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S Y N O P S I S  T h e  c o n e  p e n e t r a t i o n  i n d e x  ( I p ^ )  i s  d e f i n e d  a s  t h e  n u m e r i c a l  d i f f e r e n c e  b e t w e e n

t h e  m o i s t u r e  c o n t e n t s  a t  t h e  B S  1 3 7 7 : 1 9 7 5  c o n e  p e n e t r a t i o n  d e p t h s  o f  2 0  a n d  5  m m  ( w 2 q  a n c * ” 5  r e s p e c ­

t i v e l y ) .  w ^ q  i s  e q u a l  i n  a l l  r e s p e c t s  t o  t h e  B S  l i q u i d  l i m i t  a n d  i s  v e r y  s t r o n g l y  ( r  = 0 , 9 9 )  c o r r e ­

l a t e d  w i t h  a n d  n u m e r i c a l l y  e q u a l  t o  4  u n i t s  h i g h e r  t h a n  t h e  A S T M  l i q u i d  l i m i t  ( w  ) .  w _  i s  s t r o n g l y
L j

( r  = 0 , 9 3 )  c o r r e l a t e d  w i t h ,  b u t  n o t  n u m e r i c a l l y  e q u a l  t o  t h e  p l a s t i c  l i m i t  ( W p ) .  T h e  I p ^  i s  s t r o n g l y

( r  = 0 , 9 3  a n d  0 , 8 5  r e s p e c t i v e l y )  c o r r e l a t e d  w i t h ,  b u t  n o t  n u m e r i c a l l y  e q u a l  t o  b o t h  t h e  B S  a n d  A S T M  

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

1 s o i l s  t e s t e d  b y  9  l a b o r a t o r i e s  o f  1 2 ,  1 a n d  3 0  D 2 S %  r e s p e c t i v e l y  i s  s i g n i f i c a n t l y  s u p e r i o r  t o  

t h a t  o f  t h e  1 5 ,  3 7  a n d  k'J D 2 S %  o f  w ^ ,  W p  a n d  I p .  T h e s e  n e w  i n d i c e s  a r e  p r o p o s e d  a s  p o s s i b l e  i n t e r n a ­

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

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

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

T h e  p l a s t i c i t y  i n d e x  ( I p  o r  P I )  o f  a  s o i l  o r

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

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

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

f o r  c o n c e r n  b e c a u s e  o f  i t s  p o o r  p r e c i s i o n  ( 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 ) .  A f t e r  m o r e  

t h a n  5 0  y e a r s  o f  u s e  i n  e n g i n e e r i n g  p r a c t i c e  

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

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

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

l i m i t s  ( w ^ ,  W p ) ,  i t  i s  o n l y  w h e n  t h e  p r e c i s i o n

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

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

c a n  b e  p l a c e d  i n  t h e  I p .

W i t h  r e g a r d  t o  t h e  l i q u i d  l i m i t  t e s t ,  S h e r w o o d  

a n d  R y l e y  ( 1 9 7 0 )  a n d  W e s t o n  ( 1 9 7 8 )  s h o w e d  t h a t  

t h e  d r o p  c o n e  p e n e t r o m e t e r  m e t h o d ,  n o w  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  ( B S )  1 3 7 7 : 1 9 7 5  

( B r i t i s h  S t a n d a r d s  I n s t i t u t i o n ,  1 9 7 5 ) ,  h a s  a  

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

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

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

w h e t h e r  d e t e r m i n e d  w i t h  a  B r i t i s h  o r  a n  A m e r i c a n  

S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s  ( A S T M )  d e v i c e .  

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

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

s t i t u t e  f o r  t h e  C a s a g r a n d e  ( 1 9 3 2 )  l i q u i d  l i m i t  

m e t h o d  ( S a m p s o n  a n d  N e t t e r b e r g ,  1 9 0 ^ ) ,  b u t  n o  

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

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

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

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

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

I t  i s  t h e  i n t e n t i o n  o f  t h i s  p a p e r  t o  p r e s e n t  

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

o f  a n  e x t e n d e d  B S  c o n e  p e n e t r o m e t e r  m e t h o d  a s  

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

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

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

t u r e  c o n t e n t  a s  s u g g e s t e d  b y  C a m p b e l l  ( 1 9 7 6 )  a n d  

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

g e s t e d  b y ,  a m o r r g  o t h e r s ,  T o w n e r  (  1 9 7 3  )  a n d  A l l ­

b r o o k  ( 1 9 8 0 ) .  T h e  e q u i v a l e n t  I p S  o b t a i n e d  f r o m

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

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

a r e  a l s o  r e p o r t e d .

M A T E R I A L S  A N D  T E S T I N G

F o r t y - t h r e e  s o i l s  a n d  s o i 1 - a g g r e g a t e  m i x t u r e s  

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

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

m a t e r i a l s  w i t h  w ^ s  f r o m  2 0  t o  a b o u t  1 2 0  w e r e

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

c a r r i e d  o u t :

1 .  C a s a g r a n d e  c u p  l i q u i d  l i m i t  ( A S T M  d e v i c e  

w i t h  a  b a s e  o f  h a r d n e s s  o f  8 5 - 9 5  o n  t h e  

S h o r e  D s c a l e  a t  2 3  +  2  ° C )  -  N a t i o n a l  I n ­

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

( N I T R R ) ( 1 9 7 9 )  M e t h o d  A 2  ( t h r e e  p o i n t  f l o w  

c u r v e  m e t h o d ) ;

2 .  p l a s t i c  l i m i t  a n d  p l a s t i c i t y  i n d e x  -  N I T R R  

( 1 9 7 9  )  M e t h o d  A 3 .

T h e s e  t w o  m e t h o d s  a r e  v e r y  s i m i l a r  t o  A S T M  

m e t h o d s  D ¿4 2  3  -  6  6  a n d  D H 2 i J - 5 9  ( A S T M ,  1 9 8 0 a ,  

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

p o i n t s  o f  d e t a i l .  N I T R R  ( 1 9 7 9 )  a n d  s u b s e ­

q u e n t  a d d i t i o n s  a n d  a m e n d m e n t s  a r e  t h e  

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

i n  S o u t h  A f r i c a .

3 .  E x t e n d e d  B S  c o n e  p e n e t r a t i o n  m e t h o d .
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Of rhe forty-three soils, fourteen were also 
used in a reproducibility study.

Extended cone penetration method

The BS 1377:1975 (Test 2A) cone penetrometer 
method is used except that penetrations are 
carried out from the drier to the wetter state 
with incremental increases in moisture content 
from below the plastic limit to a moisture con­
tent in excess of the liquid limit (defined as 
that required to give 20 mm penetration). (In 
brief, the BS method requires a 30° angled cone 
of mass 00 g to sink freely into a soil paste 
for five seconds.) Moisture contents correspond­

ing to penetrations at 20 mm ^W20* i*e * khe

BSw^), 5 mm (w^) and at the minimum penetration

(w^p) are then read off the plots of penetration

versus moisture content so obtained. The differ­
ence between w_

20
and ŵ _ and w ^q and w^p is

called the Cone Penetration Index or CPI)

i.e. and ^PCMP’ respectively. Examples of

typical penetration curves are shown in Fig.1 *

roughness, depth of penetration, etc. While 
this assumption is not strictly valid, it suf­
fices to give a general indication of the shear 
strength (Sampson, 1983). The straight portion 
of such curves in the vicinity of w^ is known as

a 'consistency curve' in Sweden analogous to the 
flow curve obtained with the Casagrande device, 
and a 'consistency index' analogous to the flow 
index can be calculated (Karlsson, 1901).

A summary of the results by the extended cone 
and the Casagrande method is shown in Table I.

Although South African test procedures have been 
fallowed rather than ASTM or BS unless stated 
otherwise, for ease of comparison the liquid 
limits and other parameters determined using an 
ASTM D^23 device will be designated with the 
subscript 'A' (i.e. w

L A ’
IpA) and those deter­

mined using a BS 1377 device with the subscript 

'B' (i.e. w l b » ^PB^* Additional differences in

test procedures and soil preparation methods be­
tween the three countries will add to the dif­
ferences reported here, which are intended to 
solely represent those due to differences in 
liquid limit devices.

DISCUSSION

Regression analyses were carried out to obtain 
the correlation between the various parameters 
reported in Table I.

(i) Casagrande,w^ versus BS cone w^
{W20)

The relationship for these two parameters 
has been well documented although care 
should be taken to identify which Casa­
grande device is used, i.e. British or 
American, as the base of the former is 
softer than that of the latter and hence 
yields higher results.

For the British Casagrande devices, the 
results between 20 and 100 liquid limit 
should be considered equal to the 20 mm 
cone penetration moisture content (BS cone 
w^) (Sherwood and Ryley, 1970).

For the American (ASTM) devices the cup
liquid limit (w

LA is approximately

units lower than the cone liquid limit 
over the same range (Sampson and Netter­
berg, 190^0. The results in Table I con­
firm this with the following linear re­
gression equation being obtained for the 
range 20 to 120:

'LA = 0 ’96 w20 - 3 -2
( 1 )

M O I S T U R E  C O N T E N T  ( • / .  )

correlation coefficient (r) = 0,908, 
coefficient of variation (V) = 7,2 %) .

Fig.1 Moisture Content versus Penetration
Curves from the drier to the wetter 
state

This compares well with the equation for
09 results reported by Sampson and Netter­
berg (1984).

The undrained shear strengths at various 
penetration depths were calculated from Hansbo's 
(in Karlsson, 1901) formula for a 30° cone on 
the assumption that his constant K is equal to
10 and is independent of soil type, cone

The best equations combining all results 
available to date are:

( 2 )

(r = 0,986; n = 123; 9 laboratories; 95 %
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S u m m a r y  o f  C a s a g r a n d e  a n d  c o n e  p e n e t r a t i o n  t e s t  r e s u l t s  o n  1( 3  s o i l s  ( N I T R R  l a b o r a t o r y )

TABLE I

S a m p l e

n u m b e r
M a t e r i a l ^ ^

N I T R R  C a s a g r a n d e  

m e t h o d s

E x t e n d e d B S c o n e

m e t h o d

p e n e t r a t i o n

w
L A

w
P 1P A

w „ „
2 0 w c w . ,  „

M P X P C 5 I P C M P

9 2 9  1 C a l c r e t e  s a n d y  g r a v e l ,  N a t a - K a z a n g u l a 2 6 7 1 9 4 7 3 3 3 6 2 2 0 1 5 2 1 1 6 1 8 4

9 2 9 6 A c t i v e  b l a c k  c l a y ,  P r e t o r i a 6 7 1 3 2 0 3 5 1 6 9 8 4 4 0 2 9 0 2 5 8 4 0 8

9 3 9 9 W e a t h e r e d  d i a b a s e  g r a v e l ,  M a b o p a n e 6 2 7 3 7 9 2 4 8 6 4 5 4 7 1 4 2 6 1 7 4 2 1 9

9 4 0 0 W e a t h e r e d  d o l e r i t e ,  S e c u n d a 4 4 1 2 7 4 16 7 5 2 7 3 9 4 2 5 0 1 3 3 2 7 7

9 * 10 2 C h e r t ,  N I T R R 1 9 6 1 8 2 1 4 2 4 4 1 8 6 1 5 6 5 8 8 8

9 4 0 5 F e r r i c r e t e ,  W i t b a n k 2 6 5 2 4 4 2 1 3 0 4 2 6 3 2 3 0 4 1 7 4

9 4 0 6 W e a t h e r e d  d o l e r i t e ,  S w a z i l a n d 8 0 0 3 4 3 4 5 7 8 3 7 5 7 0 4 0 4 2 6 7 4 3 3

9 6 0 9 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 3 4 1 2 5 1 0 9 2 8 3 1 9 8 1 4 2 8 5 1 4 1

9 6  1 0 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 5 4 1 3 6 1 1 8 3 0 5 2 2 1 1 7 0 8 4 1 3 5

9 6  1 1 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 8 7 1 5 2 1 3 5 3 0 1 2 4 0 16 5 6 1 1 3 6

9 6  1 2 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 8 1 1 7 8 1 0 3 3 5 2 2 4 5 1 8 5 1 0 7 16 7

9 6 1 3 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 2 4 1 1 9 1 0 5 2 5 6 1 9 7 1 5 0 5 9 1 0 6

9 6  1 4 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 6 7 1 4 3 12 4 3 0 5 2 1 9 1 4 2 8 6 16 3

9 6  1 5 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 8 5 1 4 6 1 3 9 3 0 3 2 3 2 1 7 6 6 9 1 2 7

9 6 1  6 R e d  c l a y e y  s a n d ,  P r e t o r i a 3  1 0 1 5 4 1 5 6 3 6 5 2 4 5 16 6 1 2 0 9 9

9 6 1 7 R e d  s a n d y  c l a y ,  P r e t o r i a 3 4 7 1 7 8 16 9 3 9 0 2 6 0 1 7 3 1 3 0 2 1 7

9 6 1 8 R e d  s a n d y  c l a y ,  P r e t o r i a 3 5 8 2 0 1 1 5 7 3 7 8 2 9 0 1 9 5 8 8 18 3

9 6 1 9 R e d  s a n d y  c l a y ,  P r e t o r i a 3 6 9 2 1 3 1 5 6 4 4 0 3 0 0 1 9 0 1 4 0 1 1 0

9 6 2 0 R e d  c l a y e y  s a n d ,  P r e t o r i a 2 2 3 1 3 9 8 4 2 8 7 1 9 6 1 3 7 9 1 1 5 0

9 6 2 1 R e d  s a n d y  c l a y ,  P r e t o r i a 3 2 2 16 5 1 5 7 3 7 8 2 5 0 1 5 0 12 8 2 5 8

9 6 2 2 R e d  s a n d y  c l a y ,  P r e t o r i a 3 5 6 1 7 1 1 8 5 4 0 5 2 7 0 16 6 1 3 5 2 3 9

9 6 2 4 B r o w n  s a n d y  c l a y ,  P r e t o r i a 4 3 3 2 0 0 2 3 3 4 7 9 3 0 6 1 7 7 1 7 3 3 0 2

9 6 2 6 R e d d i s h  b r o w n  s a n d y  c l a y ,  P r e t o r i a 5 7 8 3  1 4 2 6 4 5 9 0 3 9 5 2 6 5 1 9 5 3 2 5

9 6 2 7 R e d d i s h  b r o w n  s a n d y  c l a y ,  P r e t o r i a 5 3 7 2 7 2 2 6 5 5 6 6 3 6 9 2 5 0 1 9 7 3 1 6

9 7 7 7 S a n d y  c l a y ,  0 1 i f a n t s f o n t e i n 3 4 2 18 9 1 5 3 3 5 5 2 6 8 1 9 0 8 7 16 5

9 7 7 9 C l a y ,  V e r e e n i g i n g 5 1 7 1 7 3 3 4 4 5 3 7 3 5 7 2 5 0 1 8 0 3 3 7

9 7 8 0 C l a y ,  R a d i u m 5 9 3 2 2 4 3 6 9 6 0 6 4 3 8 2 4 8 16 8 3 5 8

9 7 8  1 A c t i v e  b l a c k  c l a y ,  P r e t o r i a 6 3 4 2 2 1 4 1 3 6 4 2 4 2 6 2 4 9 2  1 6 3 9 3

9 7 8 2 A c t i v e  b r o w n i s h  g r e y  c l a y ,  P r e t o r i a 9 5 6 3 3 8 6 1 8 9 2 6 6 2 3 3 2 0 3 0 3 3 0 3

1 0 4 9 9 W e a t h e r e d  g r a n i t e ,  S t e l l e n b o s c h 3 4 3 2 2 9 1 1 4 4 2 0 2 7 5 2 1 5 1 4 5 2 7 5

1 0 5 0 0 W e a t h e r e d  g r a n i t e ,  S t e l l e n b o s c h 4 8 3 3 6 1 1 2 2 5 8 5 3 8 5 3 2 0 2 0 0 2 6 5

1 0 5 0  1 C a l c r e t e ,  C a p e  F l a t s 2 4 0 1 1 9 1 2 1 2 7 0 1 7 5 1 3 5 9 5 1 3 5

1 0 5 0 2 C l a y ,  B l o e m f o n t e i n 6  1 9 2 4 9 3 7 0 6 8 5 4 4 0 2 8 5 2 4 5 4 0 0

1 0 5 0 3 S h a l e  a n d  c l a y ,  W e s s e l s b r o n 3 6 7 1 5 7 2 1 0 4 3 5 2 5 8 16 5 1 5 0 2 7 0

1 0 5 0 5 D o l o m i t i c  s o i l ,  I r e n e 7 2 7 4 7 6 2 5 1 8 3 0 5 8 5 4 2 5 2 4 5 4  1 5

1 0 5 0 6 T a l c  s c h i s t ,  H a l f w a y  H o u s e 5 0 7 3 2 7 18 0 5 8 5 3 7 0 2 8 5 2 1 5 3 0 0

1 0 5 0 7 W e a t h e r e d  s h a l e ,  P r e t o r i a 7 9 2 2 7 9 5 1 3 9 3 0 5 2 0 3 2 5 4  1 0 6 0 5

1 0 5 0 8 C a l c r e t e ,  O u t j o ,  N a m i b i a 6 5 7 4 6 5 1 9 2 8 0 5 4 5 5 2 9 0 3 5 0 5 1 5

1 0 5 0 9 C a l c r e t e ,  M a l t h f i h e ,  N a m i b i a 1 1 8 0 5 2 6 6 5 4 1 2 5 0 7 1 0 4 6 0 5 4 0 7 9 0

1 0 5 1 0 G r a n i t i c  s o i l ,  O k a h a n d j a ,  N a m i b i a 2 7 7 1 4 2 1 3 5 3 0 5 1 9 5 1 3 5 1 1 0 1 7 0

1 0 6 3 5 B l e n d e d  r e f e r e n c e  s o i l  ( e x  D O T ) 2 2 7 1 4 1 8 6 2 8 0 2 0 0 1 4 0 8 0 1 4 0

1 0 6 3  7 B l e n d e d  r e f e r e n c e  s o i l  ( e x  D O T ) 3 1 5 1 5 1 16 4 3 6 0 2 4 5 16 0 1 2 5 2 0 0

1 0 6 3 9 G a r s f o n t e i n  c l a y ,  P r e t o r i a 4 6 9 2 3 2 2 3 7 5 6 0 3 3 5 2 2 0 2 2 5 3 4 0

N o t e : ( 1 )  S o i l  f i n e s  w e r e  o v e n  d r i e d  a t  1 0 5 - 1 1 0  ° C  a t  s o m e  s t a g e  b e f o r e  t e s t i n g  a s  p a r t  o f  t h e  

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

(ii)

l i m i t s  +  5 , 1* )

W20  1 ’ 0 1  W L A

( r  = 0 , 9 8 6 ; n  

l i m i t s  +  5 , 4 )

>i p  w i t h  w , .

4 , 2  ( 3 )

1 2 3 ;  9  l a b o r a t o r i e s ;  9 5  %

( i i i )  w p  w i t h  w M p

T h e  f o l l o w i n g  l i n e a r  r e g r e s s i o n  w a s  o b ­

t a i n e d :

A  g o o d  c o r r e l a t i o n  w a s  o b t a i n e d  b e t w e e n  

t h e s e  t w o  p a r a m e t e r s :

( r

Wp = 0 , 6 7  w<_ + 0, 1

0 , 8 7 6 ;  V = 2 1 , 3  %)

( r  = 0 , 9 2 5 ;  V

- 1,1

= 16,8 %)

( 5 )

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

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

e q u a l  t o  ( u s u a l l y  s l i g h t l y  l e s s  t h a n )  t h e  

m i n i m u m  p e n e t r a t i o n  m o i s t u r e  c o n t e n t .  I n :  

o t h e r  w o r d s ,  t h e  s o i l  h a s  i t s  h i g h e s t  

s h e a r  s t r e n g t h  a t  t h e  p l a s t i c  l i m i t .  T h i s  

i s  i n  a g r e e m e n t  w i t h  C a m p b e l l  e t  a l
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( i v )

( 1 9 8 0 ) w h o  f o u n d  t h a t  t h e  m i n i m u m  

p e n e t r a t i o n  m o i s t u r e  c o n t e n t s  f o r  18  

s o i l s  w e r e  a l w a y s  l o w e r  t h a n  t h e  

C a s a g r a n d e  p l a s t i c  l i m i t  ( b e t w e e n  3 % a n d  

1 2  % w e t  w e i g h t ) .  H o w e v e r ,  t h e  v e r y  g o o d  

c o r r e l a t i o n  f o r  4 3  s o i l s  s u g g e s t s  t h a t  

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

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

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

b e t t e r .

I p  “ i t h  I p c 5  a n d  I p c M p

P A  '  

(  r  = 0  ,  8  4  5  ; V

I,

1 , 2 3  I p c 5  -  1 , 3  

= 3 6 , 7  % )

1 , 3 5  I D „ C +  4 , 3
‘ ■ P B  '  ' ’ P C 5  

( r  = 0 ,  9 2 8 ;  V  = 2 0 , 8  % )

I

( r  =  0 , 8 1 8 ;  V  = 3 9 , 5  % )

P A  = 0 , 8 1  I P C M P  “  0 , 3

1 P B  = ° ' 8 9  I P C M P  +  3 > 2  

( r  = 0 , 9 0 0 ;  V  = 2 4 , 4  % )

(6 )

( 7 )

( 8 )

(9)

W h i l s t  t h e  a n d

c a l l y  e q u a l  t o  I r

P C 5  ’  " " " "  ^ P C M P

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

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

i n  i d e n t i f y i n g  t h e  m i n i m u m  p e n e t r a t i o n  

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

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

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

t e d  l a t e r .

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

b e  a s s i g n e d  t o  w ^ q  a n d  w p , o n l y  a p p r o x i ­

m a t e  a v e r a g e  v a l u e s .

R E P R O D U C I B I L I T Y

M e t h o d s

I _ . . . _  a r e  n o t  n u m e r i -  
P C M P

t h e  r e s u l t s  s h o w  t h a t

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

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

F o u r t e e n  s a m p l e s  w e r e  a l l  p r e p a r e d  a s  p e r  t h e  

N I T R R  ( 1 9 7 9 )  M e t h o d  A 1  a n d  t h e  o v e n - d r i e d  f r a c ­

t i o n  p a s s i n g  0 , 4 2 5  m m  o f  e a c h  d i v i d e d  i n t o  

s i x t e e n  s u b s a m p l e s .  N i n e  s u b s a m p l e s  w e r e  t h e n  

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

b y  t h e  N I T R R  (  1 9 7 9  )  m e t h o d s  a n d  w _a n d
P A

w 1 Q , w ^  a n d  w ^ p  b y  t h e  e x t e n d e d  B S  c o n e  p e n e t r a ­

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

o n e  p o i n t  C a s a g r a n d e  m e t h o d  a n d  o n e  t h e  t h r e e  

p o i n t  m e t h o d .

I n  g e n e r a l  t h e  p r o c e d u r e s  s p e c i f i e d  i n  A S T M  

C 6 7 0 - 7 7  ( 1 9 8 0 c )  a n d  t h e  a n c i l l a r y  s t a n d a r d s  

E l  7 7  — 7 1  a n d  C 8 0 2 - 7 7  w e r e  f o l l o w e d  e x c e p t  t h a t  

n i n e  i n s t e a d  o f  t e n  l a b o r a t o r i e s ,  1 4  i n s t e a d  o f

5  m a t e r i a l s  a n d  n o  i n s t e a d  o f  4  r e p l i c a t e s  w e r e  

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

S a m p s o n  ( 1 9 8 3 )  a n d  o n l y  t h e  d i f f e r e n c e  t w o - s i g m a  

( D 2 S )  a n d  D 2 S %  l i m i t s  a r e  r e p o r t e d  h e r e  ( T a b l e  

I I ) .  T h e s e  t e r m s  p r o v i d e  a  m e a s u r e  o f  t h e  m a x i ­

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

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

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

r y  p r e c i s i o n .  T h e  D 2 S  l i m i t  i s  e x p r e s s e d  i n  t h e  

n o r m a l  t e s t  u n i t s  a n d  t h e  D 2 S %  l i m i t  a s  a  p e r ­

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

T h e  A m e r i c a n  m u l t i l a b o r a t o r y  D 2 S  l i m i t s  a r e  t h e  

s a m e  a s  t h e  t e r m  ’ r e p r o d u c i b i l i t y 1 o f  t h e  B r i ­

t i s h  S t a n d a r d s  I n s t i t u t e ,  f o r  e x a m p l e  i n  B S  

8 1 2  P a r t  1 : 1 9 7 5 .

T h e  u s e  o f  f i x e d  p e n e t r a t i o n s  o f  2  r am 

( T o w n e r ,  1 9 7 3  -  i . e .  a  1 0 0 - f o l d  i n c r e a s e  

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

l i m i t )  a n d  2 , 8  m m  ( A l l b r o o k ,  1 9 8 0 )  a n d  

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

1 0 0 - f o l d  i n c r e a s e  ( W r o t h  a n d  W o o d ,  1 9 7 8 )  

a r e  c o n s i d e r e d  i m p r a c t i c a l .  E x a m i n a t i o n  

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

c u r v e s  i n d i c a t e s  t h a t  a  v a l u e  o f  a b o u t  4 

m m  ( i . e .  a  2 5 - f o l d  i n c r e a s e  i n  s h e a r  

s t r e n g t h )  i s  t h e  m i n i m u m  p e n e t r a t i o n  t h a t  

c a n  b e  a p p l i e d  t o  a l l  t h e  s o i l s  t e s t e d ,  

a l t h o u g h  a  m i n i m u m  o f  2 , 8  m m  ( a  5 0 - f o l d  

i n c r e a s e )  c a n  p r o b a b l y  b e  a p p l i e d  i n  

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

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

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

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

s e s s  t h e  s a m e  s h e a r  s t r e n g t h  a t  t h e  l i ­

q u i d  a n d  p l a s t i c  l i m i t s  ( S a m p s o n ,  1 9 8 3 ) ,  

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

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

b e s t  d e c i d e d  b y  c o n s i d e r a t i o n s  o t h e r  t h a n  

s h e a r  s t r e n g t h .  A  v a l u e  o f  5  m m  w a s  c h o ­

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

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

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

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

( w ^ q  a n d  w ^ p ) *  A s  i s  t h e  c a s e  w i t h  w ^  a n d

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

D I S C U S S I O N

A s  h a s  b e e n  s h o w n  b y  p r e v i o u s  a u t h o r s  ( e . g .  

S h e r w o o d  a n d  R y l e y ,  1 9 7 0 ;  W e s t o n ,  1 9 7 8 ;  

K a r l s s o n ,  1 9 8 1 )  t h e  r e p r o d u c i b i l i t y  o f  t h e  c o n e  

l i q u i d  l i m i t  m e t h o d  i s  s u p e r i o r  t o  t h a t  o f  t h e  

c u p  m e t h o d ,  a l t h o u g h  i n  t h i s  c a s e  t h e  D 2 S %  l i m i t  

o f  1 5  % f o r  w ^  i s  b e t t e r  t h a n  t h e  2 5  % r e p o r t e d

b y  W e s t o n  (  1 9 7 8 ) .

T h e  I  h a s  a  m e a n  D 2 S  l i m i t  o f  1 1  p e r c e n t a g e

u n i t s  o r  a  D 2 S %  o f  4 7  % .  T h i s  m e a n s  t h a t ,  f o r  

t h e  " a v e r a g e  s o i l "  t e s t e d ,  i n  9 5  %  o f  c a s e s  t h e  

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

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

t h a n  1 1  u n i t s .  I n  p r a c t i c e  t h i s  l i m i t  i s  s o m e ­

w h a t  m o r e  a c c u r a t e l y  e x p r e s s e d  a s  a  D 2 S % ,  w h i c h  

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

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

4 7  % o f  t h e i r  m e a n  v a l u e .  F o r  e x a m p l e ,  f o r  a  

m e a n  I p  o f  8 , t h e  r e s u l t s  c o u l d  l i e  a n y w h e r e  b e ­

t w e e n  6  a n d  1 0 ,  i . e .  a  D 2 S  o f  4  u n i t s  i n  t h i s  

c a s e , n o t  1 1 .

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

t e r m s  o f  D 2 S %  l i m i t s  v a r i e s  c o n s i d e r a b l y  f r o m  

s o i l  t o  s o i l ,  e . g .  f r o m  2 1  t o  7 7  % i n  t h e  c a s e  

o f  I p ^ *  F ° r  e x a m p l e ,  f o r  t h e  f o u r  s o i l s  w i t h

W L A S  2 3 - 3 2  t h e s e  l i m i t s  f o r  I p A  v a r y  f r o m  4 1
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D2S and D2S% limits from reproducibility study Of the results of 9 laboratories

TABLE II

D2S limits

S a m p l e

N u m b e r

“ L A  

( m e a n  o f  

9  l a b s )
W L A U P 1 P  A w 2 0

1

w 10

1

W 5 " m p 1
I  1 

P C 1 0
I  1

P C 5

I  1 
P C M P

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

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

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

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

1 0 5 0 3 3 7 5 , 0 7  , 4 4 , 3 4  , 7 4 , 4 4  , 2 3  , 8 1 ,  5 2  , 2 7 , 8

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

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

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

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

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

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

1 0 6 3 5 2 4 4 , 1 4  , 2 5  , 6 3 , 4 3  , 0 3  , 7 6 , 3 2  , 4 3 , 5 5 , 6

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

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

Mean D2S 7,7 1 0 , 4 1 1 , 1 7  , 5 6  , 1 5 , 2 1 0 , 2 4  , 5 6  , 6 1 0 , 8

D2 S% limits

S a m p l e

N u m b e r

« L A  

( m e a n  o f  

( 9  l a b s )
W L A W P 1 P A W2 0

1

" 1 0

1

W 5

1
W

M P
I  1 

P C 1 0
I  1

P C 5

I  1 
P C M P

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

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

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

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

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

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

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

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

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

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

1 0 5 1 0 2 7 1 3 , 8 4 5 , 2 6 2  ,  0 6  ,  1 9 , 8 1 6 , 1 3 8 , 3 66 , 6 2 7 , 9 3 5 , 0

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

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

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

Mean D2S% 14,6 37,4 46,8 11,9 12,5 13,9 40,3 37,1 29,8 32,7

Notes : (1) Figures for sample no. 10500 are the D2S and D2S% limits for 8 laboratories.
(2) The soils were tested in the order given (10499 to 10639).

to 62 %, with the soil with the best reproduci­
bility (lowest D2S%) having the highest w ^  (and

Ip^), the opposite of what might be expected.

Similarly, the best reproducibility for Ip^ (21

%) is shown by a soil with w^ft of 37 and the

worst (77 %) by a soil of w 108, the highest

tested.

The test causing the main variation is the plas­
tic limit test which has an average D2S% limit 
of 37. When this is coupled with that of the li­
quid limit test (15 %), then it is hardly sur­
prising that the reproducibi1ity of the Ip is so

poor. Unfortunately, the D2S limits of w ^ ,  ww „
20 MP

and I p ^ p  are almost identical to those of the

Casagrande tests, although the D2S% values of 

w ^q and are better. Thus, although the mi­

nimum penetration was shown to be virtually 
equal to Wp, there seems little point in adopt­

ing this if the rep rodu c i bi 1 i t y is no better. 
However, the w^ values have D2S and D2S% limits

less than half those of w p and wM p - The D2S and

D2S% limits for the cone penetration index ob­
tained from the difference in w ^q and ŵ _ (i.e.

Ipc^) are much better than (about two-thirds of)
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that for the plasticity index.

The limits shown in Table II are for soils 
with liquid limit of 23 to 100. For soils with 
liquid limits less than 50 (about the maximum 
likely to be used in controlled layer works), 
the mean D 2 S and/or D2S% limits for w^ and

I p ^  are much better than (about half Of) those

of the Wp and IpA and also the wM p and

(Table III).

It is also likely that these precision limits 
will improve still further with continued expe­
rience Of the cone penetration method, as in 
five of the nine laboratories it was a largely 
untried method (Fig.2). (All soils were tested 
in the same order, i.e. from 1 to 14.)

7 ~

I -

ol___ I___ I___ I___ I___ I__ I--- 1---1------
I 2 3 5 II 12 13 14

SOI L No.  - - - - - - - - ►

Fig.2 D2S of lpC5 and Casagrande IpA compared 

for soils with LL < 50

An additional advantage of the method is

that the two parameters may be obtained in the 
same length of time it takes to obtain the li­
quid limit by the BS cone method at present. 
Four points have proved sufficient to obtain the 
straight line or curve between 5 mm and 20 mm 
penetrations. It is recommended that penetra­
tions are obtained between 5 and 10 mm, 10 and 
15 mm, 15 and 20 mm and 20 and 25 mm, and taken 
from the drier to the wetter state. For soils Of 
low plasticity, a straight line is likely to be 
obtained with the 5 mm penetration point being 
the limit Of the linear portion. For soils 
Of medium and high plasticity, a concave curve 
is obtained and it is important to draw the 
curve through the points and not to take the 
straight line fit of the points.

It is necessary to use the two moisture con­

tents (w^o and »5)» as the slope of the penetra­

tion versus moisture content curve varies for 
different soils. Just as it is possible to have

a soil with the same w^ but a different Ip (i.e.

different flow index), so it is possible to have 
the same w b u t  different Ipç^ (i.e. different

consistency index).

To summarise, the results of the reproducibility 
investigation show that the Ipc taken as the

difference between the 20 mm (W2q) and ^he 5 mm 

( w ,_ ) penetration moisture content has suffi­

ciently superior limits (about half of those of 
the Ip) to warrant its adoption as a replacement

for the latter. The 5 mm penetration moisture 
content (w^) should also be used as a replace­

ment for the plastic limit. For the design and 
control of layer works it is suggested that the 
maximum desirable D2S% for w^ or w ^ q is about 10

% and that for Ip or Ipc about 25 %. With prac­

tice it is felt that these limits can be 
achieved on most soils only by means of the cone 
method.

ADVANTAGES AND DISADVANTAGES OF EXTENDED CONE 
PENETROMETER METHOD

The advantages of replacing the cup liquid limit 
method with that of the BS cone, as summarised 
by Sampson and Netterberg (1984), are that it is 
more repeatable, more reproducible, not 
operator-susceptible, less prone to equipment 
variations, and that it is capable of giving re­
sults for materials which slide in the conven­
tional cup, such as soils of low plasticity and 
micaceous (Kumapley and Boakye, 1 980) soils. The 
advantages of replacing the Ip with the Ip^ are

similar. In addition, the method gives results 
on soils which slide in the normal cup compara­
ble to those yielded by a roughened cup 
(Kumapley and Boakye, 1980), and should there­
fore give reliable results on soi1-aggregate 
basecourses of low plasticity on which bar 
linear shrinkage tests are currently considered 
to be advisable. These tests can therefore prob­
ably be discontinued. A further advantage is 
that the time taken to determine the w^q and the

Ipc is less than that required for the w^ and

the Ip .

As no international standard (ISO) test methods 
for soils have so far been accepted, the 
adoption of these new indices as international 
standards would overcome the problems of which 
Atterberg limit method to adopt.

The disadvantages of adopting the extended cone 
method (Sampson and Netterberg, 1904) are that a 
greater quantity of soil fines must be prepared, 
that care is required in filling the cup and 
striking it Off level, that care is required in 
handling the cone, and that it may wear. These 
disadvantages are considered insignificant, 
as shown by the greater repeatability, reprodu­
cibility and non-operator susceptibility of the 
test, and are easily overcome. The only signifi­
cant disadvantages of the method appear to be 
the greater cost of the cone tester, the neces­
sity for the modification of soil specifica­
tions, etc. and the retraining of staff. There 
is also the possibility of errors due to confu­
sing the two sets of indices.
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M e a n  D 2 S  a n d  D 2 S %  l i m i t s  f o r  e i g h t  s o i l s  w i t h  l i q u i d  l i m i t s  < 5 0

TABLE III

W L A W P I P A W 2 0  W 1 0 W 5 W M P  I P C 1 0 I P C 5 J P C M P

M e a n  D 2 S  

M e a n  D 2 S %

4  , 4  

1 3 , 6

6  , 0  

3 3  , 7

6  , 1 

4 3  , 1

4 , 4  3 , 7  

1 0 , 9  1 1 , 3

3 , 2

1 2 , 7

6 , 4  2 , 7  

3 4 , 9  3 5 , 5

3 , 6  

2 6  , 7

7 , 3

3 3 , 6

N o t e :  ( 1 )  T h e  m e a n  f o r  8  l a b o r a t o r i e s  f o r  s a m p l e  1 0 5 0 0  f r o m  T a b l e  I I  

w a s  u s e d  f o r  t h e s e  v a l u e s .

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

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

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

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

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

t i c i t y  i n d e x  i f  f u r t h e r  s t u d i e s  b y  o t h e r  

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

S O M E  I M P L I C A T I O N S  O F  A D O P T I N G  T H E  E X T E N D E D  C O N E  

P E N E T R A T I O N  M E T H O D

A s  b o t h  w ^ q  a n d  I p ^  d i f f e r  f r o m  t h e  A S T M  w ^  a n d  

b o t h  t h e  A S T M  a n d  B S  I p s  r e s p e c t i v e l y ,  t h e  i m ­

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

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

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

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

l i q u i d  l i m i t  d e v i c e ,  t h e  c o m m o n  m a x i m u m  w ^ ^  r e ­

q u i r e m e n t  o f  2 5  f o r  b a s e c o u r s e  w o u l d ,  f r o m  

e q u a t i o n  3 ,  h a v e  t o  b e  c h a n g e d  t o  2 9 .  H o w e v e r ,  

f r o m  e q u a t i o n  6  t h e  u s u a l  I p ^  r e q u i r e m e n t  o f  6

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

6 , t  h e  r e a s o n  b e i n g  t h a t  w h i l s t  i s  a p p r o x i ­

m a t e l y  4  u n i t s  h i g h e r  t h a n  w l a ’  w 5  a l s 0

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

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

( w h e t h e r  c o n e  o r  c u p ) ,  t h e  e q u i v a l e n t  l i m i t s  

w o u l d  r e m a i n  n u m e r i c a l l y  u n c h a n g e d  a t  2 5  f o r  

w ^ q , a s  t h i s  e q u a l s  t h e  B S w ^ .  H o w e v e r ,  f r o m

e q u a t i o n  7 ,  a n  I _ _  o f  6  w o u l d  g i v e  a n  e q u i v a l e n t  
P  B

m a x i m u m  I p ^, r e q u i r e m e n t  o f  1 ,  w h i c h  i s  p r o b a b l y

t o o  l o w  f o r  c o n t r o l  p u r p o s e s .  T h e  l o w  I p ^  i s

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

q u i r e m e n t s  o b t a i n e d  u s i n g  t h e  B r i t i s h  C a s a g r a n d e

d e v i c e ,  w h i c h  y i e l d s  a  w  a n d  a n  I n n  o f  4  u n i t s
L  B  ---------  r  d

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

s p e c i f y i n g  a n  I _ _  o f  6  i s  e q u i v a l e n t  t o  a n  I n .

Of 2. PB PA

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

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

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

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

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

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

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

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

l i m i t s .

C O N C L U S I O N S

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

c i b i l i t y )  o f  t h e  w ^ ,  w p  a n d  I p  f o r  1 4  s o i l s

t e s t e d  b y  9  l a b o r a t o r i e s  a n d  e x p r e s s e d  i n  

t e r m s  o f  D 2 S %  l i m i t s  ( 1 5 ,  3 8  a n d  4 7  % r e s ­

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

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

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

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

f i c a t i o n  o f  t h e  t e s t s .

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

O f  2 0  m m  i n  t h e  B S  c o n e  l i q u i d  l i m i t  m e t h o d  

( i . e .  B S w ^ )  i s  v e r y  s t r o n g l y  c o r r e l a t e d

w i t h  ( r  = 0 , 9 9 )  a n d  h a s  a  s u p e r i o r  r e p r o d u ­

c i b i l i t y  t o  t h e  A S T M  c u p  l i q u i d  l i m i t

I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  t h e  BSw l

d e t e r m i n e d  u s i n g  t h e  B S  c o n e  p e n e t r o m e t e r  

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

l i m i t  d e t e r m i n e d  u s i n g  a n  A S T M  c u p  d e v i c e .  

F o r  a l l  p r a c t i c a l  p u r p o s e s  t h e  B S w ^  ( a n d

t h e r e f o r e  a l s o  t h e  B S I p )  a r e  4  u n i t s  h i g h e r

o v e r  t h e  r a n g e  2 0  t o  1 0 0 .

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

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

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

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

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

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

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

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

p l a s t i c  l i m i t .

4 .  T h e  m o i s t u r e  c o n t e n t  a t  a  c o n e  p e n e t r a t i o n  

d e p t h  o f  5  m m  i s  b o t h  s t r o n g l y  c o r r e l a t e d  

w i t h  ( t h o u g h  n o t  n u m e r i c a l l y  e q u a l  t o )  a n d  

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

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

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

p l a s t i c  l i m i t .

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

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

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

t o  ( a l m o s t  h a l f  o f )  t h a t  o f  t h e  p l a s t i c i t y  

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

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

6 .  W i t h  f u r t h e r  p r a c t i c e  a n d  e x p e r i e n c e  t h e  

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

i n d e x  c a n  p r o b a b l y  b e  i m p r o v e d  t o  b e t t e r
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t h a n  a  D 2 S %  o f  2 5 ,  w h i l e  l i t t l e  f u r t h e r  

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

p l a s t i c i t y  i n d e x .

7 .  T h e r e  i s  n o  i n t e r n a t i o n a l  s t a n d a r d  m e t h o d  

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

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

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

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

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

f i g u r e s  p r e s e n t e d  h e r e .

b .  T h e  e x t e n d e d  B S  c o n e  p e n e t r o m e t e r  m e t h o d  

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

c o n t e n t s  a t  p e n e t r a t i o n  d e p t h s  o f  2 0  a n d  5  

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

b e  c o n s i d e r e d  f o r  a n  i n t e r n a t i o n a l  ( I S O )  

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

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

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

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

p r o p e r t i e s  a n d  b e h a v i o u r  t o  t h e s e  i n d e x  

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

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

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

A C K N O W L E D G E M E N T S

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

o f  r e s e a r c h  o f  t h e  N a t i o n a l  I n s t i t u t e  f o r  T r a n ­

s p o r t  a n d  R o a d  R e s e a r c h  o f  S o u t h  A f r i c a  a n d  i s  

p u b l i s h e d  w i t h  t h e  p e r m i s s i o n  o f  t h e  C h i e f  D i ­

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

l e a g u e s  i n  t h e  S o i l  E n g i n e e r i n g  G r o u p  f o r  t h e i r  

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

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

R E F E R E N C E S

A l l b r o o k ,  R . F .  (  1 9 0 0 ) .  T h e  d r o p  c o n e  p e n e ­

t r o m e t e r  m e t h o d  f o r  d e t e r m i n i n g  A t t e r b e r g  

l i m i t s .  N e w  Z e a l a n d  J . S c i . ,  ( 2 3 ) ,  9 3 - 9 7 .

A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s .

( 1 9 0 0 a ) .  S t a n d a r d  t e s t  m e t h o d  f o r  l i q u i d  

l i m i t  o f  s o i l s .  A N S I / A S T M  D 4 2 3 - 6 6  

( r e a p p r o v e d  1 9 7 2 ) .  I n :  1 9 8 0  A n n u a l  b o o k  o f  

A S T M  s t a n d a r d s ,  P a r t  1 9 :  S o i l  a n d  r o c k ;  

b u i l d i n g  s t o n e s ,  1 2 2 - 1 2 5 ,  A S T M ,  P h i l a d e l ­

p h i a  .

A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s .  

( 1 9 8 0 b ) .  S t a n d a r d  t e s t  m e t h o d  f o r  p l a s t i c  

l i m i t  a n d  p l a s t i c i t y  i n d e x  o f  s o i l s .  

A N S I / A S T M  D 4 2 4 - 5 9  ( r e a p p r o v e d  1 9 7 1 ) .  I n :  

1 9 8 0  A n n u a l  b o o k  o f  A S T M  s t a n d a r d s ,  P a r t  

1 9 :  S o i l  a n d  r o c k ;  b u i l d i n g  s t o n e s ,  

1 2 6 - 1 2 7 ,  A S T M ,  P h i l a d e l p h i a .

A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s .  

( 1 9 8 0 c ) .  S t a n d a r d  r e c o m m e n d e d  p r a c t i c e

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

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

1 9 8 0  A n n u a l  b o o k  o f  A S T M  s t a n d a r d s ,  P a r t  

1 9 :  S o i l  a n d  r o c k ;  b u i l d i n g  s t o n e s ,  3 9 - 4 5 ,  

A S T M ,  P h i l a d e l p h i a .

B r i t i s h  S t a n d a r d s  I n s t i t u t i o n .  ( 1 9 7 5 ) .  M e t h o d s  

o f  t e s t  f o r  s o i l s  f o r  c i v i l  e n g i n e e r i n g  

p u r p o s e s .  B S  1 3 7 7 : 1 9 7 5 ,  B S I ,  L o n d o n .

C a m p b e l l ,  D . J .  ( 1 9 7 6 ) .  P l a s t i c  l i m i t  d e t e r m i ­

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

J . S o i l  S e i . ,  ( 2 7 ) ,  2 9 5 - 3 0 0 .

C a m p b e l l ,  D . J . ,  S t a f f o r d ,  J . V .  a n d  B l a c k w e l l ,  

P . S .  ( 1 9 8 0 ) .  T h e  p l a s t i c  l i m i t ,  a s  d e t e r ­

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

t h e  m e c h a n i c a l  b e h a v i o u r  o f  s o i l .  J . S o i l  

S c i . ,  ( 3 1 ) ,  1 1 - 2 4 .

C a s a g r a n d e ,  A .  ( 1 9 3 2 ) .  R e s e a r c h  o n  t h e  A t t e r ­

b e r g  l i m i t s  o f  s o i l .  P u b l i c  R o a d s ,  ( 1 3 ) ,  

1 2 1 - 1 3 0 .

K a r l s s o n ,  R .  ( 1 9 8 1 ) .  C o n s i s t e n c y  l i m i t s .  P e r ­

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

i n v e s t i g a t i o n s .  P a r t  6 .  B u i l d .  R e s .  C o u n ­

c i l  , S w e d e n .

K u m a p l e y ,  N . K .  a n d  B o a k y e ,  S . Y .  ( 1 9 8 0 ) .  T h e

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

n a t i o n  o f  l i q u i d  l i m i t s  o f  s o i l s  o f  l o w  

p l a s t i c i t y .  P r o c .  7 t h  R e g . C o n f . A f r . S o i  1 

M e c h . F o u n d . E n g g , ( 1 ) ,  1 6 7 - 1 7 0 ,  A c c r a .

N a t i o n a l  I n s t i t u t e  f o r  T r a n s p o r t  a n d  R o a d  R e ­

s e a r c h .  ( 1 9 7 9 ) .  S t a n d a r d  m e t h o d s  o f  

t e s t i n g  r o a d  c o n s t r u c t i o n  m a t e r i a l s .  T M H 1 ,  

C S I R , P r e t o r i a .

S a m p s o n ,  L . R .  ( 1 9 8 3 ) .  I n v e s t i g a t i o n  i n t o  t h e  

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

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

m i t s  o f  S o u t h  A f r i c a n  s o i l s .  N a t .  I n s t .  

T r a n s p .  R o a d  R e s .  u n p u b l .  R e p .  R S / 5 / 0 3 ,  

C o u n c i l  S c i .  I n d .  R e s . ,  P r e t o r i a .

S a m p s o n ,  L . R .  a n d  N e t t e r b e r g ,  F .  ( 1 9 8 4 ) .  A  c o n e  

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

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

l i c a t i o n s .  P r o c .  8 t h  R e g . C o n f . A f r . S o i 1  

M e c h . F o u n d . E n g g , ( 1 ) ,  1 0 5 - 1 1 5 ,  H a r a r e .

S h e r w o o d ,  P . T .  a n d  R y l e y ,  M . D .  ( 1 9 7 0 ) .  I n v e s ­

t i g a t i o n  o f  a  c o n e - p e n e t r o m e t e r  m e t h o d  f o r  

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

t e c h n i q u e ,  ( 2 0 ) ,  2 ,  1 3 5 - 1 3 6 .

T o w n e r ,  G . D .  ( 1 9 7 3 ) .  A n  e x a m i n a t i o n  o f  t h e

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

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

c u l t u r a l  s o i l s .  J . S o i l  S c i . ,  ( 2 4 ) ,  4 ,  

4 7 0 - 4 7 9 .

W e s t o n ,  D . J .  ( 1 9 7 8 ) .  A  c o m p a r i s o n  o f  t h e  C a s a ­

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

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

s i o n  o f  s o m e  o f  t h e  u s e s  o f  A t t e r b e r g  l i ­

m i t s .  N a t .  I n s t .  T r a n s p .  R o a d  R e s .  u n p u b l .  

R e p .  R S / 5 / 7 8 , C o u n c i l  S c i .  I n d .  R e s . ,  

P r e t o r i a .

W r o t h ,  C . P .  a n d  W o o d ,  D . M .  ( 1 9 7 8 ) .  T h e  c o r r e ­

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

e n g i n e e r i n g  p r o p e r t i e s  o f  s o i l s .  C a n .  

G e o t c h .  J .  , (  1 5 ) ,  1 ,  1 3 7 -  1 4 5 .
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