follows that any two concretes whose values of 

k = gln + h (13.2) 

are the same, will behave in the same way on the job, so that if one of 
them is satisfactory the other will be too, even though their separate 
values of g and h may differ. Equation 13.2 may be rewritten as 

h = k - gin (13.3) 



g 
(Nm) 

8 -

7 ' 

TRIAL MIXES 
• TOO DRY 
O MARGINALLY DRY 
O SATISFACTORY 
O MARGINALLY WET 
+ TOO WET 

PRESS CONCRETE 
• TOO DRY 
O SATISFACTORY 
V TOO WET 

a 
ft 

• 

0.5 1.0 1.5 2.0 2.5 h(Nms) 

F i g u r e 1 3 . 6 P l o t o f g a n d h v a l u e s f o r a l l m i x - v a r i a t i o n t e s t s a n d p r o d u c t i o n c o n c r e t e t e s t s , s h o w i n g s u g g e s t e d s u i t a b i l i t y 
b a n d f o r t h e p r o c e s s (Kay). 



210 Specification of workability 

which is the equation of a straight-line relationship between g and h 
with an intercept k on the h axis and a slope of - X I n . If a tolerance 
±e is allowed on k, this equation may be modified to 

h = k - g i n ± e (13.4) 

which represents a band, as shown in Figure 13.1. Therefore, on a plot 
of h against g , the points for all concretes suitable for the job should 
tend to fall in a band sloping down from left to right. 

Figure 13.3 shows the few results obtained on a site where a super-
plasticized high-workability concrete was being used for casting a 
basement, and, while this amount of evidence is insufficient to prove 
the argument given, it is at least compatible with it. 

A n attempt was made to obtain many more points on another job 
but unfortunately, for this experiment, it turned out that the only 
factor causing variability of workability was variation in water con
tent. In this case, there is a strong correlation between g and h so the 
satisfactory concretes will lie in the area of the g v. h relationship that 
is common with the 'suitability band' as shown in Figure 13.4. Figure 
13.5 shows the results obtained on this site, where high-workability 
concrete was being used for piles, and again, it can be seen that they 
fit reasonably well to the scheme suggested. 

The most comprehensive study of this type was carried out by Kay 4 

on concretes to be considered for use in the hydraulic pressing of 
slabs. He investigated trial mixes at three levels of aggregatexement 
ratio, three levels of percentage fines, and five levels of water/cement 
ratio, that is, 45 trial mixes, and he also obtained results on produc
tion mixes. In addition to measuring g and h for each mix he obtained 
two other assessments of suitability, one on a too-wet to too-dry scale, 
as judged by the experienced press operator, and the other on a scale 
of judgement of the finished slab in terms of edge and surface defects. 
As a result, he was able to produce the diagram shown in Figure 13.6 
illustrating quite clearly the suitability band for concretes for the process 
he studied. 

Further, Kay was also able to estimate that the value of n in equa
tion 13.4, for the process he was considering, was 1.94 rev/s and the 
required apparent viscosity at that shear rate, expressed in terms of 
k, was 

it = 1.7 ± 0.3Nms (13.5) 

These figures were actually obtained by a consideration of normal 
production mixes but have been applied 5 to the data from the 45 trial 
mixes to give the information shown in Figure 13.7. This figure is a 
pseudo-three-dimensional plot which shows the dependence of ap-



Specification in terms of the two-point test 211 

parent viscosity at the process shear rate on each of water/cement 
ratio, fines content, and aggregatexement ratio, while the other two 
are constant at various levels, and it also shows how those depen
dences change as the other two factors change. To avoid excessive 
complication of the drawing, only four of the aggregatexement ratio 
lines have actually been drawn in. The range of acceptable apparent 
viscosities is also shown so it is easy to pick out the various mix com
positions that would yield satisfactory results. A diagram of this type 
can also be used for quality-control purposes. 

Exactly the same techniques can be used for any other site or works 
production process in which fresh concrete is used but, of course, 
such work will require effort from the industry itself because it cannot 
be done in the laboratory. 
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F i g u r e 1 3 . 7 D e p e n d e n c e o f a p p a r e n t v i s c o s i t y , a t p r o c e s s s h e a r r a t e , o n 
w a t e r / c e m e n t r a t i o , f i n e s c o n t e n t , a n d a g g r e g a t e ; c e m e n t r a t i o (Diagram 
prepared f r o m Kays' r e s u l t s ) . 

Explanation of F i g u r e 1 3 . 7 
F i g u r e 1 3 . 7 , w h i c h l o o k s r a t h e r c o m p l i c a t e d , i s p l o t t e d o n a b a s i s d e s c r i b e d 

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

K a y f o u n d t h a t t h e a v e r a g e e f f e c t i v e s h e a r r a t e o f t h e h y d r a u l i c p r e s s i n g 
p r o c e s s w a s e q u i v a l e n t t o a s p e e d o f 1 . 9 4 r e v / s i n t h e t w o - p o i n t a p p a r a t u s . T h e 
v a l u e o f k, a p p a r e n t v i s c o s i t y , a t t h i s s h e a r r a t e h a s b e e n c a l c u l a t e d f o r e a c h o f 
h i s m i x e s b y s u b s t i t u t i n g i n e q u a t i o n 1 3 . 1 : 

k = g / 1 . 9 4 + h 
a n d t h i s c a l c u l a t e d v a l u e h a s b e e n p l o t t e d o n t h e v e r t i c a l a x i s . 

A l l t h r e e o f t h e i n d e p e n d e n t v a r i a b l e s , ( W / C r a t i o , % f i n e s , A / C r a t i o ) h a v e 
b e e n p l o t t e d o n t h e h o r i z o n t a l a x i s . 

C o n s i d e r f i r s t o f a l l t h e r e s u l t s f o r a n A / C o f 4 . 5 a n d o f t h e s e , t h o s e f o r 4 5 % 
f i n e s . T h e r e l e v a n t f i v e p o i n t s f o r k a s a f u n c t i o n o f W / C a r e p l o t t e d i n t h e 
n o r m a l w a y w i t h k o n t h e v e r t i c a l a x i s a n d W / C o n t h e h o r i z o n t a l a x i s w i t h a 
s c a l e s u c h t h a t e a c h 1 0 m m r e p r e s e n t s a c h a n g e i n W / C o f 0 . 0 5 . T h i s g i v e s t h e 
f i r s t l i n e i n t h e f i g u r e , t h e o n e a t t h e e x t r e m e l e f t . 

T h e n e x t l i n e t o b e p l o t t e d i s f o r k v . W / C f o r 5 0 % f i n e s . T h i s i s p l o t t e d 
e x a c t l y a s t h e f i r s t l i n e e x c e p t t h a t t h e o r i g i n i s s h i f t e d h o r i z o n t a l l y b y 1 0 m m t o 
r e p r e s e n t t h e 5 % c h a n g e i n f i n e s . T h i s g i v e s t h e s e c o n d l i n e f r o m t h e l e f t . 
S i m i l a r l y t h e t h i r d l i n e , f o r 5 5 % f i n e s , i s p l o t t e d w i t h a n o t h e r 1 0 m m s h i f t t o 
r e p r e s e n t t h e f u r t h e r 5 % c h a n g e i n f i n e s . 

T h u s , t h e t h r e e f u l l l i n e s s h o w h o w k c h a n g e s w i t h W / C a t t h r e e f i n e s 
c o n t e n t s b u t , i n a d d i t i o n , b e c a u s e t h e s e l i n e s a r e d i s p l a c e d r e l a t i v e t o e a c h 
o t h e r b y d i s t a n c e s p r o p o r t i o n a l t o t h e c h a n g e i n f i n e s , p o i n t s m a y b e j o i n e d a s 
b y t h e d o t t e d l i n e s t o s h o w h o w k c h a n g e s w i t h f i n e s c o n t e n t a t c o n s t a n t W / C . 
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T h e o t h e r r e s u l t s , f o r A / C o f 5 . 0 a n d 5 . 5 , a r e p l o t t e d i n a s i m i l a r w a y b u t 
w i t h t h e w h o l e l o t f o r a g i v e n A / C s h i f t e d b y a d i s t a n c e p r o p o r t i o n a l t o t h e 
c h a n g e i n A / C . P o i n t s m a y t h e n b e j o i n e d a s b y t h e c h a i n l i n e s t o s h o w h o w k 
c h a n g e s w i t h A / C . O n l y t h r e e o f t h e s e l i n e s h a v e b e e n d r a w n o t h e r w i s e t h e 
d i a g r a m w o u l d h a v e b e c o m e i m p o s s i b l e t o r e a d . T h a t d i f f i c u l t y c a n b e 
o v e r c o m e b y u s i n g c o l o u r s . 

T h e a d v a n t a g e o f t h i s m e t h o d o f p l o t t i n g i s t h a t i t s h o w s n o t o n l y h o w k 
d e p e n d s o n e a c h o f t h e i n d e p e n d e n t v a r i a b l e s s e p a r a t e l y w h e n t h e o t h e r t w o 
a r e c o n s t a n t , b u t a l s o s h o w s h o w t h o s e d e p e n d e n c e s c h a n g e i f t h e o t h e r t w o 
a r e n o t h e l d c o n s t a n t . F o r e x a m p l e , t h e p a r t o f t h e d i a g r a m r e f e r r i n g t o A / C o f 
4 . 5 s h o w s h o w t h e d e p e n d e n c e o f k o n W / C d e p e n d s i t s e l f o n t h e v a l u e o f 
f i n e s , a n d h o w t h e d e p e n d e n c e o f k o n f i n e s d e p e n d s o n t h e v a l u e o f W / C . I t i s 
a l s o e a s y t o i n t e r p o l a t e ; e . g . k f o r a m i x w i t h A / C 4 . 5 , 5 2 % f i n e s a n d W / C 0 . 6 7 
w i l l b e a b o u t 2 . 7 N m s . 

K a y f o u n d t h a t m i x e s s u i t a b l e f o r h y d r a u l i c p r e s s i n g m u s t h a v e k = 1 . 7 ± 0 . 3 
a t t h e s h e a r r a t e c o r r e s p o n d i n g t o n = 1 . 9 4 . T h i s ' a c c e p t a b l e r a n g e ' i s a l s o 
s h o w n i n F i g u r e 1 3 . 7 . A H m i x e s w h o s e c o m p o s i t i o n s l i e b e t w e e n t h e p a r a l l e l 
l i n e s i n d i c a t e d b y t h e a r r o w s w i l l p e r f o r m w e l l i n t h e p r o c e s s . A n y w h o s e 
c o m p o s i t i o n i s o u t s i d e t h o s e l i n e s w i l l p e r f o r m l e s s w e l l , a n d m o r e s o t h e 
f u r t h e r t h e y a r e a w a y f r o m t h e b a n d e n c l o s e d b y t h e p a r a l l e l l i n e s . 

* M c i n t o s h J . D . ( 1 9 4 9 ) M e t h o d o f g r a p h i n g s e v e r a l v a r i a b l e s M a g a z i n e of 
C o n c r e t e Research, 3, 1 4 5 - 8 



1 4 W o r k a b i l i t y m e a s u r e m e n t 
a s a m e a n s o f q u a l i t y 
c o n t r o l 

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

Quality control is an important consideration in all but the most trivial 
manufacturing processes and its importance for concrete production 
has increased with the advent of quality assurance schemes and the 
introduction of the concept of what are known as 'designated mixes'. 
Tipler 1 has reviewed the efforts to improve concrete quality over a 
period of 30 years or so, up to the introduction of the Quality Scheme 
for Ready Mixed Concrete (QSRMC) in 1984, and the publication of its 
Manual2. Since, as Newman 3 points out, the ready-mixed concrete 
industry is the source of the bulk of site-placed concrete (two-thirds in 
1986) this is a significant development, and the situation now is that 
QSRMC employs staff to assess continually over 1100 plants which 
together produce over 90% of U K ready-mixed concrete. 

In 1989 there occurred improvements in that, as stated by Barber4, 
T h e governing board became independent with a broad represen
tation from industry, government and the private sector. In parallel 
with this, certificated companies were required to introduce full 
BS5750 quality systems into their operations'. 

The designated concrete-mix system has been described by Harrison 5 

and the intention is that a purchaser need only select an appropriate 
mix title and state whether the intended use is for unreinforced, re
inforced or prestressed concrete. For example, designated mix RC40 
with a recommended slump value of 75 mm is listed as suitable for 
reinforced concrete to be subjected to severe exposure; the character
istic strength would be 40N/mm 2 , it would have a minimum cement 
content of 325 kg/m 3 and a maximum water/cement ratio of 0.55. The 
responsibility for meeting requirements would lie with the fresh con
crete producer and Harrison envisages that 'Given time, reduced or 
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no site testing will become the norm for most situations. . .', but he 
recognizes that purchasers need to develop confidence in the desig
nated mix system and may wish to reduce the level of site testing pro
gressively. Detailed mix specifications are to be included in BS5328. 

According to Barber4: 'QSRMC recommends that a single clause (in 
specifications) is sufficient and effective to provide a basic specification 
covering materials, acceptance procedures with control of strength 
and durability. That single clause is: 
R E A D Y MIXED C O N C R E T E : 
"Ready-mixed concrete shall be supplied from a plant currently cer
tificated by the Quality Scheme for Ready Mixed Concrete, or a plant 
certificated under a Product Conformity Certification Scheme ac
credited to a standard equivalent to that of the National Accreditation 
Council for Certification Bodies 7". 

14.2 G E N E R A L P R I N C I P L E S O F Q U A L I T Y C O N T R O L 

Quality control of any manufactured product may be achieved through 
the following stages: 
(a) specification of raw materials; 
(b) testing of raw materials and use of the results to modify (c) below; 
(c) specification of processing; 
(d) testing at intermediate stages of production and use of the results 

to modify (c) above, to modify the product at the intermediate 
stage, or, if necessary, to reject the product at this stage and 
avoid further financial loss; 

(e) testing of the final product for pass/fail and use of results to 
modify (c) above. 

The emphasis to be laid on each of these five steps will depend 
on the natures of the process and the product, and on the degree of 
control that is thought to be acceptable. In a very simple process it 
may be sufficient to carry out (a) and (c) only but in the case of con
crete it is necessary to consider all five, and the extent to which this 
has been done in the QSRMC Manual has been discussed elsewhere 6 , 7 , 8 . 

14.3 P R E S E N T P R A C T I C E 

The usual way in which account is taken of the five steps in concrete 
production is as follows. 

Step (a) 

Specifications for raw materials are laid down in terms of the appro
priate standards but, as is well known, that cannot be sufficient to 
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ensure adequate constancy. Complaints about variability of the water 
requirement of cement are common and the properties of nominally 
identical aggregates can vary significantly, particularly in their grad-
ings, the proportion of crushed oversize material, and of course, mois
ture content. It would not be practically possible to tighten up the 
specifications to eliminate these variations so it is necessary to con
sider whether the alternative of corrective action can be applied, and 
this involves a consideration of the later steps. 

Step (b) 

Testing of raw materials may be carried out to ensure that they comply 
with the specification, and also to look at variations within the per
mitted limits with a view to modifying step (c). However, when this is 
done it is only on a relatively long-term basis so that only trends can 
be allowed for; there is no attempt to assess raw materials for each 
batch of concrete to permit appropriate adjustments to be made. It 
would be very difficult to institute such testing at an adequate level; 
for example, grading and particle shape of aggregates would not only 
be difficult to assess on a more or less continuous basis but there is 
no way of describing the results of a test in sufficiently simple terms. 

The one important factor that, in principle, could be measured and 
allowed for is aggregate moisture content, but even here there are 
difficulties that arise not so much in devising a method of measure
ment as in ensuring that the result is representative, as has been 
pointed out by Anthony 9. Even on a laboratory scale it is not easy. 
Although it is claimed for some modern computer-controlled plants 
that the difficulties have been overcome, the normal practice is to 
assume an average value for moisture content and use it in calcula
tion of batch weights of aggregates and water. The frequency and 
efficiency of checking on the assumed value will vary from plant to 
plant but, clearly, here is a probable source of significant variability 
in the product. 

Step (c) 

Specification of processing involves laying down requirements for the 
design of batching and mixing plant and of tolerances for the accuracy 
of measuring equipment, but it should also include standardization of 
the mixing procedure, particularly if the mix contains an admixture, 
when even total time of mixing may be important. 

It may seem a simple matter to control the quantities of the com
ponents of a mix. For example, cement can be weighed accurately 
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Percentage ^0 
Error in 
Water Added 

30 H 

20 

10-

Mix 320 kg/m3 OPC 
6:1 A:C 
35% fines 
0.55 W/C 

Assumed 5% moisture 
in fine aggregate 

required 
accuracy of 
metering 

I 

2 6 8 10 

Percentage Moisture 
in Fine Aggregate 

-20 

F i g u r e 1 4 . 1 P o s s i b l e e r r o r s i n q u a n t i t y o f w a t e r a d d e d . 

enough but, even here, problems can arise from equipment failure. 
A case has been reported1 0 where the aggregatexement ratio drifted 
from 6.5:1 to 8:1 because the batching equipment was weighing ce
ment stuck in it as well as the cement discharged to the mixing drum, 
and there have been several instances of production of batches with 
low, or even zero, cement content because of a leakage in the wall 
between cement and cement-replacement silos. 

Problems can also arise from human error even in the most sophis
ticated plant. Limestone aggregate may be used instead of a specified 
gravel and on one important job a very expensive mistake was made 
when a large quantity of concrete was made with the wrong admixture 
(an air-entraining agent instead of a plasticizer), and the error was 
discovered after the material had set, in heavily reinforced sections. 

It may be thought that difficulties of this type are so infrequent as 
to be unimportant, but when they do occur they may be very costly. 
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M i x 3 2 0 k g / c u . m O P C 
6 : 1 A / C 
3 5 % f i n e s 
0 . 5 5 W / C 

S p e c i f i e d W / C 

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

F i g u r e 1 4 . 2 P o s s i b l e e r r o r s i n w a t e r / c e m e n t r a t i o . 

It may also be said, with hindsight, that they were due to carelessness 
and should not have happened at all, but such a criticism is facile, 
although the importance of good supervision should be recognised. 

A more pressing problem, because it is present all the time, is the 
one arising from the inadequate knowledge of aggregate moisture con
tent mentioned earlier. Figures 14.1 and 14.2 illustrate the consequences 
of an error in the estimation of the moisture content of the fine aggre
gate in a mix specified as 320 kg/m 3 cement, 6:1 aggregatexement ratio, 
0.55 water/cement ratio, when the assumed moisture content is 5%. 
If, for example, the moisture content is actually 7% the error in water 
addition is around 12% and the water/cement ratio becomes 0.6. Thus 
the potential errors are sizeable, and even if they are detected later, 
water that has been put in cannot be taken out. 

Step (d) 

Testing of the intermediate product, the fresh concrete, is restricted to 
subjective assessment based on visual inspection supplemented by 
occasional slump testing that is carried out not at the plant, but at the 
d e l i v e r y s i t e . Barber states7: T h e (QSRMC) scheme requires every 
load to be inspected visually during mixing of the concrete and im-
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mediately before delivery. Slump tests are carried out every time a 
cube is made and the data fed back to the batcher'. 

The remark made in Chapter 1 may be repeated here, that the field 
of view available to the batcher may be very limited or the level of 
illumination may be inadequate, and attention is drawn again to the 
other comments already made about subjective assessment. 

Step (e) 

Testing of the final product, the hardened concrete (as a material), 
normally depends entirely on the compression testing of concrete 
cubes that should have been made and cured in a standard way. 
Quality-control systems based on 28-day strengths, and on correla
tions between early-age strengths and 28-day strengths, have been 
devised, and there is no doubt that methods of this type, using for 
example cusum charts, have contributed substantially to improve
ments in control of concrete production. The obvious defects are that 
they can detect only trends, and that the results are available only 
after the particular batches of concrete have been placed on the job 
and have set. There is no hope that they can be used to prevent the 

T a b l e 1 4 . 1 V a r i a b i l i t y o f f a c t o r s a f f e c t i n g w o r k a b i l i t y a n d t h e i r e f f e c t s o n w a t e r 
c o n t e n t o f c o n c r e t e 

Factor that may vary Possible necessary 
change in water addition 

(in l i t r e s / m 3 ) if s l u m p 
is to be kept constant 

( a ) C o a r s e a g g r e g a t e g r a d i n g ± 3 
( b ) C o a r s e a g g r e g a t e s h a p e ± 6 
( c ) F i n e a g g r e g a t e g r a d i n g ± 5 
( d ) C o a r s e a g g r e g a t e m o i s t u r e c o n t e n t ± 1 2 

( s a y v a r i a t i o n o f 1 % ) 
( e ) F i n e a g g r e g a t e m o i s t u r e c o n t e n t ± 1 5 

( s a y v a r i a t i o n o f 2 % ) 
( f ) A b s o r p t i o n o f a g g r e g a t e s C o u l d b e u p t o ± 3 

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

(s) W a t e r d e m a n d o f c e m e n t ± 6 (s) ( c h a n g e o f 3 0 m m s l u m p n o t e x c e p t i o n a l ) 
( h ) T e m p e r a t u r e ± 6 
( i ) B a t c h i n g a c c u r a c y + 2 

( p o s s i b l e o v e r s a n d i n g o f 1 5 k g / m 3 s a y ) 

N o t e : S o m e s o u r c e s o f a g g r e g a t e s m a y s h o w l a r g e r e f f e c t s t h a n t h o s e 
q u o t e d . 
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acceptance of defective batches and certainly no possibility of using 
them for immediate corrective action. 

14.3.1 Appraisal 
Ready-mixed concrete suppliers are well aware of the problems caused 
by the variability of materials and they attempt to deal with them. 
For example, one company has issued a guide from which the in
formation in Table 14.1 has been abstracted. Many ready-mixed plants 
are equipped with a wattmeter or ammeter connected in the supply 
line to the mixer and its readings are used in an effort to control work
ability, and to meet a given slump specification. Since the speed of the 
mixer is not varied, this is another single-point test subject to all the 
criticisms that have been given already and, like the slump test, it can 
classify as identical concretes that are not. Moreover, because it oper
ates at a rate of shear different from that prevailing in the slump test, 
its results cannot be expected to correlate with slump. The fact that 
they do not is illustrated by results reported by Wallevik 1 1 and shown 
in Figure 14.3; here, the correlation coefficient is only 0 . 3 for nine 
degrees of freedom which means that there is no evidence of any 
correlation. 

Exactly the same strictures apply to the slump meter that has been 
fitted to some ready-mixed concrete trucks. This is a pressure gauge 
fitted in the hydraulic line of the drum drive and measuring indirectly 

3800 

3600 

3400 

3200 

3000 
160 200 220 

SLUMP AT 15 MINUTES (mm) 
260 

F i g u r e 1 4 . 3 L a c k o f r e l a t i o n s h i p b e t w e e n w a t t m e t e r r e a d i n g a n d s l u m p v a l u e . 
(Wallevik) 
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the torque required to rotate the drum. The scale of the gauge is marked 
in terms of slump. This apparatus was developed as a result of work 
by Harrison 1 2 and was subsequently patented1 3. 

Of course, provided only water content changes, and nothing else, 
these two methods, like other single-point methods, will permit some 
degree of control but the results will be misleading, and possibly se
riously so, as soon as any other factor alters. Some batchermen do 
appreciate that any correlation they may have between wattmeter 
reading and slump is different for different mix specifications; in other 
words, the practical batcherman has recognized that a single-point 
test is inadequate except for variation of water content only.* 

It seems fair to conclude that objective testing of the fresh concrete 
is so deficient as to be practically non-existent and subjective assess
ment does not and cannot substitute for it. In the other four of the 
five steps in establishing a control system, most of what could reason
ably be done is already being done and improvements could only be 
marginal, at least in the case of good plants. The weak link is the in
adequacy of testing of the fresh concrete; it is here that attention could 
be given and could lead to worthwhile improvements in control. 

CEMENT 
Composition Quantity 

AGGREGATES 
Grading Shape Quantity % moisture 

WATER 
Quantity 

HARDENED 
CONCRETE 
QUALITY 

•{^Curing^) 

F i g u r e 1 4 . 4 F a c t o r s a f f e c t i n g p r o p e r t i e s o f c o n c r e t e . 

* S e e A p p e n d i x . 
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14.4 P O S S I B I L I T I E S I N T E S T I N G F O R C O N T R O L 

It is worth recalling that the object in controlling concrete production 
is to produce a material that in its hardened state fulfils all that is re
quired of it, and that the properties in the fresh state are of subsidiary, 
though still very great, importance. Therefore it is not sufficient to 
control workability alone without consideration of the possible effects 
on the properties of the hardened concrete. 

The important relationships are indicated in Figure 14.414 which 
shows the main factors that, for a given mix specification, can vary 
and influence the properties of the hardened concrete. Of the seven 
listed, only three, cement quality, cement quantity, and water quantity, 
have a major direct effect. The others, which relate to the aggregates, 
affect the hardened properties principally because they affect work
ability of the fresh concrete. Changes in them either cause changes in 
workability so that perhaps the concrete cannot be placed and com
pacted adequately and there is a consequent loss of strength, or, so 
that such a consequence can be avoided they necessitate changes in 
mix proportions. Moreover, the three factors that do have a direct 
effect on hardened properties also affect workability. Workability also 
affects, and is affected by, the mixing process so that with the excep
tion of the independent process of curing, the property of workability 
is related to all the other items shown in Figure 14.4, as well as to 
other factors, such as the presence of admixtures or replacements, 
which have been omitted from the figure in the interests of simplicity. 

Although both suppliers and purchasers of fresh concrete are well 
aware of the information summarized in Figure 14.4, it is not uncom
mon for it to be ignored in practice and for the tacit assumption to be 
made that water content is the only variable of importance because 
the others can be taken as being sufficiently constant. If that were 
true, there would be, for a given mix specification, a simple relation
ship between results of a single-point workability measurement, such 
as slump, and the 28-day cube-strength results. There is no published 
suggestion that the slump test should be used in this way and in fact 
Shilstone 1 5 claims to show that, for a very large number of site re
sults, there was no correlation between slump and cube strength. 
Although Shilstone's statistical treatment is unsatisfactory, his general 
conclusion is right in essence. 

Nevertheless, practical decisions are not infrequently made on the 
basis that if the slump is right the mix must be right generally, and not 
only in terms of its workability. Conversely, it may be assumed that if 
the slump is high the concrete must be defective. An example of this 
has already been given, of a job where a concrete with a slump con-
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siderably higher than specified was delivered and cast into a column, 
and when this was subsequently discovered by the Resident Engineer 
he insisted that the column concerned be demolished although non
destructive testing indicated that the suspect concrete was as strong 
as the rest. 

The question that arises from Figure 14.4 is to ask whether it is 
possible to test workability in such a way that the results can indi
cate, if workability differs from that specified, what is the cause of the 
departure. If that objective cannot be fully attained, it would be very 
useful if batches could be separated into those for which variation 
of water content is the only factor causing variability, and those for 
which some other factor or factors has influence. This cannot be done 
with any single-point test; if slump differs from that specified there is 
no way of knowing why. The potential of the two-point test will now 
be examined. 

14.5 CONTROL POTENTIAL OF THE TWO-POINT TEST 
The potential of the two-point test in matters of quality control lies in 
the fact that the various factors that can affect workability, such as 
the properties and proportions of mix components, affect g and h , of 
course, but do so in different ways according to what is the causative 
agent. For example, an increase in water content decreases both g and 
h , whereas an increase in plasticizer content decreases g with com
paratively little effect on h . These and other effects have been dis
cussed in more detail in earlier chapters but may be summarized for 
practical purposes in making site decisions as shown in Table 14.2. 

The information in this table is deliberately somewhat simplified 
but it provides a satisfactory basis for practice. It will be noticed that 
the first three factors have effects which, at least in direction (i.e. 
increase or decrease), are the same for all mixes, whereas the others 

T a b l e 1 4 . 2 F a c t o r s a f f e c t i n g w o r k a b i l i t y 

C a u s e Result 
Increase in C h a n g e in 

g h 

W a t e r D e c r e a s e D e c r e a s e 
P l a s t i c i z e r D e c r e a s e N o n e 
A i r e n t r a i n m e n t N o n e D e c r e a s e 
F i n e s D e p e n d s o n p a r t i c u l a r m i x 
C e m e n t D e p e n d s o n p a r t i c u l a r m i x 



224 Workability measurement as a means of quality control 

Torque 

F i g u r e 1 4 . 5 S i t e r e s u l t s . E x a m p l e ( 1 ) . 

have effects whose size and direction depend on the mix under con
sideration. For example, as was shown in Chapter 9 , an increase in 
fines may increase both g and h , decrease both, or increase one and 
decrease the other, depending on the mix that is the starting point. 
A consequence is that an attempt to introduce the two-point test as 
a quality control method can be looked at in two stages, that is, re
spectively, without and with preliminary investigations on the mix(es) 
of interest. The fullest information possible will be obtainable only in 
the latter case, but considerable progress can be made even in the 
former case. Examples taken from actual site investigations will make 
this clear. 

14.6 Q U A L I T Y A S S E S S M E N T W I T H O U T 
P R E L I M I N A R Y I N V E S T I G A T I O N S 

All the examples given in this section relate to cases where the two-
point apparatus was installed on site and simply used to collect results 
on a more or less routine basis. 

Example 1 

Figure 14.5 shows results obtained on eleven nominally identical 
batches of a superplasticized flowing concrete that was being used to 
cast a basement floor, and it can be seen that the concrete supplied 
was very variable. The lines marked A form a fan-shaped set typical of 
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g 20 

F i g u r e 1 4 . 6 R e p l o t o f d a t a f r o m F i g u r e 1 4 . 5 . 

the type obtained when only water content is varied. Line B, further 
to the left, can also be regarded as belonging to this set, and the sim
plest explanation of the high workability of this batch is that far too 
much water was added. Line D is quite accurately parallel to one of the 
lines in the set, i.e. g is higher but h is the same, and the difference 
in this case can be attributed to a failure to add the correct amount of 
superplasticizer. Line C crosses several others, and this was thought 
to be due to a change in the fines content or in the nature of the sand. 
These observations were communicated to the project manager who 
had been responsible for obtaining the results. He replied that the 
batch represented by line D had in fact contained less superplasticizer 
(by deliberate decision) and he confirmed that during the making 
of these batches there had been a new delivery of sand, although 
he could not specifically identify the batch(es) that might have been 
affected. 

An alternative way of considering the results is shown in Figure 
14.6 as a plot of g against h . The points for batches A and batch B fall 
close to a single line with a positive slope, indicating quite clearly 
that for these batches the only factor contributing to the variability 
of workability is variability of water content but the points for batches 
C and D fall well away from the line showing that some factor other 
than variation of water content is responsible. 

This illustrates a simple technique that can be used generally. If 
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the relation between g and h is found to be a simple line with a posi
tive slope, the factor causing variation is water-content variation only. 
(Theoretically, complex combinations of other factors could result in 
such a simple relationship but that occurrence is so improbable that 
it can be ignored as a practical possibility.) If the relationship between 
g and h is of any other form, or if there is no apparent relationship, 
simple variation of water content can immediately be ruled out as the 
cause of workability variation. When the relationship does exist, indi
vidual points distant from the line indicate that, for the batches they 
represent, some factor other than water content is important. 

Example 2 

A request was received from a site where considerable trouble had 
been experienced because of variability of the concrete, for an inves
tigation to be carried out with a view to identifying the causes. The 
mix as specified by the supplier was 330 kg/m 3 O P C including 50% 
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ggbs, aggregates 20 mm crushed limestone and quartzite sand with 
A : C 5.5:1 and 43% fines, and water to total cementitious ratio 0.5. The 
mix also contained a lignosulphonate plasticizer. 

Preliminary experiments, conducted mainly to instruct a previously 
inexperienced operator in the use of the apparatus, gave flow curves 
that tended to be parallel to each other showing that variability was 
largely due to variation in the effects of the plasticizer. The supplier 
was asked to check on his measurement of plasticizer and subsequently 
54 results were obtained in one day when all batches delivered to 
the site were tested. The results are shown in Figure 14.7 and the 
following deductions can be made. 
(a) Batch-to-batch variability is very high. 
(b) During one day variability decreased and the variability of batches 

delivered in the afternoon was statistically significantly less than 
that of batches delivered in the morning. This suggests that 
either there was a change in batcherman or that the batcher-
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man was gradually learning to deal with this particular mix 
specification. 

(c) Changes in workability showed no relation to the age of the 
concrete at the time of test although that age varied from about 
15 min to 75 min. 

(d) There was no discontinuous change in workability levels that 
could be associated with some discontinuous change at the plant, 
such as delivery of a new batch of aggregates. 

(e) A plot of g against h (Figure 14.8) showed that there was a very 
highly significant correlation between the two but that correlation 
was negative; this relationship immediately rules out variation 
of water content as the cause of the variation in workability. 
The tendency again for the flow curves to show parallelism sug
gested that the culprit was variation in plasticizer. Because the 
supplier had been asked specifically to check on the measure
ment of quantity it was thought the cause was likely to be some 
other factor such as variation in the time or method of addition. 
In the original report1 6 on this job it was stated that the negative 
correlation between g and h could be explained if the batcher-
man was making some error in dealing with the plasticizer and 
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then attempting to correct, on the basis, of subjective judgment 
or wattmeter reading, by adjusting the water content to com
pensate. It is now realized that this statement is quite incorrect; 
such a practice would result in a positive correlation, so some 
other explanation must be sought. This is considered again in 
the next example. 

Example 3 

On another site where, again, a lignosulphonate plasticizer was being 
used, variability was again thought to be due to the plasticizer because 
the flow curves obtained tended to parallelism. The discharge from 
the dispenser was therefore checked and, although the quantity was 
5 % less than indicated by the apparatus it was reproducible. Care was 
also taken to add the plasticizer in the same way consistently from 
batch to batch and then it was found that, although the variability of 
the concretes produced was not great, there was again a statistically 
significant negative correlation between g and h . As before, this im
mediately rules out variation in water content and indicates variation 
in plasticizer as the culprit. But this time, it is known that the amount 
added was satisfactorily controlled and so was the time and method 
of addition, and it is also realised that the previously proposed ex
planation in terms of compensation by altering water content is in
correct. The fact that statistically significant negative correlations have 
been obtained on several occasions cannot be ignored and it demands 
some explanation. 

Because the correlation is negative, the explanation must be in terms 
of some factor whose variability causes changes in g and h in opposite 
directions. That factor might be related to the fact that a lignosulphonate 
can act as a plasticizer (affecting g preferentially) and also as an air-
entraining agent (affecting h preferentially). It is interesting to note 
that, since this suggestion was first made, Penttala, in the work men
tioned in Chapter 10, found that delayed addition of a superplasticizer, 
caused an increase in workability and a decrease in air content. Al 
though he used melamine formaldehyde and naphthalene formal
dehyde sulphonates, his results do lend some support to the sugges
tion. If there is any substance in it, the effect might be expected to 
depend on the nature and duration of the mixing process. 

O n one afternoon mixing time was recorded for 13 batches and was 
found to have a mean of 33mm with a range from 1 to 5 min. Work
ability measurements were made on five of these batches with the 
results shown in Table 14.3. The correlation coefficients obtained in 
this case are rather low but again, and this time for only five results, 



230 Workability measurement as a means of quality control 

T a b l e 1 4 . 3 M i x i n g t i m e a n d g a n d h f o r p l a s t i c i z e d m i x 

M i x time S l u m p r 8 h 
( s ) ( m m ) ( N m ) ( N m s ) 

6 6 7 0 0 . 9 4 3 8 . 0 8 0 . 7 2 
2 2 3 1 1 0 0 . 9 8 9 5 . 2 5 1 . 9 6 
3 0 0 1 1 0 0 . 9 7 2 5 . 1 7 1 . 8 3 

6 6 7 0 0 . 9 7 0 6 . 9 9 1 . 6 4 
2 1 0 1 2 0 0 . 9 6 2 4 . 1 6 2 . 4 4 

there is a statistically significant correlation between g and h with 
r = -0.94. Moreover, as shown in Figure 10.7 of Chapter 10, there 
appears to be a tendency for g to decrease with mixing time and for 
h to increase. These two relationships are not statistically significant, 
chiefly because of the very small number of results available, but 
there is nothing to be lost by guessing from them that it would be 
worthwhile to standardize mixing time. This was therefore done and 
seems to have been justified by the fact that the ranges of g and h 
were reduced by 34% and 15% respectively. 

Example 4 

On one piling contract routine measurements were being carried out 
when several consecutive batches showed a sudden increase in h to 
about double its normal value, while g remained substantially un
altered. This led to an examination which showed that, in error, the 
suspect batches contained crushed limestone coarse aggregate instead 
of the gravel that had been specified. As pointed out earlier, the re
sulting concrete would be unsuitable for piling because it does not 
flow satisfactorily. 

Example 5 

The results shown in Figure 14.9 and 14.10 were obtained with the 
L M (planetary) form of the apparatus on two separate days and the 
figures given against the lines are the final figures of the batch num
bers: that is, they show the order of delivery of the batches. Although 
there are only about half a dozen results from each day the following 
conclusions can be drawn with confidence. 
(a) The patterns of results from the two days are markedly different 

and sufficiently so as to indicate some definite change in practice 
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in the making of batches, such as might arise from the employ
ment of a different batcherman. 

(b) Results from the second day form the fan-shaped pattern typical 
of the case when only water content is changing and this is con
firmed by the fact that the correlation coefficient between g and h 
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is 0.90 which, even for this small number of results is statistically 
significant. 

(c) The first five of the seven results from the first day are reason
ably parallel to each other and so are the last two. This indicates 
the cause of variability as being plasticizer variability. 

(d) The last two lines, while being parallel to each other, cross the 
set of the other five, which, as already said, are also parallel to 
each other. This sudden change, between batches 48 and 50, 
suggests that some sudden change took place at the plant. That 
change could have been, for example, delivery of a new batch 
of aggregate. 

All the examples above show what can be achieved by using the 
two-point test without any special preliminary experiments but with 
the exercise of common sense and some knowledge of what else is 
happening on the site or at the plant. If it is possible to carry out 
investigations before the job starts, the possibilities become wider. 

14.7 QUALITY ASSESSMENT WITH PRELIMINARY 
INVESTIGATION 

Example 6 

It has already been shown that the effects of changes in factors such 
as fines content and cement content vary for different mixes and no 
generalizations can be made, so if it is desired to exercise some con
trol on these factors it is necessary to obtain information specific to 
the mix under consideration, preferably before the start of the job. So 
far, very few opportunities have been offered to carry out trials of this 
nature so only one example can be given. 

T a b l e 1 4 . 4 L a b o r a t o r y t r i a l m i x e s 

M i x N o . Free 
W / C 

S l u m p 
( m m ) 

F i n e s 
(%) 

C e m e n t 
( k g / m 3 ) 

g 
( N m ) 

h 
( N m s ) 

C o m m e n t 

S T 1 0 . 5 1 1 7 5 4 0 4 0 0 2 . 8 0 2 . 2 7 S p e c i f i e d 
S T 2 0 . 4 9 1 6 5 4 0 4 0 0 2 . 9 4 3 . 3 5 L e s s w a t e r 
S T 3 0 . 5 6 1 9 0 4 0 4 0 0 2 . 1 1 1 . 3 8 M o r e w a t e r 
S T 4 0 . 5 1 2 0 3 3 8 4 0 0 1 . 9 0 2 . 7 1 L e s s f i n e s 
S T 5 0 . 5 1 1 5 9 4 5 4 0 0 3 . 1 1 2 . 4 2 M o r e f i n e s 
S T 6 0 . 5 4 * 2 0 9 4 1 3 8 0 1 . 9 9 2 . 9 1 L e s s c e m e n t 
S T 7 0 . 4 9 * 1 1 0 4 1 4 2 0 4 . 4 1 4 . 5 9 M o r e c e m e n t 

* S a m e f r e e w a t e r c o n t e n t a s S T 1 
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Diaphragm walls were being constructed by displacing bentonite in 
an excavated trench with a mix specified to have a cement content 
(SRPC) of 400 kg/m 3 with an aggregatexement ratio of 4.5:1 and a W/C 
ratio of 0.51. The aggregate was a gravel combined with a washed 
sand at 41% fines and the mix contained a plasticizer. Before the site 
was visited, trial laboratory tests were carried out on the specified mix 
and on mixes based on the specified mix, using the same materials 
as were to be used on site, to get some idea of the effects of possible 
sources of the expected variability of site results. The mixes and results 
were as shown in Table 14.4. 

During a subsequent visit to the site, tests were carried out on 
twenty deliveries of concrete; the results are plotted in Figure 14.11, 
which is due to Bloomer1 7. It can be seen that nearly all the site mixes 
are more workable than the specified mix as shown by the fact that 
both g and h are less than they should be. Some of them are very much 
more workable than specified as was confirmed by the four slump 
tests carried out by site personnel. In most cases, for which the points 
lie close to the line showing the effect of change of water content, or 
to that line extrapolated, the higher workability is simply due to high 
water content. In the case of the batch marked by an asterisk, the 
change in workability is probably due to a reduction in cement con-
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tent or percentage fines and, while it is not possible without further 
evidence to say which, it would be easy to decide by means of a simple 
sieve test, in a matter of minutes. For several of the batches some dis
tance to the right of the dotted line, the change in workability is prob
ably caused by a combination of a decrease in fines or cement together 
with an increase in water content. 

It is perhaps worth pointing out also that there are several other 
mixes on the plot that have approximately the same value of g , and 
therefore the same slump, as the asterisked batch but the workability 
of the latter is lower because of the higher value of h . Compared with 
the specified mix, the value of g for the asterisked mix is lower but the 
value of h is higher so, in the absence of further information of the type 
discussed in Chapter 13, it is not possible to say whether on the actual 
job this mix would be more workable or less workable than the specified 
mix. 

The principles illustrated in this example could obviously be ex
tended, for example by investigating the effect of changes in fines 
content at more than the one cement content, and a diagram with 
more information could easily be constructed. The amount of work 
required is quite small and is easily justified by the potential benefits. 
Kay's work, described in Chapter 13, is an excellent example. 

14.8 P R E D I C T I O N O F S T R E N G T H 

It has already been pointed out that, in general, there is no direct 
relationship between the workability of the fresh concrete and the 
strength of the hardened concrete, and in this connection, Shilstone's 
results were mentioned. The reason is that strength is determined 
primarily by the water/cement ratio, provided the concrete is properly 

T a b l e 1 4 . 5 2 8 - d a y c u b e s t r e n g t h s a n d w o r k a b i l i t y ( C a s e 1 ) 

8 h S t r e n g t h 
( N m ) ( N m s ) ( N / m m 2 ) 

(mean of two) 

5 . 0 6 2 . 0 3 4 9 . 2 
3 . 1 7 1 . 7 1 4 6 . 9 
4 . 1 0 2 . 7 0 5 5 . 6 
3 . 1 6 2 . 7 0 4 7 . 4 
2 . 8 9 3 . 3 3 5 3 . 2 
3 . 3 9 2 . 5 5 4 9 . 9 
4 . 4 1 2 . 8 1 5 0 . 1 
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compacted, whereas workability is affected by many other factors as 
well. However, if it could be shown, for a series of nominally identical 
batches, that the only (or at least the predominant) factor causing 
variation of workability is variation of water content, then a simple 
relationship between workability and strength might be expected. 
Whether or not the required condition holds is indicated by whether 
or not there is a positive correlation between the values of g and h. 

So far, there has been little opportunity to obtain, from site, both 
two-point test results and cube strengths on the same batches, so 
available data are limited, but two practical cases may be considered. 

Results on seven batches for the first case are shown in Table 14.5. 
Figure 14.12 shows immediately that there is no positive correlation 
between g and h so variation in water content is not the predominant 
cause of variation in workability and therefore no correlation between 
strength and any measure of workability is to be expected; in fact 
none exists. 

Results on the six batches of the second case are shown in Table 
14.6. Figure 14.13 suggests for these results that there might be a posi-



236 Workability measurement as a means of quality control 

T a b l e 1 4 . 6 2 8 - d a y c u b e s t r e n g t h s a n d w o r k a b i l i t y ( C a s e 2 ) 

g 
( N m ) 

h 
( N m s ) 

S t r e n g t h 
( N / t n m 2 ) 

(mean of two) 

5 . 9 2 
3 . 6 6 
2 . 5 9 
3 . 6 8 
3 . 5 6 
5 . 9 0 

1 . 5 6 
1 . 3 0 
0 . 7 9 
2 . 0 6 
2 . 1 9 
1 . 6 3 

4 7 . 5 
4 3 . 4 
4 0 . 8 
4 5 . 5 
4 4 . 7 
4 9 . 0 

9 
Nm 

x y 2 

6 
* * 7 

1 
3 

h Nms 

F i g u r e 1 4 . 1 3 P l o t o f g a g a i n s t h . ( C a s e 2 . ) 

nve correlation between g and h , indicating water content as the main 
cause of variability, but, for this small number of points, the correla
tion is not statistically significant. Nevertheless, a plot of 28-day cube 
strength against g gives the result shown in Figure 14.14 with a corre
lation coefficient of 0.929 which, even for this small number of results, 
is significant at the 0.01 level. 
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The standard deviation of the six cube results is 2.94N/mm 2 which 
indicates quite good control, but a figure even more encouraging is 
obtained by considering the standard deviation about the line shown 
in Figure 14.14. That line, the best line calculated taking g as the in
dependent variable, has the equation 

C 2 8 = 36.7 + 2.0g (14.1) 

and the standard deviation about it is only 1.2 N/mm 2 . Thus, most of 
what variability does exist in this case is accounted for by variation in 
water content and, if the same degree of control could be maintained, 
equation 14.1 could be used to predict 28-day strengths from work
ability measurements on the fresh concrete. 

It may also be remarked that, provided the condition exists that 
water content variation is the predominant cause of variation of work
ability, strength may also be expected to correlate with the results of 
a single-point workability test and, in fact, for the results of Case 2 
there is a significant negative correlation between strength and slump. 
Unfortunately, this is of little practical interest because no single-point 
test can demonstrate that the necessary condition holds to begin with. 
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Clearly, more work is needed. If the indications of these inadequate 
results are borne out, it will be possible to predict the strength of 
hardened concrete to an accuracy of a few N/mm 2 from measure
ments of workability made before the concrete is placed. The con
sequential benefits need no emphasizing. 

14.9 E S T A B L I S H I N G A C O N T R O L S Y S T E M 

To establish a control system by testing fresh concrete requires: 
(a) specification of required values of g and h with tolerances; 
(b) testing to determine whether the specification has been met; 
(c) where the specification has not been met, examination of results 

to indicate reasons for the failure. 
The principles underlying all three of these stages have now been 

discussed and it has been shown how they have been applied in one 
particular case, that of concrete for pressed slabs as investigated by Kay 
whose work was discussed in the last chapter. The same methods 
can be used for any other job if the necessary work is carried out. 

Without such work, on site or at the plant, it is not possible to de
tail a full scheme for any particular job because circumstances vary 
so widely. 

However, it does not follow that nothing can be done in the absence 
of what some may regard as a major investigation; it is easy to make 
a start without any preliminary work at all, and to make useful pro
gress simply from the systematic collecting of results from site or plant 
testing, in addition to carrying out present normal site practice. In 
any case, it is not to be suggested that here is a ready-made scheme 
that can be applied without much thought, and that the accumulated 
knowledge of practising engineers can just be ditched. Introduction 
of what to most people are new ideas should proceed in stages, and 
they will be found to be of increasing practical value as they become 
familiar. Not only do requirements vary from job to job, they also vary 
at different stages of the job; for example, it is fairly obvious that the 
purchaser of fresh concrete will be concerned only, or mainly, with 
stages (a) and (b) listed above, whereas the maker of fresh concrete 
must necessarily be very concerned with stage (c) if he is to run his 
plant economically. Bearing all this in mind, a suggested procedure 
for the introduction of two-point testing on existing jobs might be 
as follows. 
(a) Carry out all normal procedures that would be carried out if 

two-point testing were not to be introduced. If workability is 
specified in terms of slump, or any other of the standard tests, 
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carry out that test as normal. Make all the usual observations 
and inspections. 

(b) Carry out two-point testing on as many batches as possible. It 
is well worthwhile to start with a 'blitz' and test every batch if 
possible, or every other batch, for a day or two, and then the 
frequency of testing can be reduced, as experience is gained. 

(c) Make sure batch numbers are recorded. This may seem obvious 
but experience has shown that it is often neglected. Record also 
age of concrete at time of test and, if possible, temperature of 
concrete and of surroundings. 

(d) Make sure that g and h are obtained for all batches from which 
cubes are taken. 

(e) Record an assessment on a numerical scale (say 1 to 10) of the 
suitability of the concrete for the job concerned. This assessment 
may if possible be made in objective terms by noting, say, pump
ing pressures (record also the length and nature of the line) but will 
often have to made in purely subjective terms when it should be 
done by an experienced engineer and/or by the operative actually 
working the concrete. 

(f) Make sure that g and h are obtained for difficult batches and 
particularly for any that are rejected. 

(g) Arrange to have available records of delivery of materials such 
as aggregates, cement and replacements. 

14.9.1 Treatment of results and indications 
(a) Correlation coefficients should be of the order of 0.99. If they are 

there is no need to plot the experimental points. For coefficients 
appreciably less than 0.99 plot the points to see what is causing 
the relatively poor fit to a straight line. If the highest or lowest 
point is off the line, reject it and recalculate r, g and h for the 
remaining points. If other points, or more than one point, are 
off the line the determination must be accepted as a poor one 
with a correspondingly high experimental error on g and h . 

(b) Plot a control chart for g and h separately; i.e. plot g against batch 
number and similarly for h . These charts will show the extent of 
variation of g and h , whether the value of either suddenly in
creases or decreases, and whether variability increases or de
creases. If there is a change of a sudden or systematic nature, 
see whether it can be associated with some other sudden change 
such as delivery of a new batch of aggregate. In fact deliveries 
could be marked on the control charts. If some association seems 
to be indicated examine the material(s) concerned. For example, 
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if there has been a new delivery of coarse aggregate at about the 
time that a change occurred, has the new batch a greater or lesser 
proportion of angular particles than the previous one? 

(c) For a suitable period (say each day or half day) use the values of 
g and h to plot the calculated flow curves (there is no need to plot 
the experimental points) and examine the pattern. 
(i) Is the pattern for one period different in appearance from 

that for another period? If so, some systematic change 
is indicated such as a change at the plant, or a different 
batcherman. 

(ii) Is the overall spread of the pattern greater or less in one 
period than in another? If so, in the first case somebody is 
getting careless or in the second is gradually improving as 
he learns to deal with the mix concerned. 

(iii) Is the pattern a fan-shaped set? If so, the main cause of 
variability of the concrete is variation in water content. 

(iv) Do many of the lines tend to be parallel to each other? If 
so, variation in plasticizer is likely to be a main cause of 
variability. 

(v) Do the lines up to a certain batch number form a particular 
pattern and the lines after that batch number form a similar 
pattern but one that crosses the first? If so, at that batch 
number some sudden change has occurred such as delivery 
of new material. 

(d) Plot the results as a graph of g against h , and examine the pattern. 
(i) Is there a positive correlation between g and h and is it 

statistically significant? If so, the cause of variability of the 
concrete is variation in water content and the points at low 
values of ( g , h ) represent concretes that may subsequently 
fail on cube results. 

(ii) Do most of the points show a positive correlation between 
g and h and is that correlation statistically significant if 
a few of the experimental points are omitted? If so, the 
points in the correlation are as under (i) above; the others 
represent concretes in which something other than, or in 
addition to, water content has changed. 

(iii) Is there a negative correlation between g and h i If so, water 
content can definitely be ruled out as the cause of variability 
of the concrete. The underlying cause of a negative corre
lation is not yet fully elucidated but may be associated with 
changes that affect the effectiveness of a plasticizer. Check 
the plasticizer dispenser for consistency of delivery; check 
time of addition of plasticizer; check whether total mixing 
time is very variable; and also look at temperature records. 
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(iv) Is there no correlation between g and h ? If so, nothing 
further can be deduced from this plot. 

(e) On the g v. h plot, enter against each point the suitability num
ber derived from the practical assessment and examine the 
pattern. 
(i) Do the batches designated ' 5 ' (i.e. the most suitable) tend 

to fall into a fairly clear zone that can be delineated, with 
higher and lower numbers tending to fall on one side and 
the other? If so, the delineated zone gives the combinations 
of values of g and h that are best for the particular job. 

(ii) Is the delineated zone a straight line or fairly narrow band? 
If so, it is possible to calculate the average effective shear 
rate characteristic of the job, in terms of a speed in the test 
apparatus. Some of the future tests could then be carried 
out at that one speed only thus saving time, but at a cost 
in terms of experimental error. 

(f) From the g v. h plot extract those results that fall on the line that 
shows water variation only and for the corresponding batches 
plot cube strength against h . Is there a statistically significant 
correlation? If so, calculate the best line and use it for predicting 
cube strengths of future mixes that fall on the particular line 
showing water variation only. 

The system described above can be established without any pre
liminary work; it requires only the systematic collection of data on the 
job. Once established it can provide valuable information to assist in 
decisions on rejection or acceptance of concrete for a particular job 
and, to a limited extent, can indicate what are the underlying causes 
of variability. Even this represents a considerable improvement on 
present practice in quality control and the cost of carrying out an ex
tended trial on the lines suggested is small in comparison with the 
potential benefits. 

At a later stage it might then be felt to be worthwhile to carry out 
the supplementary work needed for the preparation of proper con
trol charts of the type that will undoubtedly be needed by the maker 
of the concrete if he is to satisfy any user who has established his 
own control system. The maker needs to know more about the causes 
of variability than does the user, who, when the chips are down, is 
interested only in pass/fail criteria. The additional knowledge can be 
acquired by preparing charts of the type shown in example 6 or as 
plotted from Kay's work described in the last chapter. Again, details 
will depend on the particular job but the principle is to consider what 
are the most likely factors to vary in practice and then to investigate 
their effects, singly and in combination. In a complicated case the 
charts would be prepared in the form of transparent overlays and, of 
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course, the information would eventually be stored in readily accessible 
form in a computer. 

However, undoubtedly, the first step is to apply and experiment 
with the simple system outlined above. Perhaps it needs to be re
stated that the development of a control system cannot in principle 
be carried any further by laboratory work, but laboratory work has 
provided the evidence to show that it is worth trying seriously and 
that there is promise of considerable financial benefit for those who 
are prepared to make the relatively small effort necessary. 
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1 5 E p i l o g u e 

I stated in the Preface that my main purpose in this book was to dis
cuss and elucidate the implications for industry of the fact that the 
flow properties of fresh concrete are explicable in terms of the Bingham 
model, and I hope that I have not fallen too far short of achieving that 
satisfactorily. Many of the arguments will be new to many in the in
dustry and naturally there is reluctance to relegate to second place 
tests that have been in use for a long time, particularly one such as the 
slump test that is familiar to concrete technologists in all countries. 
Nevertheless, the defects of those tests are also well known, as are the 
practical problems that are a direct product of those defects. 

Perhaps the most difficult feature of accepting the Bingham model as 
a basis for working is the conceptual one of learning to look at work
ability as needing two constants to describe it instead of one. Of course 
some effort is needed but there are considerable advantages to be 
gained. It makes possible explanations of the behaviour of concrete in 
practice, in handling and transporting processes, and also of phenomena 
that were previously unexplained. These include the facts that results 
from the various standard tests do not correlate, that two concretes 
whose workabilities were thought to be the same behave differently 
on the job, that values for optimum fines contents depend on the test 
used to find them, and worst of all, that major errors in batching can 
remain undetected until too late. 

In addition, accepting the Bingham model leads to the development 
of a test whose advantages over the standard single-point tests are as 
follows: 
(a) It readily differentiates between concretes that might otherwise 

be wrongly judged as identical in workability. 
(b) It can cover almost the whole range of workabilities from low to 

very high on a single scale of measurement. 
(c) An estimated experimental error can be assigned to the results of 

every separate test. 
(d) It is less operator-sensitive. 
(e) It provides information about the possible causes of a deviation 
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from the specified workability and therefore information about 
factors that may affect the properties of the hardened concrete, 

(f) It can provide information about tendency of a mix to bleed or 
segregate. 

The particular form of apparatus that has been described was devel
oped with working conditions in mind, so it is robust and does not 
need any laboratory facilities. All the site results that have been given 
were obtained while using the equipment in the open or in an ordinary 
hut. 

Initial development of the method in terms of a separate piece of 
apparatus was by deliberate decision but, clearly, it is desirable to 
incorporate it in the mixing equipment so that results may be obtained, 
and any necessary corrective action taken, before the concrete is dis
charged. There are several possibilities and some preliminary work 
has already been done. In the long run, the method could be part of 
a system such that results are obtained automatically and fed into a 
computer controlling the mixing plant so that corrective action could 
also be automatic. In the meantime, considerable progress can be 
made on the lines discussed; costing should include consideration of 
the benefits to be obtained in the avoidance of mistakes and disputes, 
and in the possibility of reducing the working standard deviation of a 
plant. 

In the text I have presented arguments that I regard as convincing 
but I have tried to do so in an impersonal way with appropriate back
up of technical information. Perhaps I may be permitted to finish with 
a comment that is a little less detached. In a recent documentary the 
construction of a skyscraper costing several hundreds of millions of 
pounds was shown, and in one shot a technician was carrying out a 
test with which he claimed he was able to control the water content of 
the concrete for the bases that were to support the whole weight of the 
steel-framed building of nearly 50 storeys. To an unbiased observer he 
seemed to be doing this by making sand pies, like a child on a beach, 
and watching their movement. Incongruity seems to be an inadequate 
word to describe this situation. 



G l o s s a r y 

The explanations given here are written with particular reference to 
the way terms have been used in this book, and are intended only as a 
help to readers who are not familiar with rheology or statistics. They 
are not rigorous definitions and should not be regarded as such, or 
used out of context. Formal definitions of rheological terms may be 
found in BS 5168:1975 Glossary of rheological terms. 

R H E O L O G I C A L T E R M S 

In some of these explanations reference will be made to measurements 
made in the two-point workability apparatus in which torque T is 
measured as a function of impeller speed N . 

Apparent viscosity 
Shear stress divided by rate of shear. A measure of apparent viscosity 
is obtained as k = TIN because T is a measure of shear stress and N is 
a measure of shear rate. For a Newtonian T is proportional to N so k is a 
constant and is in fact a measure of the viscosity itself. For a Bingham 
T = g + hN so k = g/N + h and is therefore different at different values 
of N , or at different shear rates, as it is for any material other than a 
Newtonian. 

Bingham model 
Describes a material that does not flow at all until a particular stress, 
the yield stress or yield value, is exceeded, then the stress required 
for flow is equal to the yield stress plus another term that is propor
tional to the the shear rate. T = g + hN and g is a measure of the yield 
value. The parameter h is the constant of proportionality that caters 
for the effect of shear rate and it is a measure of the plastic viscosity. 



246 Glossary 

C o n s i s t e n c y 

A general term, not subject to simple quantification, to describe the 
resistance of a material to flow or change of shape. This term has often 
been wrongly used in concrete technology. 

F l o w c u r v e 

A curve relating stress to rate of shear. In the case of the two-point 
apparatus it is the curve relating torque to speed of impeller. 

F l u i d i t y 

The reciprocal of viscosity. 

M o b i l i t y 

The reciprocal of plastic viscosity. 

N e w t o n i a n f l u i d 

A material for which the shear stress is always proportional to the 
shear rate and the constant of proportionality is called the viscosity. In 
other words, shear stress divided by shear rate is a constant and that 
constant is the viscosity which is usually denoted by the Greek letter 
n (pronounced eta). 

For a Newtonian in the two-point apparatus T/N is a constant which 
is a measure of (is proportional to) the viscosity. 
P l a s t i c v i s c o s i t y 

One of the parameters of the B i n g h a m model . Shear stress = yield 
value plus plastic viscosity times shear rate. In the two-point apparatus 
T = g + hN so g is a measure of yield value and h is a measure of 
plastic viscosity. 

P l u g f l o w 

Refers to flow in a pipe of a material that possesses a yield value. 
Because of the existence of the yield value, flow starts near the inner 
surface of the pipe and the material flows forward as a solid plug 
whose radius reduces as the pressure causing flow is increased. 
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P o w e r - l a w p s e u d o p l a s t i c 

A material for which the shear stress is related to the shear rate by a 
power law equation. In the two-point apparatus this appears as 

T = A N b 

where A and b are constants. 

S i n g l e - p o i n t test 

A test in which only one measurement is made at only one shear rate. 
Such a test is satisfactory only for a material that is characterized by a 
single constant i.e. for a Newtonian fluid. 

For any material whose properties are described by more than one 
constant (i.e. including concrete) such a test can never give sufficient 
information. 

T h i x o t r o p y 

A decrease in apparent viscosity as material is sheared followed by a 
gradual recovery when the material is allowed to rest. One practical 
example is a suspension of the clay mineral bentonite in water. The 
suspension may be such that it will not flow at all under its own weight 
but if it is shaken vigorously it will then flow easily. If left to stand it 
will 'set' again. Note that thixotropy is a reversible phenomenon; the 
term has often been used wrongly in concrete technology to describe 
an irreversible change. 

T u r b u l e n c e 

A condition of flow in which the velocity components show random 
variation. 

V i s c o s i t y 

A term that can be used qualitatively, rather like consistency, to refer 
to the property of a material to resist deformation increasingly with 
increasing rate of deformation. When it is used quantitatively it is 
defined as the shear stress divided by the shear rate, when this is 
constant. That is, it applies only to a Newtonian material and its use 
for other materials is incorrect. But see also Apparent viscosity. 
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Y i e l d value; y ie ld stress 

The minimum stress to start flow in a material. In the two-point test it 
is measured by the parameter g. 

S T A T I S T I C A L T E R M S 

A n a l y s i s of variance 

S e e variance. 

Coefficient of variation 

Standard deviation divided by mean expressed as a percentage. 

Correlation coefficient 

A quantity that indicates how well two quantities are related to each 
other. It is usually denoted by the letter r and can have any value 
between zero and unity. A value of r = 1 means that if one of the two 
variables is plotted against the other all the points would fit exactly on 
a straight line, and since the fit cannot be better than that, r can never 
exceed r = 1. The value of r can be negative (between 0 and -1 ) and 
the negative sign simply means that as one of the variables increases 
the other decreases. The actual value of r must be considered in rela
tion to the number of degrees of freedom. 

Degrees of freedom 

The number of degrees of freedom is an expression of the amount of 
information available. No general statement can be given here but, for 
example, in the consideration of one variable only the number is one 
less than the number of data points available. If ten cube-strength 
results are being considered, the number of degrees of freedom (d.o.f.) 
is nine. When the relationship between two variables is being consi
dered, as for example, torque and speed in the two-point test, the 
number of d.o.f. is two less than the number of points available. 

Distr ibution curve 

A curve showing how some particular quantity varies. Results may 
first be plotted as a histogram, or bar chart, as shown, for example in 
Figure 13.1 of Chapter 13 for slump results. If the total number of 
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results is large, the width of the bars may be reduced and then the tops 
of the bars may be joined together to produce a distribution curve. 

E q u a t i o n to a l i n e 

The equation to a straight line is usually calculated by the least squares 
method. 

H i s t o g r a m 

See Dis t r ibut ion curve. 

I n t e r a c t i o n t e r m 

Variables are said to interact when the effect of one depends on the 
level of another. For example, as shown by the work of Ellis and 
Wimpenny on ggbs discussed in Chapter 11, the effect of slag replace
ment level on g depends on the cement content. At 300 kg/m 3 cement, 
slag replacement level has little or no effect but at higher and lower 
cement contents there is an effect. Thus there is an interaction between 
slag replacement level and cement content. In other concretes, the 
effect on workability of a change in fines content is different at differ
ent cement contents; there is an interaction between fines content and 
cement content. 

L e a s t s q u a r e s l i n e 

Consider a straight-line relationship between y as the dependent vari
able and x as the independent variable. The distance of each experi
mental point from the line, measured in the vertical direction along the 
y-direction, is called the deviation on y. The best line, known as the 
least-squares line, is the one for which the sum of the squares of these 
deviations on y is a minimum. It can be calculated by quite simple 
formulae but a cheap calculator will give the values of intercept and 
slope if the various values of x and y are fed in. Note that if x and y are 
interchanged the result will be different; that is, the best line for 
predicting y if x is known is not the same as the best line for predicting 
x if y is known. (See comments about equations relating slump and 
flow in Chapter 2, equation 2.1.) 

L e v e l o f s i g n i f i c a n c e 

In statistics, results are usually quoted to a level of significance, which 
indicates the probability that a given result could have occurred by 
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chance. For example, if a result is significant at the 0.001 level, that 
means it could have happened by chance 1 in 1000 times which is 
unlikely. The conclusion then would be that a real effect (and not just 
chance) has been detected. On the other hand, if the level of signifi
cance is 0.1, or 1 in 10, that is a fairly high chance that may well have 
happened so the conclusion would be that no real effect has been 
established. The level of significance that would be accepted in practice 
depends on the consequences of the practical decision to be made. If 
the consequences of a wrong decision would be serious then a highly 
significant result (say 0.001 level) would be looked for before the 
decision would be made. The significance of a correlation coefficient 
depends not only on its own value but also on the number of degrees 
of freedom. A value of r = 0.75 with 5 degrees of freedom would be 
significant only at the 0.05 level, but the same value of r with 15 
degrees of freedom would be significant at the 0.001 level. 

M e a n 

The sum of all the values of a variable divided by the number of values 
(commonly known as the average). 

M e d i a n 

The middle value when all the observed values are arranged in ascend
ing order. If the number of values is even, it is the mean of the centre 
two. 

N o r m a l d i s t r i b u t i o n 

A particular form of distribution which is symmetrical about the mean 
value so the mean and the median are one and the same. Also known 
as a Gaussian distribution. It is the one most commonly met in 
concrete technology and even if a distribution has some degree of 
skewness it can often be treated without too much error as a normal 
distribution. 

R a n d o m i z a t i o n 

A series of experiments whose results are destined for statistical ana
lysis should normally be carried out in a random order, that is, in an 
order determined by chance. There are several ways of selecting such 
an order but it could be done just by pulling numbers from a hat. This 
is done to eliminate possible unknown systematic changes. For exam
ple, if Al-Shakhshir had not randomized the order of his experiments 
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(Chapter 1 0 ) and had carried out all those on ordinary Portland cement 
first and then all those on rapid-hardening cement, he could not have 
been sure that the differences he found were due to the change in 
cement because there might have been some other unknown change 
(e.g. ambient temperature) that had occurred between the two series. 
By randomizing he eliminated this possibility and any effect due to an 
unknown variable would be included in his estimate of overall experi
mental error. 

Skewness 
A measure of the departure of a distribution from symmetry. Certain 
types of distribution, such as the Poisson distribution, are quite defin
itely skew. 

Standard deviation 
A measure of the width of a distribution, that is, of the variability of 
the quantity being studied. Usually designated by the Greek letter a 
(lower case sigma), sometimes as SD or simply S. It occurs as a para
meter in the equation for the curve representing a normal distribution. 
It is defined as the root mean square deviation and may be calculated 
as follows: from each value of the variable x (say) subtract the mean 
value of all the x's to get the deviations, square each of those devia
tions, sum those squares, take the mean by dividing by the total 
number of x's, then take the square root. There are simpler formulae 
and a cheap calculator will produce the result if all the values of x are 
entered. In a normal distribution about 6 8 % of the values lie within a 
distance from the mean equal to the standard deviation S, (plus and 
minus) and about 9 5 % lie within a distance of ± 2 S of the mean. 

Variance 
Also a measure of the width of a distribution. It is equal to the square 
of the standard deviation. It is a useful quantity because variances are 
additive. For example, if a measured quantity, such as cement content 
of a batch, is affected by sampling error and testing error, the variance 
of the final result is equal to the sum of the sampling variance and the 
testing variance. Analysis of variance refers to methods of splitting a 
total variance into its component parts provided the experiments have 
been carried out to a suitable design. For example, an analysis may be 
carried out to investigate the relative importance in their effects on a 
property of concrete of such factors as cement content, fines content, 
replacement level etc (see also interaction term). 



A p p e n d i x : B S 5 3 2 8 : 1 9 9 0 

BS 5328:1981 Methods for Specifying Concrete, discussed in the text, 
has recently been superseded by a new edition published at the end of 
1990. This new edition is in four parts: 
Part 1 - Guide to specifying concrete; 
Part 2 - Methods for specifying concrete mixes; 
Part 3 - Specification for the procedures to be used in producing and 

transporting concrete; 
Part 4 - Specification for the procedures to be used in sampling, testing 

and assessing compliance of concrete. 

The main changes in relation to workability are summarized below. 

1. Workability requirements 

At variance with what might be thought to be the over pessimistic 
opinion expressed in 'Design of normal concrete mixes' (quoted in 
Chapters 1 and 13) that "it is not considered practical. . . to define the 
workability required for various types of construction or placing con
ditions . . ." , some guidance is now given in a table, shown here as 
Table A l . Indication is also given of the methods of compaction to be 
used. 

2. Control of water content 

Clause 4.7 of Part 3 permits the control of water content by controlling 
workability provided that the relationship between water content and 
workability for the materials used is available. This clause also requires 
that "Batchermen and mixer-drivers shall be made aware of the appro
priate responses to variations in concrete consistence of a particular 
mix caused by normal variations in aggregate moisture content or 
grading". 

(See Chapters 1 and 14 for discussions of subjective assessment and 
control.) 
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3. Temperature 

In the earlier edition a minimum concrete temperature of 5°C was 
required, and now, with reference to hot weather working, it is also 
specified that temperature of the concrete at delivery shall not exceed 
30°C (Clause 4.9 of Part 3). Variations on these minimum and maximum 
temperatures may be permitted or specified by the purchaser. The 
clause also gives other practical requirements for hot and cold weather 
working. 

(See Chapter 8 for discussion of the effect of temperature on work
ability.) 

4. Segregation 

Clause 4.10 of Part 3, which deals with transport of concrete, lays 
down that the method used shall''prevent segregation" and also states, 
"The concrete shall be deposited as close as possible to its final position 
to avoid rehandling or moving the concrete horizontally by vibration". 

(See Chapter 9 for discussion of segregation.) 

5. Specification of workability 

A n addition has been made to the information given as Table 13.1 of 
Chapter 13 in that Clause 3.5 of Part 4 says that the tolerance to be 
allowed on a specified flow table value shall be ± 50 mm. 

Note that, according to Sym, the standard deviation for this test is 
25 mm (see Chapter 2), so that for a tolerance of ± 50 mm the value of 
Sym's Test Capability Index (see Chapter 14) is 

T C I = (2 x 50)/25 = 4. 

Sym says that a value as low as four means that the test is unsuitable 
for the intended purpose. As pointed out in Chapter 14, a value of T C I 
= 4 means that 1 in 20 of the batches tested will fail because of vari
ability of the test itself. 
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T a b l e A l W o r k a b i l i t i e s s u i t a b l e f o r d i f f e r e n t u s e s o f in situ c o n c r e t e ( f r o m B S 
5 3 2 8 : P a r t 1 : 1 9 9 0 ) 

Use of concrete F o r m of Workability Nominal slump* 
compaction 

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

K e r b b e d d i n g a n d b a c k i n g 

F l o o r s a n d h a n d p l a c e d 
p a v e m e n t s 

S t r i p f o o t i n g s 
M a s s c o n c r e t e f o u n d a t i o n s 
B l i n d i n g 
N o r m a l r e i n f o r c e d c o n c r e t e i n 

s l a b s , b e a m s , w a l l s a n d 
c o l u m n s 

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

c o n c r e t e 

T r e n c h f i l l 
In situ p i l i n g 

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

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

c o n c r e t e 

H e a v y 
v i b r a t i o n 

T a m p i n g 

P o k e r o r 
b e a m 
v i b r a t i o n 

P o k e r o r 
b e a m 
v i b r a t i o n 
a n d / o r 
t a m p i n g 

S e l f - w e i g h t 
c o m p a c t i o n 

P o k e r 

m m 
V e r y l o w S e e N o t e 1 

L o w 5 0 

M e d i u m 7 5 

H i g h 1 2 5 

S e l f - l e v e l l i n g V e r y h i g h S e e N o t e 2 

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

N o t e 1 . I n t h e ' v e r y l o w ' c a t e g o r y o f w o r k a b i l i t y w h e r e s t r i c t c o n t r o l i s 
n e c e s s a r y , e . g . p a v e m e n t q u a l i t y c o n c r e t e p l a c e d b y ' t r a i n s ' , m e a s u r e m e n t o f 
w o r k a b i l i t y b y d e t e r m i n a t i o n o f c o m p a c t i n g f a c t o r o r V e b e t i m e ( s e e B S 1 8 8 1 : 
P a r t s 1 0 3 a n d 1 0 4 ) w i l l b e m o r e a p p r o p r i a t e t h a n s l u m p . 

N o t e 2 . I n t h e ' v e r y h i g h ' c a t e g o r y o f w o r k a b i l i t y , m e a s u r e m e n t a n d c o n t r o l 
o f w o r k a b i l i t y b y d e t e r m i n a t i o n o f f l o w w i l l b e a p p r o p r i a t e ( s e e B S 1 8 8 1 : P a r t 
1 0 5 ) . 



C o n v e r s i o n f a c t o r s 

Length 
l i n 
1ft 
1yd 

= 25.4 mm 
= 0.305 m 
= 0.94 m 

1mm 
l m 
l m 

= 0.0394 in 
= 3.28 ft 
= 1.09 yd 

A r e a 
l i n 2 

1ft 2 

1yd 2 

= 645 mm 2 

= 0.0929 m 2 

= 0.836 m 2 

1 mm 2 

l m 2 

l m 2 

= 0.00155 i n 2 

= 10.8 ft2 

= 1.20yd 2 

V o l u m e 
l i n 3 

1ft3 

1yd 3 

= 16400 mm 3 

= 0.0283 m 3 

= 0.765 m 3 

1 mm 3 

l m 3 

l m 3 

= 0.0000610 i n 3 

= 35.3 ft3 

= 1.31yd 3 

Capacity 
1 pt (UK) 
l p t (US) 
Igal (UK) 
Igal (US) 

= 0.568 litre 
= 0.473 litre 
= 4.55 litre 
= 3.79 litre 

1 litre 
1 litre 
1 litre 
1 litre 

= 1.76 pt (UK) 
= 2.1 l p t (US) 
= 0.220 gal (UK) 
= 0.264 gal (US) 

M a s s 
l o z 
l i b 
1 cwt 
l ton 
lbag (US) 

= 28.3 g 
= 0.454 kg 
= 50.8 kg 
= 1.016 tonne 
= 941b = 42.6 kg 

1kg 
1kg 
1 tonne 

= 0.0353 oz 
= 2.201b 
= 0.0197 cwt 
= 0.984 ton 

Force 
l lbf 
l lbf 

= 0.536 kgf 
= 4.45 N 

lkgf 
I N 

= 2.20 lbf 
= 0.225 lbf 

Stress 
1000Tbf/in2 

10001bf/in2 

= 0.703 kgf /mm 2 

= 6.90 Nmm 2 

1 kgf/mm 2 

l N / m m 2 

= 1420 lbf/in 2 

= 145 lbf/in 2 

l P a = l N / m 2 I M P a = 1 N/mm 2 



256 Conversion factors 

Capacity per u n i t volume 
l p t (US)/yd 3 = 0.619 litre/m3 

lgal (US)/yd 3 = 4.95 litre/m3 

Capacity per mass 
l p t (US)/cwt = 0.466 litre/50 kg 

M a s s per uni t volume 
lib/ft 3 = 16.0 kg/m 3 

l i b / y d 3 = 0.593 kg/m 3 

1 bag/yd 3 (US)= 55.7 kg/m 3 

Temperature 
1 degF 
o p 

= 0.556 deg C 
= 1°C + 32 

1 litre/m3 = 1.62 pt (US)/yd 3 

1 litre/m3 = 0.202 gal (US)/yd 3 

1 litre/50 kg = 2.15 pt (US)/cwt 

l k g / m 3 

l k g / m 3 

100 kg/m 3 

0.205 lb/ft3 

1.69 lb/yd 3 

1.79 bags/yd 3 

1 deg C = 1.80 deg F 
°C = | (°F - 32) 
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