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ABSTRACT

The liquid limit is defined as the point at which a clay’'s béhavchanges from
liquid to plastic. This transition is in reality gradual, rattiem sudden. The definition
of when this transition has been crossed must therefore be oeteérbpased on some
arbitrary criterion. The percussion cup method of determinigugd limit in the
manner suggested by Atterberg and subsequently standardised byaGdsag
determines liquid limit as the water content at which 25 staridaves are required to
cause closure of a standard groove. In order to speed up tmmidate®n of the
liquid limit, a single-point method is defined in ASTM D4318, and imynather
codes, to interpret liquid limit from groove closure at a d#fifémumbers of blows by
assuming a relationship between water content and the number ofrblpvied for
groove closure. These methods differ considerably between diffevdes of practice
currently in use worldwide. This paper examines the proceduresinigle-point
determination of the liquid limit and offers some fundamental exptamatthat
underpin the applicability of these procedures. This paper demonstnateshe
variation in single-point liquid limit procedures suggested by ousricodes of
practice can be attributed to the variability of liquid limitvides, rather than to

variation in the soils being tested.
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NOTATION

Roman

a curve fitting parameter

b curve fitting parameter

Cu undrained shear strength

cl/p specific soil strength

(c P)L specific soil strength at liquid limit

FI flow index

Gs specific gravity

I liquidity index

Ip plasticity index

n curve fitting parameter

N number of blows during the Casagrande Liquid Limit Test
Plcone plasticity index determined using the fall cone liquid limit d@hd

thread rolling test

w water content

WL liquid limit (Casagrande)
WL_cone liquid limit (Fall Cone)
Greek

a fitting parameter

tangs slope of the flow line

0 density of sall

Puw density of water

Statistical terms

R coefficient of determination
n number of data points used to generate a regression
SE standard error of a regression

3
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INTRODUCTION

The consistency limits first defined by Atterberg (1911aX1dlb) describe the behaviour
of clays with varying water content, and as such play & nita in the use of clays in both
geotechnical and industrial applications (e.g. Andrade et al. 2044 plastic limit of clays is
the water content at which the transition from ductile to britdeaviour suddenly occurs, as
discussed by Haigh et al. (2013), Haigh et al. (2014) and Barnes (d0E3)iquid limit is
defined as the water content when a clay’s behaviour changes ifoioh to plastic this
transitions is gradual rather than sudden. The definition ofr#mesition boundary is thus
inherently arbitrary. Warkentin (1961) postulated that the liquid liftésted using the
Casagrande apparatus) was controlled by interparticle forcess-thibsis was further
examined by Nagaraj and Jayadeva (1981) who suggested that ligitivdisnassociated
with a certain spacing between clay platelets and thilssuiface areas of particles.

A clay’s liquid limit can be determined using either-fadhe or percussion methods. The
percussion cup method of determining the liquid limit has itsrwigi the work of Atterberg
(1911a, 1911b) and was standardised by Casagrande (1932). The standardokest i
manipulating the water-content of a soil specimen such that 25 blewsquired for closure
of a standard groove over a length of 13 mm. As it is diffimuachieve groove-closure at
exactly 25 blows, data from several tests are plotted on axeatef content versus the
logarithm of the number of blows and a straight-line, termed the-lihe, is fitted to the
data. The liquid limit is taken to be the water-contémttaich this line crosses 25 blows.

The fall-cone test for liquid limit involves manipulating tkater-content of a clay
specimen such that an 80g, 30° cone placed with its tip on tlezewf the clay will fall 20
mm before coming to rest — this test can also be used to estimdtained shear strength of

clays (e.g. Hansbo, 1957 and Yukselen-Aksoy, 2010). In this procediardrdian several
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tests is typically plotted on axes of water content versusotieithm of penetration and a
straight line is fitted to the data.

In order to improve the speed at which these tests caartedcout, single point methods
have been proposed for both percussive (Waterways Experiment Si&4d@),and fall-cone
tests (Clayton and Jukes 1978) to allow the liquid limit to beriafl from a test in which the
clay sample was not at the liquid limit water content.

This paper will demonstrate that these single-point methwtide originally determined

empirically, can be derived from fundamental mechanical pleei Further it will be shown
that the variations in these methods prescribed by internationajndesdes relate to
differences in the equipment in use worldwide, rather than torelfées between the soils

tested.

DEVELOPMENT OF SINGLE POINT LIQUID LIMIT PROCEDURES

The single point method for percussive liquid limit wast fpgoposed by the US Army
Waterways Experiment Station (1949). This test allowed the liguitito be inferred from a
test in which the number of blows for closure of the groove waseleet 10 and 35 (this
range is assumed to be the extent to which one can safelgrréhe interpolation function
used to determine the water content at 25 blows). The metiisddithe observation that the
slope of the flow-line on log-log axeta £) for a sample of 767 soils from the Mississippi
valley was approximately constant. This observation could then luktasgroject from a
measured data-point to the water content at which 25 blows woultedmed for groove

closure; the liquid limit. This procedure was defined such that

w N
log (W—L) = —tanf log (E) Q)
which can be rearranged to show that:
tanf
we=w (55) @
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The average value dhn g for the soils tested was found to be 0.121, (Waterways
Experiment Station, 1949). This relationship subsequently becamsintje-point liquid
limit method implemented as ‘Method B’ in ASTM D4318 (2010). Equat®nwas also
reported to be an acceptable match for 676 soils from the BueressrAgion of Argentina
(Trevisén, 1960). Table 1 shows various reported valuengfbased on seven databases of
liquid limit tests for which this analysis has been refbrte

These geographically diverse observations confirm the gemenal of flow lines having
slopes of approximately 0.1 with a standard deviation of the ord€rO3f but do show
substantial differences in different regions. This has siesalted in ASTM D4318 (2010)
using a value ofan £ of 0.121 following Waterways Experiment Station (1949), BS 1377-
1990 using a value of 0.092 following Norman (1959) and AS1289 (2009) using ao¥alue
0.091. The Indian standard 1S2720 (1985) uses a slightly different fthmat was proposed

by Nagaraj and Jayadeva (1981):

_ w
~ 1.3215-0.23 log (N)

3)

wi,

The effect of these different corrections on the liquid Imméasured can be seen in Figure
1. It can be seen that while the lines differ marginally hape, there is little significant
difference between the formulae suggested by BS1377-1990 and 1S2720-19852 T2@-
1985 formula can be shown to be functionally equivalent to the use dfi@ oitan £ of
0.101.

There are two plausible explanations for the difference urewaditan 5 between the United
States and the United Kingdom (or in a comparison of data from &aey two countries);
differences in soils or differences in testing equipmenttfthe of Casagrande device used).
If the single-point method is to be used in countries whose lsis not been so thoroughly
analysed, the influence of these two aspects is importat@t@mining an appropriate value

of tan S.
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This paper draws on recently published work on both the mechaintbe Casagrande
liquid limit test (Haigh, 2012) and the variation of soil stittnigetween the liquid and plastic
limits (O’Kelly, 2013 and Vardanega and Haigh, 2014) to demonstihateorigins of the
relationships used in the single-point liquid limit method and to show itha the
characteristics of the equipment used that should determine whicie of tan S is
appropriate, rather than the origin of the soil samples. slingle point methodemains a
viable method for liquid limit determination, permitted in managles of practice worldwide,

and is therefore worthy of further examination.

ANALYSIS

Haigh (2012) carried out a Newmarkian sliding block analysisvtherk, 1965) of the
percussion cup test, using the vertical acceleration pulssumegton the cup during its
impact with the base of the liquid limit device to drive apstHfailure within the soil. He
demonstrated that the liquid limit of soil, as measured witiMStandard percussion cup
apparatus, corresponds to a ratio of undrained shear strength tonsdy @& approximately
1 nfs2 Haigh (2012) also demonstrated, by utilisation of this arglifs2 dependence of the
number of blows required to cause groove closure on the spdecdigth of the soil, as
shown in Figure 2.

In order to use this analytically calculated curve inahalysis presented here, a power-law

relationship of the form:
cy n
N=a+b (%) (4)
is fitted to the specific strength curve between 10 and 35shlasvshown in Figure 2. Giving

the experimental curve for an ASTM device (Haigh, 2012):

1.893
N =622 +21.43 (%”) (5)
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Casagrande (1958) recognised the variability between diffegeid limit devices and made
efforts to further standardise construction of the devices. Rtagories of device still exist,
however, those with hard plastic bases as specified by AB4818 (2010), and those with
softer rubber bases as specified by BS1377 (1990), 1S9259 (1979) and AS1289TR609).
reasons for this distinction appear to be historical ratherlihaed on any scientific decision.

The base characteristics prescribed by the aforementianied are shown in Table 1. The
hardness of the base alters the characteristics of th& klaming on the clay slopes during
the liquid limit test and hence the movement of the soil whthtoccur during one blow for
any given soil specific strength. By measuring the veracakleration measured on impact
with the base and following the analysis procedure outlined by Haajt®], the relationship
between number of blows for groove closure and specific streagtlibe derived for each
particular Casagrande apparatus. Table 2 shows the bestdihgiars for new apparatus
manufactured by ELE International conforming to the ASTM anddBritandards and for
Indian Standard apparatus tested at theian Institute of Science (Bangalore)the
parameters derived for the three devices tested differdayably.

The single-point liquid limit method (defined by equation 2) ingplteat a unique
relationship exists between the water content of a soil normdddiséhat at its liquid limit and
the number of blows required to cause the groove to close in the imitidelst. Following
Haigh (2012), this implies relationships between the normaliséer wantent and both the
strength and density of the soil.

The relationship between the water content of the soil adériisity in a saturated state can

be found from:

_ Gs(1+w)
- 1+wGs w

(6)
As specific gravity is reasonably constant for the majaftgoils at around 2.65 + 0.2, the

relationship between water content and density is also appreynndéntical for all soils.
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The variation of undrained strength with water content has beeratst using a variety of
relationships, usually assuming either a linear relationshipeeeithe logarithm of undrained
strength and liquidity index, (e.g. Wroth and Wood, 1978) or a powerréationship
between undrained strength and liquidity index (e.g. Feng, 2001, Yi#0892 and Zentar et
al. 2009).

Vardanega and Haigh (2014) have shown through the analysis geéal&nbase collected
fall-cone data on a diverse database of over 100 soilstheg-linear relationship between
strength and liquidity index provides an acceptable match todtse fdr liquidity indices
between 0.2 and 1.1 (in the same paper a power law is showratsobe plausible fit to the
dataset and the following analysis could be repeated assumihgastgdation that would
make use of the logarithmic liquidity index proposed by Koumoto and Hou®€li and
used in Vardanega and Haigh, 2014). The slope of the relatiasshipwever, shown to be
significantly less than that suggested by (Wroth and Wood, 19#¥ttength variation with
water content being shown to be approximated by:

WL,cone‘W]]

c, = 1700 x 35[[ Plcone c,in Pa 0.24.<1.1 (7)
Similar values for the variation of strength with water eahtaround liquid limit can be
derived from the fall-cone single-point liquid limit procedure oetlirby Clayton and Jukes
(1978).
As previously mentioned, the variation of the number of blows to ¢hesgroove to close
in the liquid limit test with water content is often charastedi by the slope of the flow line
tan S. The relationship between this slope and the variations of bogoihgpecific strength

with water content and the number of blows for groove closure wébific strength can be

determined by multiplication of the derivatives, as shawequation 8.

C
tanB - _ dlogigw - _ dlogigw ON 6_wﬁ (8)
dlogio N ow  dlogioN a%u oN
9
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The derivatives required by equation 8 can be calculated by diffsieg equations 6 and 7

to yield:

Cu dcy op
‘P _ Pow —Cugw _ _ [ln (35) 1-Gg ] (9)
ow p? p LPIcone (1+wGs)(1+w)

And by differentiating equation 4 to yield:
N e\t 10
om = b (%) (10)

Evaluatingtan g at Casagrande’s liquid limi,_ thus yields:

25

tanf = Gs) . (-G (11)
(25-ajnw, [mcifw G T

The first additive term in the denominator will always dortenhaence:

25 PI PI

tanB ~ - . cone — ( cone (12)
bn (F)LL In(35) WL wy,

Substituting in the values from table 2:

tan By ~ 0.1982me  tan g~ 0,161 Zeone tanpB,s ~ 0.102 Zeene (13)

wg, wi, wi

Equation 13 is inconsistent, in that it combines the plastiodgx found using the cone
method for liquid limit determination with the liquid limit wateontent for the Casagrande
cup method. In order to remove this inconsistency and to elimih&eneed for the
simplification of equation 11 to equation 1an f was evaluated numerically for plastic
limits between 10% and 100% and cone plasticity indices between dd®08%. For each
combination of parameters, the strength variation around liquithwas assumed to be given
by equation 7 and the density variation by equation 6. The numbesved bd failure for a
variety of water contents could then be determined based on @aydatvith appropriate
parameters from table 1, and the flow index, Casagrande liomitldnd plasticity index
could then be determined. Equation 12 can thus be modified tonsésent in only using

Casagrande values of plasticity index and liquid limitieddy

10
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tanf = al (14)

w,

Figure 3 shows the calculated values aof(as defined by equation 14) for different
Casagrande-style equipment. It can be seen dhet equal to 0.22 + 0.02 for ASTM
equipment, 0.14 + 0.01 for British Standards equipment and 0.09 + 0.0idfan Standard
equipment. These numbers compare favourably with the values gieguuation 13. Ag is
a function of plasticity index as well as liquid limit, theat@nship betweenr and liquid
limit was evaluated for soils lying on both the Casagranden&-i(equation 15) and the U-
Line (ASTM, 2006) (equation 16), considered the upper limit of thetioel developed by
Casagrande (1947). The origin of the U-line defined by equation 16 isskst by Howard
(1984). The resultant lines (on Figure 3) are essentially cl@ntiPlasticity index therefore
has only a minor influence on the results for a sensible réerigealues.

I, = 0.73(w, — 0.20) (15)

I, = 0.90(w, — 0.08) (16)
Equation 14 with ASTM parameters was applied to the soilse database of Vardanega
and Haigh (2014) resulting in a predictiontah g having an average value of 0.127 and a

standard deviation of 0.026. This value is similar to the refuia Eden (1959) and the
Waterways Experimental Station (1949). Using the parametersdffor British Standard
equipment, a prediction ¢&n S having an average value of 0.081 and a standard deviation of
0.021 results. This is similar to the reported observations of Mald@ael (1958), Norman
(1959) and Jain and Patwardhan (196[)ese values are calculated assuming a constant
value of Gs for all soils of 2.65. The analysis can be shown to be insemdibivspecific
gravity, tan g only changing by 0.002 if the extremes of plausible valugssdbr clays are
used.

It can be seen from equation 12 that a relationship existede the slope of the flow line
and the ratio between plasticity index and liquid limit. The tmlabmit could hence

11
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conceivably be estimated from the measured liquid limit datextnapolation. Sridharan et

al. (1999) defined the slope of results from a Casagrande liquidest using a flow index

FI defined by:
ow
FI - alogloN (17)

They then showed that a regression to a dataset gave a goekhtmor (*=0.88, n=55,
SE=1.8%) between flow index and plasticity index of the form:

PI = 4.12FI (18)
Data from Jain and Patwardhan (1960) can also be analysed thithfmamework to give a
relationship between flow and plasticity indices with all teatried out by the same
laboratory. This gives a substantially different but stilhifigant (R°=0.52,n=32, SE=0.69%)
correlation:

PI = 1.96FI (19)
The substantial difference between equations 18 and 19 calls intooguéstivalidity of any
unique correlation between plasticity index and flow index, despdle efthe correlations
being significant for the data used to derive it. Soil chansties are unlikely to be the key
source of variability, rather it appears that the precisgacteristics of the equipment used to
carry out the testing have a large impact on the rafmasticity and flow indices.

It can be seen from Figure 4 that for each of the thtseofequipment tested, the ratio of
plasticity index to flow index is approximately constant for liqumiis between 20% and
400%, but that there are large differences between thedbveses; ASTM equipment giving
a ratio of approximately 2, British Standard equipment 3.1 anénn8tandard equipment
4.7. This latter value approximates the value of 4.12 gigeequation 18 and derived by
Sridharan et al. (1999) using the precise Indian Standard equipretmat ter this research.
As described earlier, Jain and Patwardhan (1960) observed a differegiation between

plasticity and flow indices, but the ratio observed in their dat@6] also falls within the

12
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range that would be predicted for the three sets of equipmeetl thste, being consistent
with the use of ASTM equipment.

The plasticity and flow indices for the 55 soils for whicts&gande liquid limits were
presented by Sridharan et al. (1999) are shown in Figure 5 togeithethe predicted
relationships using the three Casagrande cups tested here. thésihgrived parameters for
the equipment used to measure the plasticity and flow indicesthat at 11ISc Bangalore), a
good prediction of the data can be obtained, though there ificaghiscatter about the trend.
Predictions of the value of flow index based on liquid limit wese ahade as part of a single-
point liquid limit procedure developed by Fang (1960). The method indgivedicting the
slope of the flow line for a given soil and then extrapolating flow line to the water content
at 25 blows to give the liquid limit. In order to predict the slgbehe flow-line, Fang
correlated data on 469 soil tests carried out during the AASHCeBan Association of
State Highway Officials) road test (Burggraf and McKendrit®56) and by the Washington
State Highway Department to predict that the flow indexdcba approximated by:

FI = 0.36(w, — 0.08) (20)

Utilising the analysis presented here, (assuming ASTM apysrthis can be compared to the
predicted values of flow index for soils falling on the A and U lirmssshown in Figure 6. It
can be seen that the average values of flow index measufeghfyfall in exactly the region
expected, being appropriate for soils lying above the A-line almvidtee U-line. The power
law expressions of the single-point liquid limit test (equationa®) @lso be presented on this
figure. ASTM method B, using a value of t8mof 0.121 can be shown to give:

FI = tan 8 In(10) w, = 0.279w,, (21)

This is broadly consistent with the analysis presented heneg lapplicable for soils lying

close to the A-line for soils having liquid limits betwezthand 120%.

13
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SUMMARY
The following summary points can be made:

(a) The liquid limit of soils as measured by the Casagrapdaratus was shown by Haigh
(2012) to be an assessment of specific strength. Ultilisingatiakysis along with trends of
changing soil strength with water conteht),(as outlined by Vardanega and Haigh (2014)
allows an understanding of the mechanics underpinning the single-pimt limit tests
proposed by several authors and implemented as part of ASTM D4318-B548d7-1990
amongst other design codes.

(b) The difference between the implementation of the singilet liquid limit method by
the two codes (ASTM and BS1377) has been shown to be predominantly arfurfcthe
differences in equipment specified (i.e. hard or soft W@asagrande devices) rather than
being due to the nature of the soils in the two countries. It is steghéhat those countries
utilising hard-based Casagrande equipment (e.g. USA) should vadaeaof tans of 0.121,
and those using soft-base equipment (e.g. UK, India & Austi@Najue of 0.092, regardless
of the origin of the soils being tested.

(c) While the relationship between the plasticity index do&v findex, as previously
described by Sridharan et al. (1999), has a fundamental batsie mechanics of the test,
potentially allowing a liquid limit test to be used to estimie plastic limit of a soil, this
would however have substantial uncertainties, both due to therssegte in the data for a
single set of equipment and due to the variable nature of liopidtést devices in operation

worldwide.

14
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Figure 1. International variationsin single-point liquid limit formulae

Figure 2: Relationship between number of blowsfor groove closure and specific strength
Figure 3: Variation of awith Casagrande Liquid Limit

Figure 4: Predicted ratio of plasticity index and flow index

Figure 5: Plasticity Index (PI) predicted from Flow Index (FI)

Figure 6: Predicted and measur ed relationships between the Flow Index (FI) and the
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*Highlights (for review)

Highlights:

1) Atterberg’s liquid limit can be measured rapidly using 1-point methods but these vary
worldwide.

2) This paper demonstrates that different methods are a result purely of different equipment,
not of soil types

3) The analysis presented shows why a value of tan B = 0.121 can be used for hard-base
equipment and tan 3 = 0.092 for soft-base equipment.



Table 1

Click here to download Table: Table 1.docx

Table 1: Published databases with average tanf values stated

Average
tanp
Publication Soil Tested Description of soils tested
value
reported
Waterways Experiment 767 US soils 0.121 Recent, Pleistocene,
Station (1949) Tertiary and glacial till.
Olmstead and Johnston 759 US soils 0.135 15% < w < 100%+
(1954)
Eden (1955, 1959) 484 Canadian 0.100 -
soils
Mohan and Goel (1958); 250 Indian 0.068 Black Cotton soil
Mohan (1959) soils
Jain and Patwardhan (1960) | 32 Indian soils 0.085 Gangetic alluvium
Norman (1959) 455 British 0.092 15% < w; < 170%+
soils
Kim (1973) 1017 Korean 0.118 -
soils
Roje-Bonacci (2004) 88 Croatian 0.063 High-plasticity clays

soils
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Table 2
Click here to download Table: Table 2.docx

Table 2: Parametersfor liquid limit appar atus tested

ASTM D4318 | BS1377:2 (199( 1S9259 (197¢

(2010) Indian Institute of Scienc

(lISc) (Bangalore)

a 6.22 5.40 5.40
b 21.43 173.3 374.4
n 1.893 2.226 3.510
= at liquid limit 0.932 0.376 0.432
Prescribed bas
80-90 Shore D 84-94 IRHD 86-90 IRHD
harness
Estimatec
260-446 MPa 11.5-28 MPa 13-18.5 MPa
Young’s Modulus
Prescribed
77-90% 20-35% 30-40%

Resilience
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