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1 INTRODUCTION 
 
Fall cone testing (FCT) is commonly used to charac-
terise soil plasticity (e.g. BSI 1990). The main result 
from a FCT is the flow curve, which describes the re-
lationship between water content (w) and cone pene-
tration (h). Perhaps the most common way of using 
the flow curve in geotechnical practice is to calculate 
the liquid limit (LL) as the moisture content that cor-
responds to a certain value of h, with the exact value 
of h depending on the angle and mass of the cone. 
Additionally, the flow curve can also be used to esti-
mate the plastic limit (PL) (Feng 2001).  

Although the main use of the flow curve appears 
to be the calculation of the LL and PL, previous work 
has shown that several aspects of the mechanical be-
haviour of remoulded clays can be explained in terms 
of the fitting parameters used to mathematically 
model the flow curve (Koumoto & Houlsby 2001). 
These results suggest that the key aspect of inferring 
mechanical behaviour are not the limits per se, but ra-
ther the flow curve. Given the arbitrary nature of the 
definition of the consistency limits (Lambe & Whit-
man 1969), this seems like a promising proposition. 

The use of published data to further explore how 
the engineering properties of soils correlate to flow 
curve parameters is hindered by the fact that the flow 
curve is generally not reported. Instead, it is much 
more common for the LL and PL to be reported. The 

current study therefore addresses the question of how 
the flow curve of a soil can be estimated when only 
LL and PL are known. It will be assumed that the LL 
and PL are measured with the FCT and thread rolling 
procedure, respectively. 

 
 

2 IDEALISATION OF THE FLOW CURVE AND 
ITS RELATION TO THE LL AND PL 
 

Previous studies have indicated that a power law can 
suitably model the flow curve of a wide variety of 
soils over a wide range of moisture contents (Feng 
2001, Koumoto & Houlsby 2001). Accordingly, the 
following idealisation was adopted herein for the flow 
curve: 

𝑤 = 𝑎 ∙ % &&'(
)
 (1) 

where hr is an arbitrarily defined reference penetra-
tion, and a and b are the fitting parameters. The units 
of a and w are equal (both parameters are expressed 
as percentages in the current study) and b is dimen-
sionless.  

The division of h by hr is required to ensure dimen-
sional consistency. In principle, hr can be set to any 
value without changing the best fit flow curve. What 
does change is the value of a that models the flow 
curve. Since a represents the value of w when h = hr, 
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it is convenient to set hr to a value of penetration typ-
ically included in the domain of the flow curve. This 
allows us to give a realistic physical meaning to the 
value of a. The selection of a suitable value of hr will 
be addressed below in the context of the experimental 
results. 

To determine how parameters a and b, which de-
fine the flow curve, are correlated to the more tradi-
tionally used LL and PL, it is useful to note that since 
Eq. 1 is a power function, it plots as a straight line in 
log-log space. In such a space the slope of the flow 
curve is b and the ‘y-intercept’ (the value of log(w) 
when h/hr=1) is log(a). As with any straight line, fully 
defining the flow curve thus requires finding two 
points on the line. When the LL is determined using 
the FCT, one point is immediately known because the 
standard specifies the value of penetration associated 
to the LL. For instance, consider a soil that has LL = 
36% determined using BSI (1990). It follows that the 
point (20 mm, 36%) falls on the flow curve because 
20 mm is the penetration depth used in the BSI (1990) 
procedure to define the LL. Therefore, provided that 
the LL is determined with an FCT method, converting 
this limit to a point on the flow curve is straightfor-
ward. 

Conversely, the penetration (h) that corresponds to 
a PL value measured with the thread rolling proce-
dure is not immediately obvious. However, it is pos-
sible to make an estimation based on the work of Feng 
(2001) who suggested that the PL corresponds to 
h = 2 mm, when using a 30 ° / 80 g cone. This sug-
gestion is based on three observations: 1) The propor-
tionality between undrained shear strength (Su) and 
1/h2 (Hansbo, 1957). 2) Su at the LL is approximately 
100 times smaller than Su at the PL (Skempton & 
Northey 1953). 3) For the 30 ° / 80 g cone the LL cor-
responds to h = 20 mm. Besides these observations, 
the experimental data of Feng (2001) supports the 
idea that the PL corresponds approximately to 
h = 2 mm. 

These three observations lead to the more general 
conclusion that, regardless of the angle and mass of 
the cone, the cone penetration associated to the PL 
(hPL) is approximately one tenth of the cone penetra-
tion associated with the LL (hLL). This approximation 
allows the estimation of a second point of the flow 
curve (hPL, PL) enabling the computation of the slope 
b as: 

𝑏 = +,- ../+,-0.
+,- &11/+,-&21

= +,-(.. 0.⁄ )
+,-(&11 &21⁄ )  (2) 

The base of the logarithms has been omitted in Eq. 2 
as its value does not affect the computation. As for 
the estimation of a in terms of LL and PL, this is done 
by isolating a in Eq. 1 and substituting b for the ex-
pression in Eq. 2. The resulting expression is: 

𝑎 = 𝑤(ℎ7 ℎ⁄ )^ % +,-(.. 0.⁄ )
+,-(&11 &21⁄ )(  (3) 

 
where the values for w and h can be either LL and hLL 
or PL and hPL, the choice being immaterial to the 
computation. 

 
 

3 MATERIALS AND METHODS 
 

Ten sand-clay mixtures were investigated. In all of 
them, the sand fraction consisted of an angular fine 
quartz filter sand (Q). As for the clay fraction, five 
mixtures had bentonite (B) while the other five had a 
kaolinitic powder (K). Table 1 provides the propor-
tions and identifiers of the 10 soil mixtures. 
 
Table 1. Proportions and identifiers of tested soil mixtures  __________________________________________________ 
Identifier   Soil Mixture    LL* (%)   PL* (%)   __________________________________________________ 
B2Q8     20% B + 80% Q   64.4%   24.0% 
B4Q6     40% B + 60% Q   120%   20.4% 
B6Q4     60% B + 40% Q   163%   21.4% 
B8Q2     80% B + 20% Q   222%   28.5% 
B10Q0     100% B + 0% Q   306%   43.4% 
K2Q8     20% K + 80% Q   22.6%   16.1% 
K4Q6     40% K + 60% Q   27.4%   16.3% 
K6Q4     60% K + 40% Q   38.0%   17.9% 
K8Q2     80% K + 20% Q   25.0%   25.7% 
K10Q0    100% K + 0% Q   28.7%   32.2% __________________________________________________ 
*LL and PL according to BSI (1990). 

 
Flow curves for the ten mixtures were determined by 
conducting fall cone tests using three different cone 
configurations (Table 2), yielding a total of 30 flow 
curves.  
 
Table 2. Cone characteristics and associated hLL and hPL values  ___________________________________________________ 
Setup Apex Angle (o)  Mass (g) hLL (mm) hPL (mm)   ___________________________________________________ 
1   30o      80g   20mm  2.0mm 
2   30o      130g   27mm  2.7mm 
3   60o      130g   14mm  1.4mm  ___________________________________________________ 

 
Setup 1 (30 ° / 80 g) corresponds to the configuration 
specified in BSI (1990), whereas setups 2 and 3 are 
non-standard. 

In order to obtain well-defined flow curves, it is 
essential to distribute the water content uniformly 
within each specimen. This is particularly challenging 
when testing specimens at relatively low water con-
tents. Similarly, it is important to ensure that when the 
specimen is placed in the holding cup, no empty vol-
umes are left inside the specimen. To help ensure that 
these conditions are met, Feng (2001) suggested a 
specimen preparation procedure that was adopted 
herein. In this procedure, the specimen is created by 
pushing a steel ring into a mound of soil that has the 
desired water content. Steel rings with a diameter of 
55 mm and heights of 40 and 20 mm were used. The 
ring with a 40 mm height was used when the expected 
cone penetration was greater than 10 mm, and the 
20 mm ring was used for the shallower penetration 
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tests. This reduced the size of the drier specimens and 
made it easier to distribute the moisture uniformly 
during mixing. Additionally, the edge on one side of 
the rings was sharpened to facilitate its penetration 
into the soil mound. Other than following the recom-
mendations of Feng (2001) and using two non-stand-
ard cones (setups 2 and 3 in Table 2), the current study 
followed the procedure described in BSI (1990). 

The PL of the mixtures was also determined fol-
lowing the thread rolling procedure described in BSI 
(1990). 
 
 
4 CHARACTERISTICS OF THE FLOW 

CURVES 
 
Figure 1 presents the flow curves of the ten mixtures 
measured with the 30°/80g cone.  
 

 
Figure 1. Flow curves of the ten mixtures using a 30 ° /80 g 
cone. 

 
 

 
Figure 2. Flow curves corresponding to setups 1, 2, and 3 of 

mixtures B10Q0 and K4Q6  

 
The data linearizes reasonably well in log-log 

space, indicating that the use of Eq. 1 is justified. As 

may have been expected, the bentonite mixtures tend 
to plot above the kaolinitic mixtures. Furthermore, as 
the bentonite or kaolinite content increases, the flow 
curves shift upward. The slope of the bentonitic mix-
tures is markedly higher than the slope of the kao-
linitic mixtures. 

Figure 2 presents the flow curves obtained using 
the three setups on two soil mixtures: B10Q0 and 
K4Q6.  

For both soils, the h that corresponds to a given w 

is generally lowest, intermediate and highest for set-

ups 3, 1 and 2, respectively. Notwithstanding, visual 

inspection of Figure 2 suggests that h = 15 mm falls 

approximately in the middle of all the flow curves. 

Based on this observation, hr = 15 mm is adopted 

herein for use in Eq. 1 and parameter a in Eq.1 will 

thus represent the water content when h = 15 mm.  
Results from previous researchers suggest that the 

flow curves of a single soil obtained with different 
cone configurations should be parallel in log-log 
space (Hansbo 1957, Koumoto & Houlsby 2001). 
This observation is supported to some extent by the 
flow curves in Figure 2, particularly by the B10Q0 
data. Figure 3 allows an overall assessment of the ob-
served parallelism between the flow curves of a single 
mixture. 

In general, the slopes measured with the different 
setups are similar, with the agreement between setups 
1 and 2 being somewhat better than between setups 1 
and 3. 

It is possible that the measurements with setup 3 
were affected by the proximity of the walls of the ring 
to the 60 ° / 130 g cone. The minimum container di-
ameter prescribed by several standards for the 60 ° / 
60 g cone is of 60 mm (Koumoto & Houlsby 2001). 
However, the current study used a heavier cone 
(130 g) with a smaller diameter ring (55 mm). Ac-
cordingly, the clearances between the cone and the 
ring were less than recommended by the standards 
and this may have reduced the agreement between the 
slopes measured with setup 3 and the other two setups 
that used 30 ° cones. 

Figure 4 summarises the 30 flow curves with a plot 
of b vs. a. This plot can be interpreted as a modified 
version of the plasticity chart (LL-PL vs. LL) used for 
fines classification in the Unified Soil Classification 
System. Like in the plasticity chart, the horizontal 
axis of the b vs. a plot also corresponds to the water 
content at a given penetration, and the vertical axis is 
a quantity that involves the water contents at two dif-
ferent consistencies. The main difference between the 
two charts is that in the plasticity chart the vertical 
axis represents the difference of LL and PL, whereas 
in the b vs. a plot, the vertical axis (b) is correlated to 
the difference of the logarithms of LL and PL (Eq. 2). 
The clustering of bentonitic and kaolinitic mixtures in 
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b vs. a space (Figure 4), suggests that, like the plas-
ticity chart, this kind of plot can also be used for clas-
sification purposes. 

 

 

 
 
Figure 3. Similarity between the b values measured with a) set-
ups 1 and 2, and b) setups 1 and 3.  

 

 
 
Figure 4. Values of a and b measured with the three setups. 

 
 

5 ESTIMATES OF a AND b BASED ON THE LL 
AND PL 

 
Besides LL and PL, the use of equations 2 and 3 to 
determine the flow curve parameters requires the se-
lection of hLL values. For the 30 °/80 g cone the choice 
of hLL = 20 mm is standardised (BSI 1990). For the 
non-standard cones, the determination of hLL was 
done by comparisons to the standard (30 ° / 80 g) cone 
as follows. For each soil, the LL was calculated as the 
water content that corresponds to h = 20 mm using the 
flow curve of the 30 ° / 80 g cone. The h value that 
corresponded to the LL was then calculated using the 
flow curves obtained with the non-standard cones. 
This process yielded ten values of h for each non-
standard cone. The average of the ten h values was 
taken as the hLL estimate. Figure 5 summarises the re-
sults of this process and shows that, after rounding to 
the nearest mm, the average hLL for the 30 ° / 130 g 
cone is 27 mm, whereas for the 60 ° / 130 g cone it is 
14 mm. 
 

 
 
Figure 5. Calculation of hLL for setups 2 and 3. 

 
Following Feng (2001), values of hPL were calcu-

lated for the three cones as hLL/10. Figure 6 assesses 
the suitability of this hPL estimate.  

Plotted on the horizontal axis are the PL values of 
the ten soils as determined with the thread rolling 
method. The corresponding h values calculated with 
the flow curves of the three different setups are plot-
ted along the vertical axis. For all three setups, the 
difference between the average h value and the as-
sumed hPL = hLL/10 is less than 1 mm. This suggests 
that, in general, it can reasonably be said that the as-
sumption is valid. 

However, Figure 6 also shows that the mixture 
with the lowest PL, K2Q8, yields values of h that are 
significantly higher than hLL/10. It is hypothesised 
that the atypical location of the K2Q8 data points may 
be due to its fabric being dominated by sand-to-sand 
contacts as opposed to clay-to-clay contacts. 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

b
 f

o
r 

se
tu

p
 2

b for setup 1

B2Q8

B4Q6

B6Q4

B8Q2

B10Q0

K2Q8

K4Q6

K6Q4

K8Q2

K10Q0

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1 1.2

b
 f

o
r 

se
tu

p
 3

b for setup 1

B2Q8

B4Q6

B6Q4

B8Q2

B10Q0

K2Q8

K4Q6

K6Q4

K8Q2

K10Q0

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300 350

b
 

a (%)

30°/130g

30°/80g

60°/130g

1

10

100

10 60 110 160 210 260 310

h
 (

m
m

)

LL (%)

30°/130g 60°/130g

Avg. for 30°/130g = 27 mm 

Avg. for 60°/130g = 14.1 mm 

a) 

b) 

Bentonite mixes 

Kaolinitic mixes 



K.M. Senyolo, M. E. Mapola & L.A. Torres-Cruz 

 315 

 
Figure 6. Values of h that correspond to the PL determined with 
thread rolling. 

 
Figure 7 compares the flow curve parameters ob-

tained from Eqs. 2 and 3, to the flow curve parameters 
obtained by fitting Eq. 1 to the corresponding data. 

Figure 7a shows that Eq. 2 has, in most cases, pro-
duced b estimates that are within ± 20 % of the re-
gressed value. However, poor predictions were made 
for the mixture K2Q8, for which the estimated b was 
approximately half of the regressed b. This poor esti-
mate is a direct consequence of the atypical behaviour 
of the K2Q8 data observed in Figure 6. 

Figure 7b shows that there is excellent agreement 
between the a values estimated from Eq. 3 and the re-
gressed value of a. The small errors are difficult to 
appreciate at natural scale and therefore the data is 
presented in log-log space. The largest error corre-
sponds to an over estimation of approximately 10 % 
which was made for a K2Q8 mixture. The good 
agreement between estimated and regressed values of 
a is a consequence of the point (hr, a) being relatively 
close to the point (hLL, LL) which is known with cer-
tainty. 
 
 
6 CONCLUSIONS 
 
We investigated the possibility of estimating the fall 
cone test flow curve of a soil based on the LL meas-
ured with a fall cone test and a PL measured with the 
thread rolling procedure. The flow curves of 5 mix-
tures of sand and bentonite, and 5 mixtures of sand 
and a kaolinitic powder were investigated with three 
different cone setups. This yielded a total of 30 flow 
curves. 

A power function was used to model the flow 
curve. The two parameters of the power function can 
be interpreted as representing the slope and intercept 
of the flow curve when plotted in log-log space. 
 

 

 
Figure 7. Comparison of parameters regressed from the flow 
curve data points and estimated from LL and PL. 

 
The results show that, in general, the flow curve 

parameters can be reasonably estimated from LL and 
PL. The slope parameter was typically predicted with 
errors smaller than 20%, whereas the intercept param-
eter was typically predicted with errors smaller than 
5%. The analysis also shows that significantly larger 
errors are possible in low plasticity soils such as the 
K2Q8 mixture tested herein. 

By adopting the approach proposed herein, it is 
possible to explore correlations between mechanical 
properties and flow curve parameters of soils reported 
in the literature and whose plasticity is often de-
scribed in terms of LL and PL. Given that LL and PL 
are essentially arbitrarily defined limits, the explana-
tion of soil engineering properties in terms of the en-
tire flow curve, instead of in terms of two arbitrarily 
chosen points, seems like a promising approach. 
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