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Introduction
Undrained shear strength of a soil from water content around the liquid limit to water 
content around the plastic limit can be determined by the fall cone test. Determination 
of liquid limit by the fall cone test is based on the premise that soil assumes a unique 
state at the liquid limit yielding a unique shear strength. Many research workers have 
attempted to show that this unique shear strength at the liquid limit bears a definite rela-
tionship with that at the plastic limit [2, 8, 13, 16, 25, 26]. If undrained shear strength at 
liquid and at the plastic limit are related then it is brought out that the liquid limit and 
the plastic limit could also be uniquely related.

According to several researchers ([10, 12, 15, 23, 26] to name a few), undrained shear 
strength at the liquid limit water content can be considered to be unique (without much 
loss of accuracy) for all soils. These researchers have shown that shearing strength of fine 
grained soils at the liquid limit falls within a narrow range of about 1.7–2.0 kPa. Mitchell 
[11], has reported equal undrained shear strength of about 1.7 to 2.0 kPa at liquid limit 
water content and has mainly attributed this to the same average adsorbed water layer 
thickness on all particle surfaces at the liquid limit of the soil. Skempton and Northey 
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[18], reported the value of shear strength at the liquid limit of four soils with very differ-
ent values of plasticity index to range from 0.7 to 1.75 kPa.

Norman [14], reported that the shear strength at liquid limit water content ranges 
from 0.8 to 1.6 kPa for B.S. Standard [3] rubber base Casagrande’s apparatus (percus-
sion cup) and 1.1–2.3 kPa for ASTM Standard [1] rubber base Casagrande’s apparatus. 
Skopek and Ter-stepanian [19], have reported shear strength values in the range of 1 and 
3 kPa at the liquid limit water content in the percussion cup method. Wroth and Wood 
[26], adopted a mean value of 1.7 kPa as the best estimate of undrained shear strength of 
a remolded soil at its liquid limit. Thus one can see that the shear strength at liquid limit 
varies from 0.7 to 3 kPa but a mean value of 1.7 kPa is widely accepted.

Data of four soil samples from Skempton and Northey [18], show that the undrained 
shear strength at the plastic limit is about 100 times that at the liquid limit. Based on 
this data, [26] have redefined plastic limit in terms of strength as that water content that 
gives a 100-fold increase in shear strength over that at the liquid limit. The concept that 
plasticity index of soils can be defined as a range of water contents producing a 100-fold 
variation in undrained shear strength has been brought out with the help of a large num-
ber of tests on soils of diverse nature by Sharma and Bora [16]. Attempts have also been 
made to determine plastic limit of soils, through the cone penetration method using this 
concept [2, 8, 17, 22, 26].

If the soil assumes a unique state at the liquid limit yielding a unique shear strength 
and that this shear strength bears a definite relationship with that at the plastic limit, 
then it is brought out in this technical note that the water content at the liquid limit and 
at the plastic limit could also be uniquely related.

The plastic limit test (thread rolling method as devised by Atterberg) has become one 
of the standard test in soil engineering practice. According to Sridharan and Prakash 
[21], and Haigh [5], the two liquid limit test methods (cup and cone methods) measure 
different physical quantities. Cup method gives higher values of LL compared to cone 
method when the liquid limit is larger; whereas cone method gives higher values than 
cup method at lower liquid limits. This is primarily because of the controlling mecha-
nisms involved in mobilisation of shearing resistance, primarily viscous resistance with 
soil of higher liquid limit and mobilisation of frictional resistance for soils at lower liquid 
limits [21]. According to Sridharan and Prakash [20], the cone penetration method is a 
measure of the undrained cohesion or undrained frictional resistance of the soil or both. 
Liquid limit and plastic limit determined by the cone penetration method conceptually 
do not represent the soil plasticity characteristics because they also represent undrained 
friction. Recently Haigh et al. [6] has brought out that the plastic limit is a measure of 
soil brittleness and does not correspond to fixed soil strength and that the plastic limit 
by fall cone method is not the plastic limit described by Atterberg.

In this work it is found more suitable to call plastic limit by fall cone method as  PL100 
to differentiate it from Casagrande’s plastic limit. Hence plastic limit by the cone pene-
tration test obtained by redefining plastic limit in terms of strength as that water content 
that gives a 100-fold increase in shear strength over that at the liquid limit will hence-
forth in this study be called  PL100. For the present work a mean value of 1.7 kPa as the 
shear strength at the liquid limit and 170 kPa as the shear strength at the plastic limit 
 (PL100), has been adopted.
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Method
Hansbo [7], presented the theory of the fall cone test. Hansbo [7], expressed the relation-
ship between cone penetration (h) and undrained shear strength  (cu) for different cone 
angles and weights as follows:

where Q = weight of the cone; h = depth of penetration of the cone into the soil; and K 
= a constant, the value of which depends solely on cone angle β, for remolded soil. Equa-
tion (1) shows that the undrained shear strength is inversely proportional to the square 
of the depth of penetration. The K value for remolded soil for the 0.59 N-60° cone is 0.3 
according to Hansbo [7]. According to Sharma and Bora [16], the K value for the 30° 
cone is 0.82 which was obtained after calibration of the cone by carrying out unconfined 
compression test. The fall cone using Eq. (1) can be used to measure the shear strength 
of soils at a range of water contents between liquid and plastic limits. However the und-
rained shear strengths obtained from using Eq. (1) are remoulded soil strengths and do 
not account for soil structure, fabric and overconsolidation level in the soil.

The liquid limit of the soils for this study was determined by the 0.59 N-60° cone. Tak-
ing undrained shear strength at the liquid limit as 1.7 kPa, the depth of penetration h, 
from Eq. (1) comes out to be 10.2 mm. Plastic limit  (PL100), of the soils were determined 
by taking undrained shear strength at plastic limit as 100 times that at liquid limit, i.e., 
170 kPa.  PL100 of the soils was determined by using the 3.92 N-30° cone. The depth of 
penetration h, from Eq. (1) for the above cone to obtain  PL100 comes out to be 4.4 mm.

For determining undrained shear strength from very soft consistencies around the liq-
uid limit to stiff consistencies around the plastic limit, a single consistent method (the 
Swedish fall cone method) was used for the present study. Cones of 0.59  N-60° cone 
angle, 0.98 N-30° cone angle and 3.92 N-30° cone angle have been used. The 0.59 N-60° 
cone was used for the investigation of soft clays and the 0.98 N-30° cone and 3.92 N-30° 
cone were used for the investigation of medium and stiff clays respectively. The und-
rained shear strengths of the soil were determined, using the cone penetration data, 
from Eq. (1).

Results and discussion
The undrained shear strengths of 43 inorganic soil samples were determined by the 
Swedish fall cone test, the liquid limit of which varied from 33.8 to 82%. The physical 
properties of the 43 inorganic soil samples are shown in Table 1. Plastic limit values as 
determined by the thread rolling method had also been incorporated in the Table 1.

Wroth and Wood [26], and Belvisco et al. [2], suggested that the logarithmic depth of 
penetration against water content relationship is linear between the liquid limit and the 
plastic limit. However Karlsson [9], Wood [24], and Harison [8], suggested the relation-
ship to be highly nonlinear. Feng [4], also showed that the semi-logarithmic depth of 
cone penetration, d versus water content, w relationship is nonlinear and proposed a 
linear log d − log w plot.

Sharma and Bora [16], showed that log of water content versus log of undrained shear 
strength is linear for soil with liquid limit less than 100%. Whereas for soils with higher 

(1)cu = KQ/h2
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Table 1 Physical properties of the soils tested

Sl. no. Site location Liquid 
limit  wL 
(%)

Plastic 
limit  wP 
(%)
Thread 
rolling 
method

Plastic 
limit  wP 
(%)
Fall cone 
method

Plasticity 
index P.I. 
(%)

Specific 
gravity 
 Gs

I.S. classification 
(I.S.: 1948–1970)

1. V.I.P. 38.5 18.5 17 21.5 2.63 CI

2. Numaligarh-
B.H.-18.5 m

56 23 24.2 31.8 2.69 CH

3. Noonmati Sample-2 69 25.7 24 45 2.72 CH

4. Deepar Beel 46 17 15.5 30.5 2.57 CI

5. A.E.C. Sample-3 61 24 22.5 38.5 2.68 CH

6. Ganeshguri 37.2 14.2 15 22.2 2.59 CI

7. Bentonite-I 52 22.8 19.8 32.2 2.71 CH

8. Kaolinite-I 56 28.4 27 29 2.66 CH

9. Gauhati University 38 16.5 14.6 23.4 2.7 CI

10. Amingaon 54 23 22 32 2.69 CH

11. Sonapur 66 23.2 24 42. 2.71 CH

12. A.E.C. Sample-1 47 19.2 20.6 26.4 2.64 CI

13. Silchar 58 24 25.8 32.2 2.71 CH

14. Boragaon Sample-1 72.5 28 29 43.5 2.72 CH

15. Vijaynagar 39 19.2 18.5 20.5 2.69 CI

16. Numaligarh M.K.-2 52 23 21.5 30.5 2.62 CH

17. I.I.T.B.H.-I-5.7 m 60 25.5 24.2 35.8 2.71 CH

18. Adabari Sample 39.5 17.8 16.5 23 2.68 CI

19. I.I.T. (Hostel) Black 
Soil

59.2 25 23 36.2 2.53 CH

20. Noonmati Forest 
Gate

77 31 28 49 2.68 CH

21. I.I.T.-16 (B.H.-2.5 m) 38 16.5 14.3 23.7 2.6 CI

22. Kaolinite-II 60 25.3 25 35 2.66 CH

23. I.I.T. B.H.-I-2.7 m 68 33 32 36 2.66 CH

24. Numaligarh Market-
ing Terminal-3

42 20.5 20 22 2.65 CI

25. I.I.T. B.H.-I-6 m 58 21 22 36 2.73 CH

26. Numaligarh B.H.-25 67.5 26.7 28 39.5 2.7 CH

27. Down Town Hospi-
tal Site-I

44 18 16 28 2.7 CI

28. Ajara 52.5 21..5 21 31.5 2.71 CH

29. Boragaon Sample-2 77 30.2 29.5 47.5 2.74 CH

30. Bansar 33.8 17.5 16 17.8 2.68 CL

31. KC trunk sample 52 21 19.3 32.7 2.71 CH

32. Numaligarh Market-
ing Terminal-1

60 22.8 23 37 2.68 CH

33. Boragaon Sample-3 75 38 35 40 2.72 CH

34. A.E.C. Hostel-3 46 17.5 16.2 29.8 2.65 CI

35. Khanapara 68 25.8 23 45 2.68 CH

36. I.I.T. (B.H.-2) 2.5 m 53 18.3 19 34 2.7 CH

37. Numaligarh B.H.-
21-8 m

57 22.4 24 33 2.68 CH

38. Hajo 53.8 19 20.1 33.7 2.62 CH

39. Numaligarh B.H.-24 59 24.9 25 34 2.7 CH

40. Numaligarh B.H.-
15-5 m

82 30.8 32.8 49.2 2.7 CH
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liquid limits a bilinear relationship was obtained. The straight line relationship was seen 
to exist from water content around the liquid limit to water content around the plas-
tic limit of the soils tested. Youssef et al. [27], also showed that a straight line relation 
existed between water content and undrained shear strength in a log–log plot but they 
had data only near the liquid limit of the soils.

When water content, w was plotted against undrained shear strength,  cu, on a log–log 
scale, a straight line for each soil sample was obtained. Figure 1a–c show typical results 

Table 1 (continued)

Sl. no. Site location Liquid 
limit  wL 
(%)

Plastic 
limit  wP 
(%)
Thread 
rolling 
method

Plastic 
limit  wP 
(%)
Fall cone 
method

Plasticity 
index P.I. 
(%)

Specific 
gravity 
 Gs

I.S. classification 
(I.S.: 1948–1970)

41. Mirza 38 16 14.5 23.5 2.59 CI

42. Chaygaon 42 16.5 16 26 2.6 CI

43. Jorabat 68 20 19.6 48.4 2.69 CH
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Fig. 1 a–c Typical undrained shear strength water content plot
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for the 43 samples tested. Vane shear test was also carried out to determine undrained 
shear strength at different water contents. Vane shear test results are incorporated 
together with the cone penetration test results in Fig. 2 wherein it is seen that there is 
good agreement of the cone penetration test results with those of the vane shear test 
results. This example is typical of all such results obtained. The linear log w − log  cu 
model is expressed as follows

An attempt is made in the following paragraph to generalize this behaviour of the 
soils through normalization. The straight line relationship of undrained shear strength 
and water content in a log–log plot of the 43 samples have been redrawn normalising 
the undrained shear strength at any water content with 1.7 kPa i.e. the undrained shear 
strength at liquid limit on the Y axis and normalizing the corresponding water content 
with the water content at liquid limit of the soils on the X axis. After normalization, all 
the soil test results plot in a narrow band, which is shown in Fig. 3, and which can be fit-
ted with an equation of the form

with a correlation coefficient of 0.95,  cu = undrained shear strength at any water content, 
w = water content, LL = liquid limit water content.

(2)log cu = log c+m log w.

(3)log(cu/1.7) = log (1.04)− 4.9log(w/LL)

Fig. 2 Comparison of undrained shear strength results from fall cone test and vane shear test
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Equation [3] can be written without loss of accuracy in the form

or 

The undrained shear strength of a soil at any water content can be determined by this 
relationship knowing only the liquid limit of the soils.

Taking undrained shear strength at the plastic limit as 170 kPa, and denoting this plas-
tic limit as  PL100, Eq (4) can be written as

or

Ip = plasticity index of the soils.
Equations (6) and (7) show that water content at liquid limit and water content at plas-

tic limit, are uniquely related.
Statistical analysis of the 43 soil samples tested in this work, for the best fitting straight 

line produced an equation as

or

log(cu/1.7) = log (1)− 4.9log(w/LL)

(4)log(cu/1.7) = − 4.9log(w/LL)

(5)log(170/1.7) = −4.9log(PL100/LL)

(6)PL100 = 0.39LL

(7)Ip = 0.61LL

Ip = 0.63(LL− 1.63)

(8)Ip = 0.63 (LL− 1.03)

0.01

0.1

1

10

100

1000

0.1 1 10

U
nd

ra
in

ed
 sh

ea
r 

st
re

ng
th

 d
iv

id
ed

 b
y 

1.
7 

kN
/m

2

Water content / liquid limit (w/wL)

Logy = Log(1.04) - 4.9Logх

R2 = 0.945

Fig. 3 Normalised plot with data of the 43 soil samples



Page 8 of 10Sharma and Sridharan  Geo-Engineering            (2018) 9:22 

Again the same analysis for the best fitting straight line passing through the origin pro-
duced an equation as

which is exactly the same as Eq. (7).
Figure 4 shows the liquid limit and plasticity index plot on the plasticity chart with the 

fitted straight line (Eq. 8), with plastic limit determined by the fall cone test correspond-
ing to an undrained shear strength of 170 kPa.

While experimental results of this investigation leads to Eq. (9), the equation obtained 
from the normalization of the strength results yielded Eq. (7). Both of them compare 
well in view of the altogether two different approaches. Figure  5 illustrates the plastic 
limit  (PL100), obtained from cone experiments and that from prediction of the normal-
ised plot of strengths at different water contents by Eq. (7). In view of altogether two dif-
ferent methods, the results compare well.

In the above discussions, it has been brought out that if the strength at plastic limit 
and at liquid limit are 1.7 and 170 kPa respectively, then experimental results indicate 
that both liquid limit and plastic limit are uniquely related as given in Eq. (7). This leads 
to the redundent of plasticity chart which is extensively used by practicing geotechni-
cal engineers. Though the concept that undrained shear strength at liquid limit and at 
the plastic limit can be uniquely related which in turn leads to unique relation between 
liquid limit and plastic limit of the soils, this can be said to be true only when plastic 
limit is determined from the cone penetration test assuming a 100-fold increase in shear 
strength over that at the liquid limit.

Conclusions
The undrained shear strength-water content relationship has been found to be linear in 
a log–log plot for a range of water contents beginning from around the plastic limit to 
around the liquid limit for a variety of soils with liquid limits ranging from 33.8 to 82% 

(9)Ip = 0.6LL
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and plastic limit by cone method ranging from 15 to 35% plotting above Casagrande 
A-line. Review of literature show that one can assume a unique state at the liquid limit 
yielding a shear strength of 1.7  kPa. Water content corresponding to an undrained 
shear strength of 170 kPa is also called the plastic limit of the soil by different research 
workers. This plastic limit is called  PL100 in this work. This has led to the finding in this 
investigation that the water content at the liquid limit and at the plastic limit can also 
be uniquely related. This leads to the contradiction what Atterberg originally envisaged 
leading to Casagrande plasticity chart. At best this assertion that at liquid limit yielding a 
unique shear strength and that this shear strength bears a definite relationship with that 
at the plastic limit could be valid only when plastic limits are determined by the cone 
penetration method by assuming undrained shear strength at plastic limit as 170 kN/m2. 
It is more suitable to call the value of plastic limit determined by the cone as  PL100 to dif-
ferentiate it from Casagrande’s plastic limit.
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