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Albert Atterberg introduced various consistency limits (state transitions) for fine-grained soil in the 1910s. Of these, the
liquid limit (LL) and plastic limit (PL) are ubiquitous in geotechnical engineering practice, including their usage for soil
classification and in deducing useful geotechnical parameters through correlations. Given that it is about 110 years
since they were first introduced, it seems timely to review critically the current state of play regarding various
definitions and theories of these index parameters and their standardised testing methods, as described in majorly
used codes worldwide. Because different codes allow different LL apparatus types and employ some dissimilar criteria
(e.g. in establishing the end point for the PL test), a change in method or code may produce different consistency limits
results for testing the same soil. These differences are rationalised in terms of the controlling soil and test parameters.
Some potential pitfalls in consistency limits testing are highlighted. Attention then turns to strength-based approaches,
mostly employing fall-cone (FC) set-ups, emphasising their unsuitability for determining Atterberg’s PL. Considering the
general poor reproducibility of the PL test, this paper concludes with an alternative way forward, obtaining useful FC
index parameters that provide new possibilities for strength predictions and in the classification of fine-grained soils.

Keywords: characterisation techniques/codes of practice & standards/penetrometers/plasticity/soil classification/testing, apparatus &
methods
Notation
d cone penetration depth (mm)
dL cone penetration depth at the fall-cone liquid limit

(mm)
hd free-fall height before the cone tip contacts the surface

of the test specimen (mm)
IC(FC) fall-cone consistency index parameter (dimensionless)
IF(FC) semi-logarithmic fall-cone flow index (%)
IF(PC) semi-logarithmic percussion-cup flow index (%)
IL liquidity index (= (w − wP)/IP) (dimensionless)
IP plasticity index (= wL − wP) (%)
K cone factor (contacting cone) (dimensionless)
Kd cone factor accounting for the free-fall height hd of the

cone (dimensionless)
IP100 numeric difference between wL(FC) and wP100 (%)
LLFC fall-cone liquid limit
LLPC percussion-cup liquid limit
N number of bumps (for the percussion cup)

(dimensionless)
n number of observations or data points (dimensionless)
PL25 plastic strength limit, defined for su = 25 × su-L(FC) (%)
PL100 plastic strength limit, defined for su = 100 × su-L(FC) (%)
R2 coefficient of determination (dimensionless)

ded from http://ftp.nowpublishers.com/jgere/article-pdf/11/1/43/9515429
SS specific strength (= su-L(PC)/rsat) (m2/s2)
su saturated remoulded undrained shear strength (kPa)
su-FC saturated remoulded fall-cone-derived undrained shear

strength (kPa)
su-L(FC) saturated remoulded undrained shear strength mobilised

at the fall-cone liquid limit (kPa)
su-L(PC) saturated remoulded undrained shear strength mobilised

at the percussion-cup liquid limit (kPa)
su-P saturated remoulded undrained shear strength mobilised

at Atterberg’s plastic limit (kPa)
W cone weight (N)
w water content (%)
wL water content at the liquid limit (%)
wL(FC) water content at the fall-cone liquid limit (%)
wL(PC) water content at the percussion-cup liquid limit (%)
wP water content at Atterberg’s plastic limit (%)
wP25 water content corresponding to the PL25 parameter (%)
wP100 water content corresponding to the PL100 parameter (%)
_g shear strain rate (%/h)
m strain-rate dependence of undrained shear strength

(dimensionless)
rsat saturated bulk density (kg/m3)
s standard deviation (dimensionless)
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Introduction
Albert Atterberg (1911a, 1911b) first introduced the ‘limits of
consistency’ state transitions for fine-grained soil in the 1910s. With
reducing water content (w), Atterberg defined (a) the upper limit of
viscous flow; (b) the liquid limit (LL) (his ‘flow limit’ or upper
plastic limit); (c) the sticky (or adhesion) limit; (d) the plastic limit
(PL) (his ‘roll-out limit’); (e) the cohesion limit; and (f) the
shrinkage limit (ASTM, 2017). In current geotechnical engineering
usage, the term ‘consistency limits’ usually refers only to the LL
and PL state transitions, but in some cases, it can also include the
shrinkage limit (ASTM, 2017). The water contents associated with
the LL and PL (i.e. wL and wP, respectively) define the plastic range
of the investigated fine-grained soil (i.e. understood as comprising
soil particles passing a 425 mm sieve size). The LL and PL have
wide importance for civil/geotechnical engineering applications,
including those in soil classification and for deducing the values of
useful geotechnical parameters (e.g. compaction, California bearing
ratio (CBR), hydraulic conductivity, swelling potential and pressure,
consolidation and shear strength) through a myriad of empirical
correlations built up over the decades (e.g. see O’Kelly et al., 2018).
Atterberg’s original LL flow test and manual (hand) thread-rolling
PL test were subsequently standardised for use in civil engineering
applications by Terzaghi (1926a, 1926b), Wintermeyer (1926) and
Casagrande (1932, 1958). Given that it is 112 years since their
first introduction, it seems timely to review critically the current state
of play regarding the various definitions of these soil index
parameters (herein focusing on the LL and PL) and their
standardised testing methods, as described in several globally well-
known standards for soil geotechnical tests (i.e. standards issued by
the American Association of State Highway and Transportation
Officials (Aashto), American Society for Testing and Materials
(ASTM) and British Standards Institution (BSI) and also the
European standards (EN)).

In engineering science, plasticity (or plastic behaviour) is understood
as the material property that enables significant deformation to occur,
without fracture, on the application of sufficiently high stresses (i.e.
exceeding the yield stress of the material), along with the substantive
retention of the deformed material shape on removal of those
stresses. In the case of inorganic fine-grained soil, plasticity is
associated with its clay fraction, with the plastic soil exhibiting a
range of water contents over which it displays plastic behaviour and
retaining its shape on drying (ASTM, 2006). Atterberg (1911a,
1911b) gave his definition of plasticity for fine-grained soils as their
ability to be rolled out into threads, whereas non-plastic (NP)
inorganic fine-grained soil, being devoid of clay mineral content,
does not have any water content range over which it exhibits
plasticity. The PL is used together with the LL to determine the
plasticity index IP (= wL − wP) — that is, the magnitude of the water
content range over which the fine soil exhibits plastic/ductile
behaviour. A fine-grained soil is NP if it has an IP of zero (i.e. wP =
wL) or if its wP cannot be determined by the thread-rolling PL test
(BSI, 1990a, 2018a). Plotting IP against wL in the Casagrande
plasticity chart, the LL and PL are extensively employed for the
classification of fine-grained soils (as reviewed in the paper by
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Moreno-Maroto et al. (2021)) — for instance, in the specification of
soils for road construction and for other applications in the broader
construction industry.

As elaborated below, the aims of this paper are to examine critically
(a) the definitions of the LL and PL parameters appearing in several
globally well-known standards for soil geotechnical tests; (b) the
fundamental basis for these index parameters; and (c) the
standardised testing methods, as well as other suitable testing
approaches, employed for their determination. Some potential pitfalls
in consistency limits testing are highlighted (e.g. inadequate maturing
of the prepared fine-grained test material before performing the LL
testing) and various issues associated with the testing of some
unconventional geomaterials are described.

Two main testing approaches (i.e. percussion-cup (PC) and fall-
cone (FC)) are used for LL determination, with various PC LL (i.e.
LLPC) apparatuses specified in the different codes having some
significant differences (Haigh, 2012, 2016). Hence, in testing the
same fine-grained soil, a change in LL method or code may
produce different wL values (O’Kelly et al., 2018). In the present
paper, these differences are rationalised in terms of the controlling
parameter of saturated remoulded undrained shear strength (su) that
is mobilised at the associated wL. Also investigated in the present
paper are differences in some details prescribed for the standardised
manual thread-rolling PL method between the majorly used codes,
potentially the most significant of which relate to the manifestations
of the specified end point and how they specifically relate to the
plastic/ductile–brittle state transition. The handful of rolling device
PL methods, as well as other proposed methods for which the soil
deformational response is the discerning factor, are also critically
reviewed. Attention then turns to the so-called strength-based
approaches, mostly using various FC set-ups, and their unsuitability
for determining Atterberg’s PL, because they cannot discern the
onset of brittleness.

Considering the general poor reproducibility of the PL test, this
paper concludes with presenting an alternative way forward that
involves obtaining various useful strength-based FC index
parameters, providing new possibilities for su predictions and in
the classification of fine-grained soils.

Liquid limit
ASTM D 653 (ASTM, 2006: p. 18), ‘Standard terminology
relating to soil, rock, and contained fluids’, defines the LL as ‘the
water content corresponding to the arbitrary limit between the
liquid and plastic states of consistency of a soil’. ASTM D 4318
(ASTM, 2017: p. 2) defines the LL as ‘the water content, in
percent, of a soil at the arbitrarily defined boundary between the
semi-liquid and plastic states’, while the British standard (BS) BS
1377-2 (BSI, 1990b: p. 11) describes the LL as ‘the empirically
established moisture content at which a soil passes from the liquid
state to the plastic state’. On these bases, suitable methods for LL
determination would associate it with a threshold viscous
resistance or a small arbitrarily chosen value of su on the
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continuum of ever-weakening behaviour with increasing water
content (O’Kelly et al., 2018). ASTM D 4318 (ASTM, 2017), for
instance, considers the value of su for fine-grained soils at their
(Casagrande) wL to be ~2 kPa. As elucidated by Sharma (2012),
fine-grained soils do not pass abruptly from one state to another
(here referring to the LL state transition), so that drawing up of a
limit in such a transition phase must, of necessity, involve an
element of arbitrariness, hence the inclusion of terms such as
‘arbitrary limit’ and ‘arbitrarily defined boundary’ in the ASTM D
653 (ASTM, 2006) and ASTM D 4318 (ASTM, 2017)
terminologies for LL. However, rather than the ‘arbitrary’ nature,
the author of the present paper would suggest a more nuanced
definition of LL, since, for instance, remoulded fine-grained soil
at its wL would not be expected to mobilise a superhigh su value
of 12 kPa (O’Kelly, 2019a) but rather a much smaller su in the
range of approximately 1–3 kPa (Federico, 1983; Haigh, 2012;
O’Kelly, 2019a; Youssef et al., 1965).

The wL magnitude is strongly dependent on the gradation,
composition and mineralogical properties (of the clay fraction) of
the fine-grained soil and also on the quantity of interlayer water in
the case of expanding clay minerals, such as montmorillonite
(Dolinar and Trauner, 2004; Trauner et al., 2005; Wood, 1990). In
practice, because of the inclusion of ‘arbitrary’ in the terminologies
reported for the LL state transition in the different codes, the wL

value is defined in terms of the experimental method/criteria
prescribed by a testing standard used for obtaining it (O’Kelly
et al., 2018). In other words, the codes do not explicitly state the
precise value of su for obtaining wL; rather, they define the
experimental approach (method and specific set of criteria) to be
followed for its determination. For instance, BS 1377-1 (BSI,
1990a), ASTM D 4318 (ASTM, 2017) and BS EN ISO 14688-2
(BSI, 2018a) define the LL as the water content at which a fine-
grained soil passes from the liquid to the plastic state, as
determined by standardised LL tests. In the case of the BS (i.e.
BSI, 1990b), two main types of LL test were specified: the 80 g/30°
FC (cone penetrometer) method, being an indentation test, and the
much earlier Casagrande (PC) type of test, which imposes shock
loading to the soil test specimen (O’Kelly et al., 2018). For both
types of test, BS 1377-2 (BSI, 1990b) allowed an alternative rapid
‘one-point’ method – that is, the LL one-point FC method and the
LL one-point PC method – which may give less accurate results.
Note that the BS 1377-2 code has been superseded, with the
current standardised methods of LL and PL testing presented in BS
EN ISO 14688-2 (BSI, 2018b). The multipoint and one-point FC
LL (i.e. LLFC) methods are preferred to those employing the PC
device for the reasons of greater repeatability and reproducibility
(BSI, 1990b; Sherwood and Ryley, 1970). In other words, when
compared with the test using the PC-type device, the FC test is
easier to perform and is less dependent on the operator’s skill and
judgement, with the FC apparatus also being simpler to maintain in
correct adjustment with the codes (Haigh, 2016). However,
satisfactory results can be obtained for the PC approach provided
that care is taken to ensure that the PC device is correctly
maintained and that the LLPC test procedure is strictly adhered to
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(BSI, 1990b). In the present global context, both the FC and PC
approaches are generally considered equally valid means for LL
determination (O’Kelly et al., 2022a), although in many
jurisdictions, one approach is often favoured over the other. Note
that in the Aashto and ASTM standards, only the PC (i.e. not the
FC) test procedure is specified for LL determination.

A brief description of the standard PC type of test is presented here,
as context to the discussion that follows. For this test, four or more
water contents are investigated over the range N = 10–50 bumps of
the standard brass cup containing the soil paste specimen, to cause
closure over a specified length of a preformed groove in the
specimen (ASTM, 2017; BSI, 1990b, 2018a). In preparing the fine-
grained soil specimen for LLPC testing, the said groove is formed by
drawing a standard grooving tool through the placed soil specimen
on a line joining the highest point to the lowest point on the rim of
the cup, thereby dividing the specimen into two separated ‘wedges’
of soil. Each bump impact (blow) is produced by allowing the cup
to fall through a standard 10mm height of drop and impact on the
apparatus base. Depending on the adopted code, the base material
may be broadly categorised as ‘soft’ (e.g. BSI, 1990b) or ‘hard’ (e.g.
ASTM, 2017)) and the difference between them may have a
significant influence on the obtained wL results (O’Kelly and
Soltani, 2022b; O’Kelly et al., 2018). Furthermore, while they are
often distinguished as being soft- or hard-base PC devices,
considerable variability exists within both categories between the
various codes (Haigh, 2016). Despite being otherwise identical PC
devices, compared to those devices with soft-base material, their
hard-base counterparts produce lower wL results, because of the
greater energy release of the falling cup impacting on the apparatus
base to cause closure of the preformed groove (Haigh, 2016;
Sridharan and Prakash, 2000). With the water content as ordinate on
a linear scale and the number of bumps (N) as abscissa on a
common logarithmic scale, the best straight line is fitted to the four
or more w:N data points obtained for the tested soil. The LLPC water
content (i.e. wL(PC)), expressed to the nearest integer value,
corresponds to N = 25 bumps (ASTM, 2017; BSI, 1990b, 2018a).
Considering the importance of the cup drop height (of 10mm) to
achieve correct measurements, frequent checking throughout the LL
testing procedure is important, as is it ensuring that the values of
base hardness and resilience are standard between PC devices at
their manufacturing and that they remain so through their working
life (Haigh, 2016; O’Kelly et al., 2018). The criteria of LL for the
PC type of test have been analysed as an undrained slope stability
problem (Haigh, 2012, 2016), with the flow movement together of
the two initially separated soil wedges in the brass cup essentially a
dynamic slope stability test (Wroth, 1979). Employing a particular
PC type (i.e. for either soft- or hard-base material), with a defined
number of bumps (i.e. N = 25) assigned to cause slope failure and
closure of the preformed groove over a specified length, the
investigated fine-grained soil can be deemed to mobilise an
approximately fixed su (i.e. su-L(PC)) at the LLPC condition. Here,
however, one must also consider that the soil’s saturated bulk
density (rsat) at the LL condition reduces with increasing value of
wL, such that the undrained slope analysis requires that the value
45
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of su mobilised at the wL(PC) progressively reduces with increasing
value of wL (identified experimentally by Youssef et al. (1965)). For
instance, su-L(PC) typically decreases from ~2.5 to 1.6 kPa for wL(PC)

increasing from 20 to 70% (O’Kelly, 2019a). Taking into account
the change in soil density with varying water content, it can be
shown that for testing of a wide range of inorganic fine-grained
soils, the value of the specific strength (SS = su-L(PC)/rsat)) is
constant, being, on average, equal to 0.86 and 0.47m2/s2 for
standard hard- and soft-base type PCs, respectively (Haigh, 2016).
Again, this outcome (i.e. in terms of SS) is consistent with hard-base
PC-type devices producing a lower wL for a given fine-grained soil
compared with that of their soft-base counterparts.

For the LLFC method, a range of cone penetration depth (d) values
are investigated in four or more test runs covering a range of water
contents either side of this state transition. In the case of using the
80 g/30° cone (BSI, 1990b, 2018a), a range of d ≈ 15–25mm is
investigated, with the value of d measured after a 5 s period
following the cone’s release to penetrate into the soil test specimen.
From the best-fitting line to the four or more w:d data points
(presented on linear scales), the LLFC water content (i.e. wL(FC)) of
the tested fine-grained soil is obtained for dL = 20mm and expressed
to the nearest integer (BSI, 1990b, 2018a). Being originally
developed as an undrained strength test, in its adaptation for LL
determination and incorporation into the BSI codes during the 1970s,
the LLFC approach was calibrated to produce essentially wL results
equivalent to those obtained using the earlier LLPC test of
Casagrande (1932, 1948) (O’Kelly et al., 2018). In other words,
using Equation 1 (after Hansbo, 1957) and assuming an su value at
wL (i.e. su-L(FC)) of ~1.7 kPa, the LLFC condition can be defined in
terms of a certain penetration depth (i.e. dL) of a standardised cone,
with specified characteristics of cone weight, apex angle and surface
roughness.

su-FC in kPað Þ ¼ KW

d2
� 103

1.

where K is the cone factor; W is the cone weight (N); and d is the
cone penetration depth (mm).

Note that the su-L(FC) value of ~1.7 kPa was deduced by Wroth and
Wood (1978) based on synthesis of a large database of su-L(PC) data
compiled for various remoulded fine-grained soils. Accordingly, from
the FC theory (i.e. based on Equation 1), various LLFC definitions
(i.e. employing several combinations of cone weight and apex angle
and for different values of dL) could be employed provided that they
would result in mobilising approximately the same value of su-L(FC).
For instance, BS EN ISO 17892-12 (BSI, 2018b) allows the
determination of LLFC using 80 g/30° and 60 g/60° cones, with
associated dL of 20 and 10mm, respectively. Note that, referring to
Equation 1, the determination of the values of su-L(FC) associated with
these different LLFC criteria is critically dependent on the empirical
cone factor (K). The value of K for a given cone set-up is usually
back-calculated (i.e. calibrated) relative to direct strength
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measurements, typically obtained using miniature vane-shear tests or
less frequently using unconsolidated-undrained (UU) triaxial
compression tests (this aspect is reviewed by O’Kelly (2019a)). For
instance, O’Kelly (2014) presented an example case of deducing the
experimental value of K for the BS 30° cone based on the results of
both strength test methods performed over a wide range of water
contents for an organic clay. Essentially, the value of K depends on
the cone apex angle and surface roughness (Houlsby, 1982; Koumoto
and Houlsby, 2001), and it is somewhat dependent on the strain rate
dependence of undrained strength (m) for the investigated fine-
grained soil (O’Kelly, 2018; O’Kelly et al., 2018). The m parameter
gives the proportional variation in undrained shear strength for one
log-cycle change in the shear strain rate ( _g ), with the value of K (and
hence su) decreasing for increasing value of the m parameter
(O’Kelly, 2018). As elaborated later in the section headed ‘Way
forward?’, with the assumed value of su-L(FC) ≈ 1.7 kPa pertaining to
m ≈ 0.10 and a range of m = 0.10 ± 0.05 (Ladd and Foott, 1974) not
uncommon when considering a variety of inorganic fine-grained
soils, this means that the value of su-L(FC) for the 80 g/30° FC set-up,
with dL = 20mm (BSI, 1990b, 2018b), could plausibly range
between 1.6 and 2.4 kPa (O’Kelly et al., 2018). This arises because
the average shear strain rate for the 30° cone penetrating into the soil
specimen of _g ≈ 1:0 � 106 % = h for d = 15–25mm (Koumoto
and Houlsby, 2001) is approximately four orders of magnitude faster
compared with that generally employed, for instance, in performing a
typical standard UU triaxial test. Another point worth mentioning is
that the FC approach always produces an experimental flow curve
(i.e. even for NP soil), from which the FC flow index, defined by
Sridharan et al. (1999) as IF(FC) = Dw/Dlog10 d, and other strength-
based index parameters that are described later in this paper can be
computed. In contrast, for Casagrande LL testing of NP soils and
some soils of low plasticity (Sherwood and Ryley, 1970; Sivapullaiah
and Sridharan, 1985; Sridharan et al., 1999), after several trials at
successively higher water contents, the two initially separated soil
wedges of the prepared test specimen continued to slide together on
the surface of the brass cup (rather than soil flow movement
occurring). The number of drops (N) required to close the groove for
investigating these soils was always less than 25 (ASTM, 2017).
Consequently, in the case of NP soil, the PC flow curve and hence
the associated flow index IF(PC) (=Dw/Dlog10N) could not be
obtained.

With the LLPC and LLFC criteria defined on the basis of SS
(Haigh, 2012, 2016) and su values (O’Kelly et al., 2018),
respectively, and considering the choices of standard FCs with
different cone characteristics and of soft- and hard-base PC types
available, it is inevitable that the wL results obtained for testing
the same fine-grained soil may differ (O’Kelly et al., 2018). This
point has been demonstrated experimentally, in comparing, for
instance, the results of ASTM wL(PC) against BS wL(FC) (Belviso
et al., 1985; Dragoni et al., 2008; Özer, 2009; Sampson and
Netterberg, 1985) and of BS LLPC against BS LLFC (Budhu,
1985; Dragoni et al., 2008; Feng, 2000; Özer, 2009; Prakash and
Sridharan, 2004; Sherwood and Ryley, 1970; Sridharan et al.,
1999) for diverse ranges of fine-grained soils investigated.
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Furthermore, in investigating a wide variety of fine-grained soils,
with an su-L(FC) of approximately constant magnitude (of 1.7 kPa)
being mobilised using a given cone weight, apex angle and
dL combination, with increasing wL, the su-L(PC)-to-su-L(FC)
ratio decreases and, consequently, the wL(PC)-to-wL(FC)

ratio increases (O’Kelly, 2021). According to BS 1377-2
(BSI, 1990b), the difference between the soft-base BS wL(PC) and
the 80 g/30° wL(FC) obtained for a given fine-grained soil is
generally not significant for wL < 100% and is less than the normal
variation likely to be obtained using the PC device. Whereas, the
hard-base ASTM wL(PC) and the 80 g/30° wL(FC) obtained for the
same fine-grained soil are broadly comparable with wL < 50%
(Budhu, 1985) or <60% (Prakash and Sridharan, 2006). It is worth
mentioning that the resulting changes in the measured wL and hence
IP (= wL − wP) due to a switch in the LL method employed do not
represent a fundamental alteration in the material (mechanical)
behaviour of the investigated soil (O’Kelly et al., 2018). Rather,
these changes are simply related to distinct differences in the LL
measurement approaches. For specific engineering applications, in
some instances, the switch in LL method (e.g. from using PC to FC
devices) may be sufficient to cause a change in the classification of
fine soils from suitable to unsuitable materials (or vice versa)
(Di Matteo et al., 2016). This scenario is more likely to arise for
those fine-gained soils plotting close to the A-line boundary
(distinguishing between clay- and silt-type soils) in the plasticity
chart. The switch in the LL method may also cause a shift to occur
in the plasticity level class, with the various plasticity level classes
defined in the codes for prescribed LL ranges (e.g. see BSI, 2018a)
– that is, the switch in LL method could result in small but
potentially significant changes occurring in both the ordinate and
coordinate values for the soil when plotted in the plasticity chart. If
deemed necessary (although generally not currently done in routine
practice), numerous correlations reported in the literature could be
employed to relate values of wL deduced using the different LL
measurement techniques and codes (e.g. see the review papers by
O’Kelly et al. (2018), Shimobe and Spagnoli (2019) and O’Kelly
and Soltani (2022b)). In applying these correlations, it is important
to consider their LL calibration ranges and the types of (clay)
mineralogy comprising the investigated soils – that is, different
regression equations are obtained depending on the data set and
correlation method used. For instance, from investigations of LL
data for 368 different fine-grained soils reported in the literature,
O’Kelly et al. (2018) produced power regression curves to relate the
80 g/30° BS wL(FC) to both the BS wL(PC) and ASTM wL(PC) results,
considering separately the wL domains of <120% (as shown in
Figure 1) and up to 600%. Other researchers have opted to use
linear regression in obtaining such correlations. However, with the
su-L(PC)-to-su-L(FC) ratio decreasing for increasing wL (O'Kelly, 2021),
the power regression approach is considered more appropriate when
considering a wide wL range.

Plastic limit
As a fundamental basis, Haigh et al. (2013) stated that the PL
relates to the capillary suction at which the water phase ceases to
act as a continuum, caused either by air entry or heterogeneous
cavitation during the thread rolling-out procedure, leading to
brittleness (see also the recent experimental work by Murray and
Tarantino (2019), which supports this hypothesis). The air-entry
value, the point of desaturation of soil drying from a fully
saturated state, has been found to occur at a water content just
above wP (Cafaro, 2002; Haigh et al., 2014; Marinho and
Oliveira, 2012; Marinho and Pinto, 2000).
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Largely following Atterberg’s original procedure, the almost
universally accepted method for PL determination is the ‘rolling
of threads’ method (O’Kelly et al., 2018), in which the soil thread
undergoes a complex process of compression, tension, torsion and
bending (Barnes and O’Kelly, 2011). In relation to the majorly
cited codes, BS 1377-2 (BSI, 1990b: p. 20), for instance, defines
the PL state transition as ‘the lowest moisture content at which
the soil is plastic’, as determined by the thread-rolling PL test. BS
EN ISO 17892-12 (BSI, 2018b: p. 9) defines the PL as ‘the water
content at which a soil ceases to be plastic when dried further’, as
determined by the thread-rolling PL test. Aashto T90 (Aashto,
2000) defines the PL as the lowest water content determined in
accordance with the thread-rolling PL test at which the soil
remains plastic. Meanwhile ASTM D 4318 (ASTM, 2017: p. 2)
terms the PL as ‘the water content, in percent, of a soil at the
boundary between the plastic and semi-solid states’, with both the
ASTM and Aashto standards providing the conventional manual
(hand) rolling and alternative rolling-device (after Bobrowski and
Griekspoor, 1992) PL test methods for its determination. Note that
in §4 ‘Terminology’ of the ASTM D 653 code (ASTM, 2006),
two terms are used in describing the PL, one being the same as
the above PL term reported in ASTM D 4318 (ASTM, 2017) and
determined using the thread-rolling method. Whereas the second
term could arguably be interpreted slightly differently, describing
the PL as ‘the water content corresponding to an arbitrary limit
between the plastic and the semi solid states of consistency of a
soil’ (ASTM, 2006: p. 22) and not appearing to tie the PL state
transition to the PL test. The potential ramifications of the latter/
second term (interpretation) are discussed later in this section.

However, all four codes referenced in the preceding paragraph, as
well as the wider soil mechanics/geotechnical engineering
literatures, are consistent in that they define the PL as the lowest
water content for which fine-grained soil behaves plastically, as
exclusively assessed using the thread-rolling PL test. The one
exception is the Chinese standards (see the test description
reported in Vardanega et al. (2020)), which uses a 76 g/30° FC to
define the ‘PL’ as the water content for d = 2 mm, as determined
by extrapolation of the log d–logw flow curve. The implications
of this deviation from the otherwise universally employed thread-
rolling PL method are also discussed later in this section.

According to Haigh et al. (2013), the thread-rolling PL test is, in
principle, actually well designed to investigate the plastic/
ductile–brittle state transition, which is generally not the case for
many of the various alternatives proposed to date (with the main
ones being described later). For w > wP, a thread of fine-grained
soil will be plastic (ductile) and reduces in diameter while
extruding longitudinally during the rolling-out process due to its
plastic deformation response. Whereas, the soil will be brittle for
w < wP, which manifests in performing the PL test as crumbling
of the soil thread when rolled out (BSI, 1990b). Obviously, to
establish this state transition, the investigated fine-grained soil
must be tested for water contents on the ‘wet’ side and (just) ‘dry’
side of wP. With proper care exercised in performing the PL test,
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the continuous ductile response of the thread during its plastic
elongation allows this point of brittle transition (identified as a
definite change in deformational behaviour type, i.e. from plastic/
ductile to brittle) to be observed (Barnes, 2009, 2013a, 2013b).

In performing the PL test, the soil thread is rolled between the
fingers (from the fingertip to the second joint, of one hand) and
the surface of the glass rolling plate, closely examining the thread
condition to identify the onset of the brittle state – that is, the end
point. According to BS 1377-2 (BSI, 1990b), enough hand
(finger) pressure is applied to reduce the thread diameter from
initially ~6 mm down to ~3 mm. in five to ten complete strokes
(forward-and-back movements of the hand), maintaining a
uniform rolling pressure. Some heavy clays require 10–15 strokes
when the soil is near wP because the soil hardens at this stage
(BSI, 1990b). In other words, the amount of hand pressure
required can vary greatly according to the remoulding toughness
of the soil being tested, with the required pressure typically
increasing with greater soil plasticity (Barnes, 2009, 2013a,
2013b; Casagrande, 1948; Moreno-Maroto and Alonso-Azcárate,
2018; O’Kelly et al., 2022b, 2023). Fundamentally, within the
plastic range, saturated clayey materials develop suction, such that
active/high-plasticity clays (characterised by the highest air-entry
values) have the greater toughness. Consequently, at (just above)
wP, active clays exhibit high toughness, whereas low- to medium-
plasticity soils (e.g. silty clays) display medium toughness, with
silty, sandy and peaty soils presenting slight toughness (O’Kelly
et al., 2022b, 2023). For the PL test, the kneading/rolling
processes are repeated until the thread is found to shear both
longitudinally and transversely (BSI, 1990b) when it has been
rolled out to ~3 mm dia., with the first crumbling point taken as
the wP result. ASTM D 4318 (ASTM, 2017) and BS EN ISO
17892-12 (BSI, 2018b) give similar methodologies for performing
PL testing. However, in terms of the obtained wP results, there are
potentially significant differences between the prescribed details
of these codes (Barnes, 2021), including the rate and amount of
rolling and the manifestations of the specified end point.

Regarding the manifestations of the specified end point in the
standard PL test, the initiation of transverse cracks or crazing on the
surface of the plastic thread (see Figure 2(a)) provides an indication
of approaching the wP. Importantly, the first appearance of the
broken/dilated thread condition (see Figure 2(b)), as specified in
BS EN ISO 17892-12 (BSI, 2018b: p. 21) (i.e. ‘when the threads just
begin to break apart’), should represent the PL. Barnes (2021)
describes this condition as ‘shear fracturing into aggregations and
segments but with the thread remaining loosely intact and without
separation or dispersion of the segments’. Furthermore, dilation in the
thread core with shear rupture and a central opening frequently
occurs, observed on the cross-section by splitting the soil thread
(Barnes, 2021). According to Barnes (2021), continuing the rolling-
out procedure until the thread segments disperse into individual
crumbs (see Figure 2(c)), as required by the ASTM D 4318 (ASTM,
2017) and BS 1377-2 standards (BSI, 1990b), results in an
exaggerated end point, causing unnecessary drying and therefore
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produces an underestimate of wP. The author of the present paper
would concur with this viewpoint.

Furthermore, the examined codes for the PL test place much
emphasis on rolling out of the soil threads to 3.0 or 3.2 mm dia.
for the crumbling condition. It seems, however, that this
requirement is not critical, with Haigh et al. (2013), Prakash et al.
(2009) and Barnes (2021) reporting no statistically significant
trend of varying wP with the soil thread diameter (up to 6 mm dia.
range investigated) for the crumbling condition. Of much greater
importance is observing the condition of the soil thread during the
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rolling-out procedure to identify the first occurrence of the brittle
state (Barnes, 2021).

Operators of the manual-rolling PL method require some
experience before attaining a consistent rolling procedure (Barnes,
2021), with generally good repeatability of the test achieved for a
single experienced operator in a single laboratory (Sherwood,
1970). However, because of factors such as the amount of finger
pressure, rate of rolling and hand warmth, different operators will
produce ‘rolling paths’ (a term coined by Barnes (2021)) that
reduce the thread diameter quickly and thereby reduce the water
content slowly, or vice versa, with a range of possible rolling
paths in between (Barnes, 2021). This range of variation in the
rolling paths for different operators, combined with the ambiguity
about the end point (i.e. based on either the crumbling (ASTM,
2017; BSI, 1990b) or broken/dilated (BSI, 2018b) thread
condition) and the operators’ subjective judgement of same,
means that the reproducibility of the standard PL test is generally
poor in practice (Belviso et al., 1985; Sherwood, 1970;
Sivakumar et al., 2009, 2015; Sridharan et al., 1999; Whyte,
1982), which reflects on IP (= wL − wP). In addition to the above,
it is also worth considering that the repeated kneading/rolling
actions in performing the PL test produce incremental reductions
in the soil thread’s water content. Consequently, the wP result,
obtained for the first occurrence of the end point, would nearly
always lie below the actual wP (i.e. ductile–brittle state transition),
thereby producing underestimated values of wP, often seriously
(Barnes, 2021). This aspect, hitherto unreported, adds to the poor
repeatability of the standard PL test. To reduce its impact, close to
wP, the manual PL test should be performed with frequent short-
duration kneading/rolling actions to produce smaller incremental
water content reductions (Barnes, 2021). In this way, the
underestimation of the actual wP value would be reduced.
Additionally, Barnes (2021) included an overemphasis on rolling
to a particular thread diameter (i.e. 3 or 3.2 mm) as a further
reason for the poor reproducibility of the standard PL test.
Considering all of the above, it is not surprising why many
researchers have sought to developed alternative testing methods
to the manual PL test, as well as various indirect approaches for
PL determination, which are described later in this section.

As mentioned earlier, ASTM D 653 (ASTM, 2006: p. 22) provides
a second terminology used in relation to the PL – namely, as ‘the
water content corresponding to an arbitrary limit between the
plastic and the semi solid states of consistency of a soil’ – but
seemingly not appearing to tie directly the determination of the PL
state transition to the thread-rolling PL test. In other words, based
on this terminology, it could be possibly construed that the
ductile–brittle state transition may be experimentally established
using appropriate methods (i.e. other than the thread-rolling PL test)
that can distinguish between the plastic/ductile and brittle
deformational behaviour responses of fine-grained soil with a
varying water content. Hence, this ASTM D 653 terminology
(ASTM, 2006), not tying the PL condition to the thread-rolling PL
test, could potentially lead to some confusion regarding the PL’s
(b)

(c)

(a)

Figure 2. Examples of thread conditions for Atterberg’s PL testing:
(a) initiation of transverse cracks/crazing on the thread surface
provides an indication of approaching the wP; (b) at its first
appearance, the shown broken/dilated thread condition should
represent the PL (BSI, 2018b); (c) dispersed crumbled thread
(images reproduced from Barnes (2021))
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determination (definition) – that is, clay soil exhibits plasticity during
many types of strain, with the standardised thread-rolling PL test
establishing a useful threshold for a certain type of soil deformation
(i.e. for the soil thread undergoing the repeated rolling paths of the
PL test). Whereas, adopting different types of soil deformation
(strain) testing for PL determination strain could potentially result in
obtaining dissimilar values of water content for assigning to the
associated ductile–brittle transition of the investigated fine-grained
soil. It is for this very reason that the various international codes
(apart from the Chinese standards) exclusively determine the PL
condition using the thread-rolling PL test. It should also be
considered that the A- and U-line boundaries of the Casagrande
plasticity chart, as well as myriads of existing correlations relating
wP, IP and/or the liquidity index (IL) to other useful geotechnical
parameters (e.g. compaction, CBR, hydraulic conductivity, swelling
potential and pressure, consolidation and shear strength), have been
deduced based on LLPC and Atterberg’s PL results.

Because of its general poor reproducibility across different operators
(Belviso et al., 1985; Sherwood, 1970; Sivakumar et al., 2009, 2015;
Sridharan et al., 1999; Whyte, 1982), various proposals have been
made over the decades to improve on the thread-rolling PL test.
These have largely focused on mechanising the manual-rolling
procedure (e.g. Barnes, 2009, 2013a, 2013b; Bobrowski and
Griekspoor, 1992; Temyingyong et al., 2002) while retaining the
essential features of the soil deformation occurring in the manual PL
test. Of these proposals, only the plate-rolling PL method (original
presented by Bobrowski and Griekspoor (1992)) has been codified,
being adopted in the Aashto and ASTM standards (Aashto, 2000;
ASTM, 2017) but not in the BSI or EN standards. However, in
50
practice, the manual thread-rolling PL test remains far more
extensively used worldwide than the plate-rolling PL method. In
using the Aashto and ASTM rolling device (see Figure 3),
downward force and back-and-forth rolling motion are
simultaneously applied to the soil thread through the to-and-fro
horizontal movement of the top acrylic flat plate until it comes into
contact with the 3.2 mm deep side-rails fastened to the acrylic bottom
plate (both plates being covered with unglazed paper). However,
most of the issues responsible for the poor repeatability of the
manual thread-rolling PL test remain for the plate-rolling PL method.
In other words, different operators would still produce a range of
possible rolling paths (because of factors such as the amount of
downward plate pressure and rate of rolling employed), different
durations of the kneading/rolling actions would result in varied
incremental water content reductions that produce different severities
of the underestimation in the actual wP value, the overemphasis on
rolling to a particular thread diameter (i.e. 3.2mm) remains, along
with the subjective operator judgement of the end point.

Comprehensive statistical analysis performed on a database of 60
diverse fine-grained soils by Soltani and O’Kelly (2021)
demonstrated that the standard (manual) thread-rolling and plate-
rolling PL methods produce essentially similar wP values.
Furthermore, compared with the thread-rolling wP, the likelihood
of achieving consistent soil classifications in the Casagrande
plasticity chart employing the plate-rolling wP (along with the wL)
was shown to be 98%, with the identified discrepancies being
cases that plot relatively close to the A-line (Soltani and O’Kelly,
2021). As such, the standard plate-rolling PL method can be used
with confidence for soil classification.
W

L

TTP Top plate

Bottom plate

IW L

HSR
TRP

Dimensions
L
IW
TTP 

TBP

HSR

~ 200 mm
~ 100 mm
~ 10–15 mm (or greater)
~ 5 mm (or greater)
= Height of the side rails and shall equal 3.2 mm

plus the total thickness of the unglazed paper that is 
not in contact with the top or bottom surface of the 
side rails. The tolerance on HSR is    0.25 mm.

Notes
a The tolerance between W and IW shall be such
that the top plate slides freely on the rails without
wobbling.
b The top plate shall be rigid enough so that the
thickness of the rolled threads is within the
tolerance given for HSR.
c The width of the side rails shall be between 3
and 6 mm.

±

a

b

c

Figure 3. Schematic diagram of the ASTM/Aashto rolling device employed for PL determination (adopted from ASTM D 4318 (ASTM,
2017) and reproduced from Soltani and O’Kelly (2021))
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Closely replicating Atterberg’s manual-rolling method, Barnes
(2009, 2013a, 2013b) developed a mechanical thread-rolling
apparatus and test method that allow nominal applied stress and
diametrical strain measurements for a uniform soil cylinder
(thread) during the rolling-out procedure. Nominal remoulding
toughness measurements are computed considering the areas
beneath the obtained experimental stress–strain plots for the
initially 6 mm dia. plastic soil threads prepared at different water
contents. These values of remoulding toughness are plotted
against water content, from which various soil toughness-related
properties and the value of wP (occurring at the sharply defined
ductile–brittle transition) can be determined (Barnes, 2009, 2013a,
2013b). However, compared with the standard thread-rolling PL
test, the Barnes’s apparatus procedure takes longer and is more
labour intensive, such that it is unlikely to replace commercially
the simple, quick and cheap, but regrettably unreliable, standard
thread-rolling PL test (Barnes, 2021).

Other PL testing alternatives include the thread-bending PL test of
Moreno-Maroto and Alonso-Azcárate (2015), but the different
type of soil thread deformation compared with that of the thread-
rolling PL test may possibly result in dissimilar wP results (e.g.
bending may reveal some signs of surface distress nearer the
identified PL (Barnes, 2021)). Additionally, de Oliveira Modesto
and Bernardin (2008) proposed an indentation test, whereby the
force applied to a 30° cone was slowly and steadily increased to
indent the fine-grained soil test specimen, which was considered
to be in a plastic state if the printed perforation mark presented no
cracks, or in a brittle state for crack formation. With the soil
deformational response as the discerning factor, this approach
seemed reasonable, although the soil deformation system, being
dissimilar from that of the rolling actions of the standardised PL
test, could potentially produce different wP results.

A review of other methods for soil plasticity measurement was
presented in the paper by Andrade et al. (2011), including FC- and
extrusion-type test methods, Pfefferkorn (impact deformation),
capillary rheometer, torque rheometer and stress–strain curves
obtained from compression tests. Additionally, suction or
soil–moisture tension measurements, effective consolidation pressures
from one-dimensional consolidation tests (reviewed by Barnes
(2013b), O’Kelly et al. (2018) and O’Kelly (2021)) and, most
recently, a power-based approach considering the work undertaken
for extrusion of a known soil volume in a set time period (O’Kelly,
2022a) have been proposed for consistency limits determination, with
differing levels of success achieved. A lot of research efforts over
recent decades have centred on various strength-based FC and
extrusion test approaches (here ‘strength-based’ meaning that certain
values of su are effectively assigned (assumed) for identifying both
the LL and PL states), and these methods are the focus of the
remainder of this section. From the outset, it is important to point out
that strength-based approaches are fundamentally inappropriate for
Atterberg’s PL determination (O’Kelly et al., 2018), since they
cannot demonstrate the significant change in deformational
behaviour, from plastic/ductile to brittle, for water contents each side
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of wP, relying instead on correlations with the thread-rolling PL
method to adjust the test apparatus configurations. Some researchers
(e.g. Belviso et al. 1985; Feng, 2000, 2001, 2004; Harrison, 1988;
Koumoto and Houlsby, 2001; Lee and Freeman, 2009; Sharma and
Bora, 2003; Sivakumar et al., 2009; Wasti and Bezirci, 1986) have
claimed to measure wP using strength-based FC approaches. They
assigned a specified cone penetration depth for the PL, invariably
based on an assumed 100-fold increase in su with reducing water
content over the full plastic range, as proposed by Wroth and Wood
(1978). However, when using this strength-based approach, they are
not actually measuring wP but a completely different index parameter
called PL100 (Haigh et al., 2013; Kyambadde and Stone, 2012;
O’Kelly, 2013a; O’Kelly et al., 2018; Sivakumar et al., 2015, 2016;
Stone and Kyambadde, 2007; Stone and Phan, 1995). These aspects
are further elaborated in the section headed ‘Critique of alternative
consistency limits determination methods’. Using the same strength-
based rationale, other researchers (e.g. Medhat and Whyte, 1986;
Timár, 1974; Whyte, 1982) have claimed to measure wP using soil
extrusion approaches. They typically associate the ‘PL’ with an
extrusion pressure 100 times greater than that required to
cause steady extrusion of the saturated remoulded fine-grained soil at
its wL(FC) to occur from the extrusion chamber (see the review paper
on this topic by O’Kelly (2019b)). However, like the strength-based
FC approaches, these extrusion approaches are essentially attempting
to measure a PL100-type (i.e. not Atterberg’s PL) parameter. Note that
from reassessing a large data set compiled for many hundreds of
different fine-grained soils reported in the literature, O’Kelly (2019b)
concluded that conventional analysis (i.e. considering the continuous
extrusion: for example, in hot/cold extrusion of long metal billets)
did not seem to provide reliable su estimates consistently in the case
of soil extruded through a die orifice from a small cylindrical
container. This suggested that for the soil extrusion apparatuses,
different shearing mechanisms (zones) were at play for the test soil
contained in the cylindrical container (Xu et al., 2023) and possibly
also localised billet consolidation was occurring for the combination
of slow die displacement rates employed and relatively high
extrusion pressures required (O’Kelly, 2019b).

Meanwhile, other researchers have attempted to determine IP
indirectly, and hence wP (= wL − IP), using, for instance,
correlations between the IP and the IF(PC) or IF(FC) parameters
(Fall, 2000; Fang, 1960; Haigh and Vardanega, 2014; Nagaraj and
Srinivasa Murthy, 1987; Soltani and O’Kelly, 2022; Spagnoli
et al., 2019; Sridharan et al., 1999). In other words, using IP:IF(PC)
and IP:IF(PC) correlations, the values of wL, IP and wP could
potentially be determined for fine-grained soils from only the
experimental flow curve results. This aspect is further elaborated
in the section headed ‘Way forward?’.

Some pitfalls of consistency limits testing
This section highlights some potential pitfalls in performing
consistency limits testing, including inadequate maturing (curing)
of the prepared fine-grained soil materials before performing the
LL tests and, for testing of some unconventional geomaterials are
also described.
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Before performing consistency limits tests, the remoulded soil
paste (prepared at the desired water content) is stored in an
airtight container and allowed to stand long enough to enable the
pore water to permeate and distribute uniformly through the soil.
ASTM D 4318 (ASTM, 2017), BS 1377-2 (BSI, 1990b) and
BS EN ISO 14688-2 (BSI, 2018a) recommend material maturing
periods of ~16 h (overnight), ~24 h and up to 24 h, respectively,
before starting LLPC/LLFC testing. While a shorter time may be
acceptable for soils of low clay content (BSI, 1990b), longer
maturing periods may be needed for high-plasticity clays, such as
bentonites. For instance, with wL(PC) increasing with maturing
period, a minimum 4-day curing period was needed to reach
nearly equilibrium values of wL(PC) measured for three bentonites
investigated by Bharat et al. (2020). In other words, an inadequate
maturing period for the LL test material may result in a
(considerable) underestimation of the actual value of wL.

Consistency limits testing is synonymous with the soil fraction
passing the 425 mm sieve size, but there is a small yet increasing
number of papers published in the recent literature reporting on
LL and PL testing of fibre-reinforced fine-grained soils. Examples
include studies of various fine-grained soils examining the effects
of 2% human-hair-fibre additive, each fibre being 20–50 mm long
(see the paper by Ayothiraman et al. (2022) and discussion of the
same by O’Kelly and Soltani (2022a)), and up to 10% recycled
sheep-wool additive (Omer et al., 2022) on the consistency limits
test results. This practice is not correct, since consistency limits
testing first requires the removal during the sample preparation
stage of any coarse particles and fibres present (BSI, 1990b), with
the testing performed on the fine soil fraction (i.e. passing the
425 mm sieve size). The literature also includes an increasing
number of investigations reporting on the consistency limits
testing of fine-grained soils amended with various biopolymers at
low dosages (e.g. see the review paper by Sujatha and O’Kelly
(2023)). Compared to the natural soil, the texture of biopolymer-
treated soil is quite different. Hence, the question arises as up to
what biopolymer dosage can the plasticity behaviour of the
mixture be still regarded as typical of fine-grained soil (i.e. above
a certain generally small dosage, the texture (deformation
behaviour) of the wet mixture becomes a typical of fine-grained
soil behaviour). For example, Kannan et al. (2023) described the
effect of 0.25–1% additions of the gellable biopolymer
sodium–carboxymethylcellulose (NaCMC) to low-plasticity
organic silt soil. The NaCMC additive produced dramatic
increases in wL(PC), wP and the computed IP, which resulted in a
change in soil classification (from silt- to clay-type soil). Kannan
et al. (2023) explained that the addition of water molecules in the
NaCMC-treated soil increased its water-imbibing capacity, such
that with an increased NaCMC dosage, more water was needed
for the soil to lose shear strength.

Furthermore, in the case of fibrous peats, greater mechanical
breakdown of the intact peat fibres in producing the <425 mm
sized soil solids test material resulted in lower measured values of
wL, wP and IP. Consequently, their adoption for behavioural
52
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characterisation could be (grossly) misleading, since the measured
wL, wP and IP values did not give sufficient insight into the likely
mechanical behaviours of the original fibrous peat materials in the
field (O’Kelly, 2015a, 2016a, 2022b). O’Kelly (2015a, 2016a)
went as far as to conclude that the consistency limits concepts
should not be applied/extended to fibrous peat materials. Unlike
remoulded inorganic fine-grained soils, the reality of individual
(distinct) soil particles strictly does not always apply for peats that
are not completely humified, with connectivity between the
constituent fibres in fibrous peat materials provided by cellular
connections and fibre entanglement (O’Kelly, 2015b; O’Kelly and
Orr, 2014). This does not mean that peat soil deposits do not
exhibit plasticity within a range of water contents; rather, they
reveal the shortcomings of the standardised laboratory tests in
accurately identifying their associated plastic ranges. Other
anomalies arise, for instance, in regard to consistency limits
testing of diatomaceous earth soils, where a large amount of water
is contained in the intra-skeletal pore spaces of the frustules, and
thus, it barely interacts with the soil particles (Bandini and Al
Shatnawi, 2017). Consequently, the results of standard
consistency limits testing performed on these soils also may not
provide reliable information in respect to their likely mechanical
properties (Vardanega et al., 2023).

Critique of alternative consistency limits
determination methods
Over the decades, various assumptions (‘rules of thumb’) have
been employed in developing correlations between the
consistency limits, and with other geotechnical parameters, for use
in geotechnical engineering practice. These include, for instance,
correlations that can be used to obtain wP data when reliable wP

measurements are unavailable or when difficulties are encountered
(e.g. for marginally plastic soils) in executing the standard PL
test. Some of these assumptions have subsequently been found
baseless or unreliable, such that the continued use of correlations
based on them should be discouraged. The first example
examined here is the fallacy of a strength-based definition for
Atterberg’s PL, as originally proposed by Wroth and Wood
(1978), which assumes the following:

■ a 100-fold variation in su over the full plastic range
■ su-L(FC) = 1.7 kPa, such that the value of su at wP (i.e. su-P)

would be assigned as 170 kPa (Wroth and Wood, 1978).

On these basis, some researchers (e.g. Belviso et al., 1985; Feng,
2000, 2001, 2004; Harrison, 1988; Koumoto and Houlsby, 2001;
Lee and Freeman, 2009; Sharma and Bora, 2003; Sivakumar
et al., 2009; Wasti and Bezirci, 1986) have claimed that wP can be
determined using the FC approach. Thus, from Equation 1 and
based on their assumptions with the LLFC established using the
80 g/30° cone for dL = 20 mm (BSI, 1990b, 2018b), according to
these researchers, the ‘PL’ could be established using the same
cone set-up as the water content for d = 2mm. One of a few
proposed extrapolation techniques (typically of the best-fitting
correlation line to the data plotted in log d–logw (see e.g. Feng,
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2000, 2001)) is applied to the experimental LLFC data to deduce
the water content corresponding to d = 2 mm. There is some
evidence to suggest that an approximately bilinear IL (w)–log su
relationship occurs over the brittle and plastic states, with its
turning point occurring at wP (i.e. IL = 0), as deduced from vane-
shear investigations of remoulded clay soils by Vinod et al.
(2013). Hence, valid extrapolation of the experimental d:w data
for d progressively reducing to 2 mm with decreasing water
content would strictly necessitates that the soil remains in a plastic
state (i.e. wP £ wP100, where wP100 is the water content associated
with PL100). In other words, soil tested with water content w
would occur in a brittle state for wP100 < w < wP. Alternatively, a
different cone set-up – for example, employing an 8 kg/30°
contacting cone with d = 20 mm (Sivakumar et al., 2015; Wood,
1990) – could be employed to avoid the need for extrapolation of
the experimental d:w data for PL100 determination. This approach
would still require wP £ wP100 for the investigated fine-grained
soil, such that the plastic strength analysis of Equation 1 remains
valid. In the section headed ‘Liquid limit’, it was explained that
for the 80 g/30° FC set-up with dL = 20 mm (BSI, 1990b, 2018b)
and considering a range of m = 0.10 ± 0.05 (Ladd and
Foott, 1974) for different inorganic fine-grained soils, the value of
su-L(FC) had a plausible range of 1.6–2.4 kPa (O’Kelly et al.,
2018). On this basis, the assumption of su-L(FC) = 1.7 kPa adopted
in the strength-based FC approach was strictly not correct for all
fine-grained soils. Regarding the assumed 100-fold su variation
over the full plastic range, considering their diverse natures in
terms of physiochemical and mechanical behaviour/properties,
from the author’s perspective, it seems too much of a stretch
thatxall fine-grained soils would universally have the same
su-P-to-su-L(FC) ratio value (of 100). It would seem more plausible
that when considering a wide range of diverse fine-grained soils,
their values of su-P/su-L(FC), and also of su-P, would have
continuous probability distributions with significant values of
standard deviation (s). After many decades of research in
this area, including the development of various FC apparatuses
and d:w data extrapolation techniques, this has been definitively
shown to be the case – that is, generally su-P ≠ 100 × su-L(FC) and
su-P ≠ 170 kPa (Haigh et al., 2013; Nagaraj et al., 2012; O’Kelly,
2013a; Vardanega and Haigh, 2014). In other words, when
considering a diverse range of fine-grained soils, the magnitudes
of su-P (see Figure 4) and of the su-P/su-L(FC) ratio can both vary
widely (Haigh et al., 2013; Nagaraj et al., 2012; O’Kelly, 2013a;
Vardanega and Haigh, 2014), with su-P more often than not
<170 kPa (O’Kelly et al., 2018).

The realisation of the strength-based ‘PL’ definition fallacy led to
the introduction of a new index parameter, denoted as PL100

(Haigh et al., 2013; Kyambadde and Stone, 2012; O’Kelly,
2013a; O’Kelly et al., 2018; Sivakumar et al., 2015, 2016; Stone
and Kyambadde, 2007; Stone and Phan, 1995) and coined as the
‘plastic strength limit’ by Haigh et al. (2013). In other words,
Atterberg’s PL and the PL100 are fundamentally different
parameters (see the papers by O’Kelly et al. (2018) and O’Kelly
(2021) and the discussions by Sivakumar et al. (2016) and
O’Kelly et al. (2022a)), with, for example, experimental data
presented in the studies by Feng (2000) and Hrubesova et al.
(2020) showing ±20% variation of wP100 from wP. Note that
for NP fine-grained soil, IP = 0 (i.e. wP ≥ the measured wL(PC)

or wL(FC)) or wP cannot be determined by the PL test (BSI,
1990a, 2018a), but it can always be assigned a value of wP100 (i.e.
≪wL(FC)). As described in the next section, the FC-derived IF(FC),
wP100 and IP100 (= wL(FC) − wP100) parameters, and variants
thereof, provide new possibilities for FC remoulded undrained
shear strength (i.e. su-FC) predictions and in the classification of
fine-grained soils (O’Kelly et al., 2018; Vardanega et al., 2022).
However, it is worth repeating that it would not be correct to refer
to (equate) PL100 as Atterberg’s PL or to refer to (equate) IP100 as
the IP parameter; the juxtaposition of these standard notations
would cause much confusion.

Also proposed, with varying predictive capabilities for IP and
hence wP, are empirical correlations based on the flow index
concept (e.g. Fall 2000; Soltani and O’Kelly, 2022; Spagnoli
et al., 2019; Sridharan et al., 1999), which work on the premise
that the IF(PC) and IF(FC) parameters provide a measure of soil
plasticity (Soltani and O’Kelly, 2022). Hence, they could be used,
either independently or in conjunction with other index
parameters – for example, LLPC and LLFC (see Fall, 2000) – to
provide estimates of the values of IP and hence wP (= wL − IP).
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(2013))
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However, recent investigations involving the author comprising
comprehensive statistical analyses performed on large and diverse
data sets of IP:IF(FC) test results have demonstrated that such
correlations, at best, can provide only rough approximations of
the actual IP and hence wP (O’Kelly and Soltani, 2021a; Soltani
and O’Kelly, 2020, 2022; Vardanega et al., 2022).

Furthermore, over the decades, numerous empirical correlations
have been proposed in the published literature for deducing the
values of LL, PL and/or IP (e.g. see O’Kelly and Soltani, 2021b).
However, when considering large and diverse collections of fine-
grained soils with widely different mineralogical and gradation
properties, the LL and PL parameters generally do not correlate
with one another. Moreover, for a fine-grained soil with a certain
LL value, its value of IP can range from zero (i.e. NP soil) to an
approximate upper bound given by the associated U-line value in
the Casagrande plasticity chart. Consequently, when considering
large and diverse collections of fine-grained soils, the LL and IP
typically only weakly correlate, with the correlation largely
arising from the fact that IP is itself calculated using the LL (i.e.
IP = wL − wP) (O’Kelly and Soltani, 2021b; Soltani et al., 2023).
Greater predictive performance may be achieved in cases where
the LL, PL and/or IP correlations are developed using data sets
pertaining to specific fine-grained soil formations (i.e. pertaining
to narrow ranges of soil composition and mineralogical
properties). When employed for different soil types, these
correlations invariable produce poor predictions (O’Kelly and
Soltani, 2021b, 2023a).

Way forward?
Various issues and shortcomings regarding the conventional
consistency limits and their methods of determination were
highlighted above, particularly the poor reproducibility of the
standard thread-rolling PL test (Belviso et al., 1985; Sherwood,
1970; Sivakumar et al., 2009, 2015; Sridharan et al., 1999;
Whyte, 1982). Approached from the viewpoint of obtaining
correlations with soil strength and stiffness, the PL100 and IP100
parameters could be seen as favourable choices, being implicitly
linked to the variation of su with water content (Haigh et al.,
2013; Kyambadde et al., 2014) – that is, for fine-grained soil
existing in a plastic state (i.e. wP £ wP100, such that the plastic
strength analysis of Equation 1 remains valid), IP100 gives the
range of water contents producing a 100-fold gain in su relative to
the su-L(FC) value of ~1.7 kPa. (Note that, for reasons elaborated
earlier, with wP100 £ wP, there would be uncertainties regarding
the actual strength gain for the identified IP100 value.) As
described in the previous section, wP100 can be determined using
an 8 kg/30° contacting cone for d = 20 mm or from extrapolation
of the 80 g/30° LLFC flow curve (typically obtained for d =
15–25 mm) to d = 2 mm. Both approaches have drawbacks,
including the predictive capability of the extrapolation technique
adopted (from the various ones proposed in the literature) and
potential health and safety issues related to using the heavier 8 kg
cone during routine laboratory investigations (Sivakumar et al.,
2015). This section focuses on some recent developments in the
54
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measurement of the strength-based PL100 and IP100, their use in
obtaining su predictions and in the classification of fine-grained
soils.

A major advancement on efforts to bring the PL100 parameter into
mainstream use was the development of an FC set-up that
incorporates a free-fall height of hd (Sivakumar et al., 2015),
resulting in the tip of the falling cone contacting the surface of the
soil test specimen with an initial (impact) velocity. Based on an
energy-conservation approach and with consideration of the
higher strain rates occurring compared with those of the 8 kg/30°
contacting cone, Sivakumar et al. (2015) settled on a modified FC
set-up (Figure 5), employing a 0.727 kg/30° cone with a free-fall
height of hd = 200 mm (i.e. resulting in a 2.0 m/s velocity at the
start of the cone penetration) for determining the value of wP100,
obtained for d = 20 mm. Of course, the wP100 of fine-grained soil
can be determined using the modified FC test set-up employing
any equivalent combination of cone weight and apex angle, hd
and d (O’Kelly, 2022c).

Additionally, employing finite-element analysis and energy-
conservation approaches, Dastider et al. (2021) and O’Kelly
(2022c) respectively showed how the associated cone factor Kd

(i.e. accounting for the inclusion of a free-fall height hd) can be
calculated from the conventional cone factor K (i.e. for the set-up
with the cone tip initially just contacting the surface of the test
specimen) as Kd = K(1 + hd/d). Hence, FC set-ups that include a
free-fall height can also be conveniently used as strength
measurement devices for plastic fine-grained soils – for example,
in establishing their su variability with changing water content and
sensitivity (i.e. ratio of undisturbed to remoulded undrained
strength, without any change in water content).

For a given FC apparatus set-up, the associated value of K can
bexcalculated from rearranging Equation 1, inputting the assumed
su-L(FC) of ~1.7 kPa (Wroth and Wood, 1978) and related value of
dL. O’Kelly et al. (2018) and Haigh et al. (2021) elaborated on
this approach, with various pitfalls highlighted in the discussion
paper by O’Kelly and Soltani (2023b). For instance, considering
the contacting cone set-up for the 80 g/30° cone and dL = 20 mm
(BSI, 1990b, 2018b), this approach gives K = 0.87, in agreement
with the experimentally derived value of 0.85 (s = 0.05) reported
by Wood (1985). Whereas, for the 60 g/60° cone and dL = 10 mm
(BSI, 2018b), the value of K is deduced as 0.29, in agreement
with experimentally derived K values of 0.3 (Hansbo, 1957), 0.29
(s = 0.04) (Karlsson, 1961) and 0.29 (s = 0.05) (Wood, 1985).
Experimentally derived values of K (or Kd) are obtained by
calibration (back-calculation) with direct strength measurements,
typically obtained using miniature vane-shear tests or less
frequently from UU triaxial compression tests (see e.g. O’Kelly,
2014, 2019a). The derived value of K (or Kd) will depend on the
different shearing modes of these strength tests (O'Kelly, 2013b,
2014, 2023), the shear strain rates they employ, and, as elaborated
below, also on the strain rate-dependence of undrained strength
for the investigated fine-grained soils. Furthermore, the strength
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apparatus employed for the calibration must have the required
measurement sensitivity, and in the case of the vane apparatus, the
shearing rate employed must be sufficiently fast to maintain a
truly undrained specimen shearing condition (Llano-Serna and
Contreras, 2020; O’Kelly, 2019a). Even with these two testing
conditions achieved, O’Kelly (2018) and O’Kelly et al. (2018)
demonstrated that when investigating different fine-grained soils,
the deduced value of K for a specified value of su-L(FC) (or,
conversely, the su-L(FC) associated with a certain value of K) could
vary somewhat depending on the natural variation in experimental
m between different fine-grained soils. This essential point was
also reported by Llano-Serna et al. (2022). In other words, many
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inorganic fine-grained soils have a m value of ~0.10 (Koumoto
and Houlsby, 2001; Kulhawy and Mayne, 1990; Ladd and Foott,
1974), with a range of m = 0.10 ± 0.05 (Ladd and Foott, 1974)
not uncommon, although m values of up to 0.30 may occur for
some high-organic-content soils (O’Kelly, 2014, 2016b, 2018;
O’Kelly et al., 2020a). Therefore, in determining the value of K
for relating su-FC to measured vane-shear or UU triaxial strength
results, one needs to take into account the significantly different
shear strain rates occurring in these different strength tests. For
example, in the case of the contacting 80 g/30° cone, the _g of
~1.0 × 106 %/h for the range of d = 15–25 mm (Koumoto and
Houlsby, 2001) is approximately four orders of magnitude faster
compared with that generally employed in performing a typical
standard UU triaxial test. Accordingly, with the assumed value of
su-L(FC) ≈ 1.7 kPa taken as pertaining to m ≈ 0.10, for those fine-
grained soils with m = 0.10 ± 0.05, the 80 g/30° contacting cone
set-up, with dL = 20 mm (BSI, 1990b, 2018b), could plausibly
mobilise an su-L(FC) range of 1.6–2.4 kPa (O’Kelly et al., 2018).
Accordingly, for PL100 established at d = 20 mm using the 8 kg/
30° contacting cone set-up, the mobilised su (commonly taken as
~170 kPa) could range between 160 and 240 kPa (O’Kelly et al.,
2018).

An important consideration regarding the PL100 parameter is that
for wP100 < wP (more often than not the case when investigating
many different fine soils (O’Kelly et al., 2018)), the fine-grained
soil being tested at water contents of about wP100 will exist
in a brittle state. Consequently, the validity of applying
extrapolation techniques (i.e. to the experimental FC flow curve
results obtained from LLFC testing) for obtaining wP100 and the
plastic strength analysis of Equation 1 for wP100 < wP both
become questionable (O’Kelly et al., 2018, 2020b). To overcome
this, O’Kelly et al. (2018) proposed using the PL25 parameter in
place of PL100, the former defining as the soil water content (i.e.
wP25) that mobilises an su value of 25 × su-L(FC) (≈ 42.5 kPa),
considered an expected lower bound value of su-P mobilised for
inorganic fine-grained soils. PL25 can be measured experimentally
as the water content corresponding to d = 4 mm of the standard
80 g/30° contacting cone. Alternatively, analogous to the modified
FC set-up of Sivakumar et al. (2015), PL25 can be established by
employing any equivalent combination of cone weight, apex
angle, hd and d (for d ≫4 mm), as pointed out by O’Kelly
(2022c). The latter approach would have the advantage of shear
testing a larger portion of the soil specimen and be potentially
more accurate since, with su-FC ∝ 1/d2, small inaccuracies in d
measurements have greater impact on the deduced su-FC for
smaller values of d.

For obtaining su predictions, taking the value of su-L(FC) as
1.7 kPa, O’Kelly et al. (2018) proposed that the value of su-FC
mobilised for water content w could be computed as follows:
su-FC ¼ 10 1:4 IC FCð Þþ0:23ð Þ2.
Hook
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Figure 5. Sivakumar et al.’s modified FC test set-up, employing a
0.727 kg/30° cone and a free-fall height of hd = 200mm, for
determination of the PL100 parameter, interpolated from the best
straight-line fitting of four or more w:d data points for d = 20mm
(reproduced from Sivakumar et al. (2015))
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where IC(FC) is the FC consistency index parameter given as
follows:

IC FCð Þ ¼ log wL FCð Þ − logw
� �

= log wL FCð Þ − logwP25

� �
3.

Note that the IC(FC) parameter is defined in logarithmic form. This
arises since, compared with the semi-logarithmic form, the
double-logarithmic su–w correlation for a given fine-grained soil
provides a regression coefficient value closer to unity when
considering a wide water content range (O’Kelly et al., 2018).

Although IF(FC)- and IF(PC)-based correlations should generally not
be used for estimating IP and hence wP (= measured LL minus the
flow index-deduced IP) (O’Kelly and Soltani, 2021a; Soltani and
O’Kelly, 2020, 2022; Vardanega et al., 2022), it appears that they
are suitable for use in routine classification of fine-grained soils
(Soltani and O’Kelly, 2022; Vardanega et al., 2022). In this
respect, Vardanega et al. (2022) proposed a new plasticity chart
(see Figure 6), plotting IF(FC) against wL(FC) obtained for the
80 g/30° cone with dL = 20 mm (BSI, 1990b, 2018b).

In producing the new chart, Vardanega et al. (2022) made
appropriate adjustments to reposition the A- and U-lines (of the
Casagrande plasticity chart) to take into account (a) the change in
the ordinate – using IF(FC) in place of IP; (b) the fact that the
abscissa of the new chart plots wL(FC) – rather than the wL(PC) data
employed in developing the original (Casagrande-type) plasticity
chart. The distinct advantage of the Vardanega et al. (2022) chart
over existing plasticity charts (the major ones being reviewed in
the paper by Moreno-Maroto et al. (2021)) is that it allows
classification of fine-grained soils to be achieved without the need
56

/951
to perform the thread-rolling PL test, which can have poor
reproducibility. In other words, using the BS 80 g/30° cone, the
wL(FC) of the fine-grained soil is established for dL = 20 mm from
the best-fitting line to four or more data points in a w–d plot,
investigating the range of d ≈ 15–25 mm (BSI, 1990b, 2018a).
Plotting the same four or more data pairs in the w–log d space, the
FC flow index is obtained from regression analysis as IF(FC) =
Dw/Dlog10 d. Then, using the obtained wL(FC) and IF(FC) data pair,
the soil can be classified as clay- or silt-type soil, with its
associated fine-grained soil plasticity level class, using the
Vardanega et al. (2022) plasticity chart (Figure 6).

In a more recent investigation considering 125 very different fine-
grained soils, Karakan (2023) showed that the Vardanega et al.
(2022) IF(FC)–wL(FC) plasticity chart produced 92% agreement with
the soil classifications obtained using the Casagrande-type plasticity
chart. Note that IF(FC)- and IF(PC)-based correlations allocate a value
of IP irrespective of the inherent plasticity characteristics of the
investigated soil. In other words, applying these correlations to NP
fine-grained soils would result in them being erroneously assigned as
having some plasticity, such that they would incorrectly plot in both
plasticity charts (Soltani and O’Kelly, 2022; Vardanega et al., 2023).
To overcome this limitation, before plotting in the IF(FC)–wL(FC)

plasticity chart, the operator would first need to confirm the soil’s
plasticity credentials, generally judged by touch rather than requiring
a standard PL test to be performed (Vardanega et al., 2023).
However, if the water content indicating the transition from the
plastic state to the brittle state is needed, then the standardised thread-
rolling PL test must be performed.

Summary and conclusions
This paper addresses Atterberg’s consistency limits of fine-grained
soil using a comprehensive critical review of the literature and
standardisation. The strengths, weaknesses and limitations of the
various methods for determining the consistency limits,
particularly the PL, were elaborated. For LL determination, in the
present global context, the hard- and soft-base PC and the
80 g/30° and 60 g/60° cone FC approaches are generally
considered equally valid, although one approach may be preferred
over another in certain territories. Standardised LL methods define
this state transition using particular testing criteria for the PC and
FC methods. It can be shown that both the LLPC and LLFC relate
to narrow su ranges of typically su-L(PC) = 1–3 kPa and plausibly
su-L(FC) ≈ 1.6–2.4 kPa, although the latter range is often simply
reported in the literature as 1.7 kPa. For testing the same soil
using particular PC and FC devices, the value of su-L(PC)
progressively reduces with increasing value of wL(PC) (typically
from 2.5 to 1.6 kPa for LLPC of 20 to 70%), whereas su-L(FC) is
dependent on the m parameter value of the test soil, with su-L(FC) ≈
1.7 kPa for an average m ≈ 0.10. Before performing LL testing,
the test soil must be allowed to mature adequately, which for
high-plasticity clays may require (significantly) longer than the
specified 16–24-h standing period stated in the codes. Inadequate
maturing of the test material causes an underestimation of the
actual wL value, particularly for wL(PC). Considering the range of
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et al. (2022)). Note that the soil classes (i.e. CL, CI, CH, CV, CE,
ML, MI, MH, MV and ME) labelled in the chart refer to the BS soil
plasticity classification obtained using the Casagrande-type
plasticity chart (BSI, 1990b)
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different LL testing apparatuses employed by the various codes
and with the wL(PC)-to-wL(FC) ratio increasing for increasing wL, it
is inevitable that wL results obtained for carefully testing the same
fine-grained soil in accordance with these codes may differ.
Resulting changes in measured wL (and hence IP) due to a change
in the LL method may be significant (e.g. in some instances being
sufficient to cause a change in soil classification), particularly for
higher levels of plasticity, in which case carefully chosen
published correlations could be employed to relate values of wL

deduced using different measurement techniques and codes.

The PL (i.e. Atterberg’s PL) is understood as the plastic/
ductile–brittle state transition, and apart from the Chinese standards,
it is exclusively determined in the codes using the manual ‘rolling
of threads’ PL test and also the ASTM/Aashto device-rolling PL
method. There are potentially significant disparities between some
details of the PL test method among different codes, including
thexmanifestations of the specified end point. At first appearance,
the broken/dilated thread condition, as specified in BS EN ISO
17892-12, should be taken as representing the PL, whereas
continuing rolling until the thread segments disperse into loose,
separate crumbs, as required by the ASTM D 4318 and BS 1377-2
standards, causes unnecessary drying and therefore underestimates
the wP value. The PL test itself establishes a useful threshold for a
certain type of soil deformation – that is, repeating rolling paths –
although inevitably, different operators produce a range of possible
rolling paths (e.g. either reducing the thread diameter quickly,
thereby reducing the water content slowly, or vice versa). Adopting
different types of soil deformation testing for PL determination (e.g.
using the thread-bending PL test) could potentially result in
obtaining dissimilar wP results. Strength-based test approaches (e.g.
using FC apparatus) are fundamentally unsuitable for PL
determination, since they cannot demonstrate the significant change
in soil deformation behaviour, from plastic/ductile to brittle, for
water contents each side of wP. Rather employing the same FC
set-up for both consistency limits, they assign a value of dL
(i.e. su-L(FC)) and then usually assume a 100-fold su variation over
the full plastic range, thereby defining a value of su-P obtained for
dL/10. However, when considering a diverse range of inorganic
fine-grained soils, as well as su-L(FC) potentially ranging 1.6–2.4 kPa
depending on the m values of the soils in the credible range of 0.10
± 0.05, the values of su-P and hence of the su-P-to-su-L(FC) are both
found to vary widely. In other words, strength-based FC approaches
cannot be used to obtain Atterberg’s PL consistently and reliably.

However, FC approaches can be used to obtain various useful
strength-based index parameters, providing new possibilities for
su-FC predictions and in the classification of fine-grained soils.
Compared with the PC-type LL and thread-rolling PL tests, being
easier to perform and its apparatus being easier to maintain in
correct adjustment with the codes give the FC-deduced parameters
(i.e. wL(FC), wP100 (PL100), IP100 and IF(FC)) greater repeatability
and reproducibility. Valid determination of the PL100 parameter
strictly requires that wP £ wP100, such that the plastic analysis
of Hansbo’s FC-strength equation and/or the adopted flow curve

ded from http://ftp.nowpublishers.com/jgere/article-pdf/11/1/43/9515429
(w:d data) extrapolation technique applied to LLFC data obtained
for a higher water content range remains valid. Hence, the PL25

parameter can be regarded as a better choice than PL100. For
instance, PL25 can be measured using the 80 g/30° contacting
cone for d = 4 mm. Being strength based, PL100 and PL25 can be
determined for any suitable combinations of cone weight, apex
angle, free-fall height (hd) and penetration depth (d). For instance,
wP100 can be obtained using an 80 g/30° cone for hd = 0 and d =
2 mm or using a 0.727 kg/30° cone for hd = 200 mm and d =
20 mm.

Having confirmed the soil’s plasticity credentials, typically judged
by touch, the Vardanega et al. (2022) revised plasticity chart
(plotting IF(FC) against wL(FC)) allows classification of fine-grained
soils to be achieved based solely on analysis of BS LLFC testing
results – that is, without the need to perform the PL test, which
has high operator variability.
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