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Abstract

The Fall cone liquid limit testing procedure for low plasticity soil mixtures with sand, including the sample preparation
procedure and the implementation of Fall cone plastic limit determination suggestions are covered within this research.
A Fall cone apparatus was used in order to determine the liquid and plastic limits of soil types, for which the Casagrande
cup and thread rolling methods proved inapplicable. Several issues are addressed concerning standardized sample mix-
ture preparation and cup filling procedures for liquid limit testing, as well as the applicability of single measurements per
moisture content and the effect of curing time on data gain quality. Both liquid and plastic limit testing results show a
solid and expected linear trend of high precision. Liquid limit testing results correlate well with the existing data which
suggests the Fall cone method as a unique liquid limit testing method for mixtures of low plasticity clays with sand.
Plastic limit determination methods results show a deviation from values obtained with the classical Casagrande’s thread
rolling method which could be caused by the bias in the tested soil type or apparatus. Test results are presented nu-
merically and graphically and discussed with a focus on the given method applicability for determining Atterberg limits

of low plasticity soil mixtures with sand.
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1. Introduction

Although originally developed as a strength test, the
Fall cone method (hereinafter FCM) application to soil’s
liquid limit determination has been recognised due to the
relatively easy, consistent and reproducible data gain. It
has been in use for over 50 years and represents a stand-
ardized European and British method for liquid limit de-
termination. Several suggestions backed with experi-
mental data are given for the plastic limit determination
with the Fall cone device (hereinafter FC) although these
remain unstandardized.

Since this research is focused on the use of the FC to
determine liquid and plastic limits of low plasticity soil
mixtures with sand, a short introduction on the soils lim-
it consistencies and the use of the FCM for their determi-
nation is given.

Atterberg limits were first introduced by Atterberg
(Atterberg, 1911) as a method of defining the limit con-
sistency of fine-grained soils based on water content. In
other words, these limits represent the water content at
which the soil changes from a solid to a semisolid state
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(shrinkage limit), from a semisolid to a plastic state
(plastic limit), and from a plastic to a liquid state (liquid
limit).

Atterberg’s procedure for the plastic limit test was
further modified by Terzaghi (Terzaghi, 1926), while
for the liquid limit test, Atterberg’s procedure was devel-
oped into a percussion cup test technique by Casagrande
(Casagrande, 1932). The liquid and plastic limit testing
procedures introduced by Atterberg and modified by
Terzaghi and Casagrande presently remain unaltered.

Limit consistency is further expressed through the
plasticity index (PI), as a measure of the soil’s plasticity.
The plasticity index is defined as the difference between
the liquid limit (LL) and the plastic limit (PL) or as the
statistical range of the soil’s plastic state water content.
The plasticity index is finally used to classify clayey and
silty soils by use of a plasticity chart and, thanks to abun-
dant and lengthy research so far, can also be correlated
with numerous soil engineering characteristics such as
compaction, compression and consolidation parameters,
internal friction angle, undrained shear strength and
swelling potential of a soil (Karakan, 2022).

Another two useful parameters obtained from the
plasticity index are the activity (Al) and the liquidity in-
dex (LI). The activity of the soil is defined as the ratio of
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the plasticity index to the clay size (< 2.0 pm) fraction,
Equation 1.

Pl

Al =—
Ci,

O]
Where:

PI —plasticity index;

Cl,— clay fraction (< 2.0 pm).

Generally, an increase in the soil’s activity indicates
the importance of the clay fraction influence on soil
properties and soil’s susceptibility to changes, since both
the type and amount of clay influence the overall soil’s
properties (Mitchell and Soga, 2005). The liquidity in-
dex is defined as the ratio of the difference between nat-
ural water content of sample and plastic limit to the plas-
ticity index of the soil.

The liquidity index relation to Atterberg limits is de-
fined in Equation 2.

2

Where:

LI - liquidity index;

w — natural water content (%);

PL — plastic limit (%);

PI — plasticity index (%).

The liquidity index correlates well with consolidation
pressure, shear strength and sensitivity properties of
fine-grained soils (Skempton and Northey, 1952).

There are two globally standardized methods used for
the determination of the liquid limit and one method
along with several recommendations for the determina-
tion of the plastic limit of the soil. Methods initially pre-
sented by British Standard (BS 1377-2, 1990) and the
American Society for Testing and Materials (ASTM
D4318-10, 2010) are the “Casagrande cup” method for
the determination of the liquid limit, and Casagrande’s
“thread rolling” method for the determination of the
plastic limit of the soil.

More recent European and British Standards exist
(BS EN ISO 17892-12:2018, 2018) and its Fall cone
method description and testing procedure are somewhat
different than the procedure described in BS 1377-2,
1990. The recent standard excludes the option of three
successive tests within the 1.0 mm penetration depth
range for valid FC test data and narrows the valid data
range from 15 - 25 mm penetration depth for a 30°cone
apex and 80g cone FC devices. These options negatively
influence the data gain in the FC testing of low plasticity
soils with sand due to inconsistent data and high scatter.
Also, the BS 1377-2, 1990 was used by previous re-
searchers for the FCM Atterberg limits determination
(Feng, 2001; Evans and Simpson, 2015). Therefore,
for the purpose of easier data gain and consistent corre-
lation with existing test results, the data within this re-
search was obtained according to BS 1377-2, 1990 spec-
ifications.

80g)

:
<
g
9]

(TOTAL WEIGHT:

Figure 1: Fall cone device with 30°cone apex
and 8og cone assembly weight
according to BS 1377-2, 1990

The FCM provided an alternative way of determining
the liquid limit of the soil and became a widely used and
standardized method. The ASTM standards kept the
original “Casagrande cup” as a unique liquid limit deter-
mination method without mentioning the alternative
FCM for liquid limit determination, regardless of sever-
al recommendations on its applicability and advantages
(Sherwood and Ryley, 1970; Evans and Simpson,
2015). Further research on the FCM provided recom-
mendations on the use of the FC presented in Figure 1,
to determine the plastic limit of the soil.

Data used for this research presents the experimental
results from the determination of Atterberg limits with
the FCM for several artificial soil mixtures used in
small-scale slope models. To properly assess the data
obtained, a short review of processed data and known
and available methods with additional suggestions are
given in the following section.

2. Fall cone method background

Although the initial Casagrande cup and thread roll-
ing method for determining the liquid and plastic limit of
the soil is still widely used, numerous researchers (Sher-
wood and Ryley, 1970; Houlsby, 1982; Medhat and
Whyte, 1986; Stone and Phan, 1995; Evans and
Simpson, 2015) imply that both methods suffer from in-
consistent results that are highly reliant on the operator
level and often have poor reproducibility. In compari-
son, the FCM for the determination of liquid limit has
proven to be easier to operate with, with more consistent
and reproducible results obtained than with the Casa-
grande cup method.

Regardless of the aforementioned suggestions, the
FCM was used for this research in an attempt to deter-
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mine the liquid and plastic limit of low plasticity soils
with sand since the Casagrande cup and thread rolling
methods have practically proven to be inapplicable for
such soil types due to the difficulty of cutting a standard-
ized groove in the cup and a tendency of low plasticity
soils to slide in the cup or to liquefy with shock rather
than flow (Sherwood and Ryley, 1970). Alternatively,
for plastic limit determination of soil mixtures with
sand, it was impossible to reach a 3 mm thread thickness
with Casagrande’s thread rolling method at any moisture
content.

The FC was initially developed in Sweden in between
1914 and 1922 by the “Geotechnical Commission of the
Swedish State Railways” as a method for the determina-
tion of the clay specimens’ undrained shear strength
(Hansbo, 1957). Since the introduction of the FC, numer-
ous researchers implemented it in their research. An FC is
essentially a strength test where the liquid limit represents
the water content at which soil has a certain standard und-
rained shear strength (Wroth and Wood, 1978).

In the early years since the FCM was introduced,
many researchers used different, unstandardized cones
for the determination of both undrained shear strength
and the liquid limit of the soil. The FC and FCM accord-
ing to BS 1377-2, 1990 were applied within this re-
search. This particular method, developed in France by
the Laboratoire Centraldes Pontes et Chaussees in 1966,
uses a cone of a total apex angle of 30 + 1° fixed to a
vertically sliding shaft with a total assembly (cone and
shaft) mass of 80.0 = 0.1 g (Sherwood and Ryley,
1970). According to this method, the liquid limit is de-
fined as the soil’s water content at which the cone pene-
trates the soil sample 20 mm from the soil surface (cone’s
starting position) in 5.0 £ 0.5 s.

Both the theoretical and analytical background for the
existing FCM data assessment originates from the de-
tailed research of the clay minerals sensitivity (Skemp-
ton and Northey, 1952), where the given soil’s shear
strength and consolidation pressure correlation to the li-
quidity index was given. Such interpretation suggests
that the shear strength of soil at the plastic limit is about
a hundred times greater than the one at the liquid limit
(Skempton and Northey, 1952; Hansbo, 1957; Wroth
and Wood, 1978). This provided a direct relationship
between the water content and the undrained shear
strength of the soil (Equation 3), plotted on a semi-log-
arithmic scale (Wroth and Wood, 1978).

w+ A-logs, = constant 3)

Where:
w — water content (%);
A = PI/2 — material constant;
s, —undrained shear strength (kPa).

By correlating the FCM results with shear strength
and compression index, it was suggested that estima-
tions of shear strength depend only on the liquidity in-

dex and estimations of a compression index depend only
on the plasticity index (Wroth and Wood, 1978).

Regarding the mechanical influence of the FC appara-
tus, detailed theoretical and experimental analysis of the
soil failure zone during FC testing resulted in a simple
linear relation between the penetration depth of several
different cones and the undrained shear strength of the
soil (Equation 4) (Hansbo, 1957).

KW

N dz

(4)

u

Where:

s —undrained shear strength (kPa);

K — constant depending on cone apex;

W — cone weight;

d — cone penetration depth (mm).

Additional theoretical and dynamic analyses of the
FC tests provided a direct calculation of the tested soil’s
undrained shear strength at the liquid limit (Houlsby,
1982) and also interpreted the main factors affecting the
FC penetration: the angle of the cone tip, the cone sur-
face roughness and the rate of shear strain during pene-
tration (Koumoto and Houlsby, 2001).

All the theoretical and experimental analyses of the
FCM conducted so far, considering both the mechanical
part of the device and comparable results of tests on dif-
ferent soils, established a firm theoretical background
for applicable correlations of the obtained experimental
data with different soil parameters.

2.1. Fall cone method for liquid limit
determination

According to the BS 1377-2, 1990, the FCM (cone
penetrometer method) is defined as the primary liquid
limit testing method and the Casagrande’s cup method
as an alternative testing method. British Standard speci-
fies FC apparatus characteristics, different testing meth-
ods, sample preparation procedure as well as calculation
and expression of results in a test report. Two FCM for
liquid limit testing are defined: (i) a definitive method
and (ii) a one-point method. A definitive method for
soil’s liquid limit testing was used within this research
and compared to the first penetration readings results.

2.2. Fall cone method for plastic limit
determination

Since the FCM was globally adopted for soil’s liquid
limit testing, several authors gave suggestions consider-
ing the determination of the plastic limit of soil with the
same apparatus.

The first given suggestion (Wood and Wroth, 1978;
Wroth and Wood, 1978) used within this research,
(hereinafter the semi-direct method) uses the difference
in water content at which the cones penetrate the soil
sample 20 mm, between test data series from cones of
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different weight. The difference is calculated according
to Equation 5 and used for the indirect determination of
soil’s plasticity index according to Equation 6. The rela-
tion described is graphically presented in Figure 2. The
rest of the testing procedure, sample preparation method
and data evaluation remain equal to the standardized lig-
uid limit testing method.

W,
A=4-log—+ (3)
W,
2A
PI=— 6)
log -1
8 W,

2
Where:

A — water content difference;

A = PI/2 — material constant;

W, , cones of different weight (W ,>W,);
PI — plasticity index.

cone assembly
weight 80g

cone assembly
weight 240g

Water content, w (%)

Cone penetration, d (mm) log

Figure 2: Measured water content difference
(modified according to (Wood and Wroth, 1978))

An alternative method was given with an extrapola-
tion of the FC test data trend line on a semi-logarithmic
plot of the FC penetration depth value (logarithmic)
against the soil’s moisture content and liquidity index
(Harison, 1988). Consistent FC testing results plotted
this way have shown a characteristic trend of forming
two apparently straight trend lines intersecting at 14 mm
penetration depth which corresponds to a 0.77 liquidity
index value or twice the soil’s shear strength value than
at the liquid limit. A further extrapolation of trend lines
intersects the soil’s liquid limit and plastic limit at a pen-
etration depth of 20 mm and 2 mm, respectively. A simi-
lar solution (hereinafter the indirect method) for plastic
limit determination was given with power law functions
(Equation 7) to describe the variation of water content
with cone penetration depth on a double-logarithmic
d-w scale which forms a linear trend that intersects the

soil’s plastic limit water content at 2 mm penetration
depth (Feng, 2000; Feng, 2001).

w=C,-d” (7)

Where:
W — water content;
C, — water content intercept at d=1 mm;
d — cone penetration depth;
J — slope of the best-fit straight line.
According to the Equation 7 the FC liquid (LL,..) and

plastic (PL, ) limit are defined in Equation 8 and Equa-
tion 9, respectively (Shimobe and Spagnoli, 2020).

LLyc =Cy+(20)” ®)
PLc =Gy -(2) )

FC liquid limit test results within this research were
plotted on a double-logarithmic d-w plane (Feng, 2001),
along with data for the previously mentioned plasticity
index and plastic limit determination methods.

Several more direct solutions to plastic limit determi-
nation with FC devices will be mentioned. With the load
control method (Medhat and Whyte, 1986), the weight
case over the cone is adjusted to provide a load relevant
to the tabular penetration depth, where the water content
corresponding to 10 mm and 15 mm penetrations repre-
sent the soil’s plastic limit. Another method (Stone and
Phan, 1995) uses the extrapolation of quasi-static pene-
tration test data for obtaining the moisture content (plas-
tic limit) corresponding to one hundredfold increase in
strength over the strength at the liquid limit. This meth-
od’s progress was further upgraded with the develop-
ment of an automated quasi-static FC (Sivakumar et al.,
2009). These methods were not applied in this research
since the soil mixtures tested were very difficult to ho-
mogenize at the predicted testing water content (close to
the plastic limit) which proved rather impractical while
performing a large number of tests. A bias in results ob-
tained during testing could also occur with inconsistent
water content due to relatively rapid moisture loss in soil
mixtures of low plasticity with sand.

3. Materials and methodology
3.1. Soil mixtures and sample preparation

Mixture types tested with the FCM were prepared by
mixing kaolinite and quartz sand specimens with a pre-
determined mass ratio needed to ensure the targeted ma-
terial type percentage (see Table 1). Drava sand repre-
sents the quartz sand fraction, obtained from an excava-
tion pit near Osijek city, while the kaolinite was obtained
from Petrokemija d.d., Kutina, as an industrial by-prod-
uct. Basic physical characterisation of the used sand and
kaolinite powder and mixtures were performed and doc-
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Table 1: Soil mixture types with quartz sand (S)
and kaolinite clay (K) mass ratios

Mixture type S [%] K [%]
K100 0 100
SK30 70 30
SK15 85 15
SK10 90 10

umented by (Pajali¢ et al., 2021; Prodan et al., 2022;
Pajali¢, 2023).

Initially, dry specimens were manually and carefully
mixed to reduce the predicted effect of physical grinding
between particles.

Prepared artificial soil mixtures were further tested
according to BS 1377-2, 1990. The prepared sample
mixture was initially sieved by wet sieving through a
425 um test sieve. The coarser fraction was dried and
weighed, while the slurry which passed the 425 um test
sieve was left in a container until the sample particles
were fully sedimented and excess surface water careful-
ly removed. Although the British Standard states that the
samples should be air-dried until achieving paste-like
consistency, this approach proved to be highly impracti-
cal. The mixtures with sand dried heterogeneously, cre-
ating dry aggregates at the container edges and should
have been mixed through the whole drying process to
ensure a homogenous paste-like sample. Alternatively,
the highly saturated pure kaolinite samples took several
days to air dry to the moisture content near the liquid
limit. Taking into account that no significant changes
like loss of kaolinite’s structural water or density includ-
ing changes in structure and fabrics occur below 200°C
(Sen, 1962), as well as the inertness of the quartz sand
particles used in soil mixtures, sedimented samples were
oven-dried at 105°C. After the drying process, de-aired
water in a mass ratio for optimal water content was add-
ed and the mixture was once again carefully mixed and
homogenized to optimal water content. Each soil sample
prepared this way was sealed in a container to prevent
moisture loss and left overnight for approximately 24
hours before testing in order to balance potential chang-
es caused by kaolinite clay surface electrical forces, and
cation exchange capacity (Mitchell and Soga, 2005).

3.2. Liquid limit testing procedure

For the FC liquid limit testing of individual soil sam-
ples, the definitive method (BS 1377-2, 1990) was used.
The definitive method requires two successive penetra-
tion depth readings within the 0.5 mm range or three
successive readings within the 1.0 mm range.

The sample was thoroughly mixed before testing and
pushed down into a 40 by 55 mm cylindrical specimen
cup, with caution not to trap air. Personal experience
with pure clay (kaolinite) samples, suggested that circu-
lar smearing of the sample along the edges of the cup in

both ways while using solid pressure tends to nullify
most of the trapped air. Clay samples tend to open addi-
tional pores if smeared in the cup with weak or moderate
relative pressure. Sharply tapping the specimen cup on a
flat surface pushes pores to the surface and evens the soil
laterally in the cup, but it also tends to push free water to
the soil’s surface. The effect this occurrence could have
on test results was ignored within this research, although
care was taken not to exceed this effect during prepara-
tion. Tapping causes shock-enforced soil compression
and pore water loss observed on the specimen surface
which suggests a hardening of the soil, although rapid
upward seepage could cause a surface disturbance and
local weakening of the tested specimen. Furthermore,
such shock-enforced loading caused a liquefaction like
phenomena that can separate finer kaolinite particles
form the sand particles. For soil samples with sand and
low clay content, tapping the cup proved inapplicable
since it tended to launch the entire sample out of the cup.
This effect seems to gradually diminish with increasing
clay and/or water content, although it proved adequate to
only push and smear low clay content samples into the
cup without tapping it.

When the specimen cup was appropriately filled, ex-
cess soil was removed with the straight edge of a palette
knife to form a smooth level surface. For soil samples
with sand and low clay content, removing excess soil
causes surface disturbance due to the movement of the
irregularly shaped sand grains. A relatively smooth sur-
face in such soils was achieved by gently cutting off the
excess soil. With increasing clay content, cutting off ex-
cess soil loses applicability since the clay particles tend
to stick to the knife’s surface thus disturbing the sample
surface. During the sample preparation procedure, dif-
ferent cup-filling procedures within this research were
optimized for both pure clay (kaolinite) samples and low
plasticity soil mixtures with sand.

For pure kaolinite samples, existing suggestions on
cup filling procedures (BS 1377-2, 1990) can be applied
- filling and tapping the cup and removing the excess soil
to form a smooth and flat surface. Circular smearing of
the sample along the edges of the cup in both ways while
using solid pressure tended to nullify most of the pores
in the pure clay sample thus improving the testing pro-
cedure.

For soil samples with sand and low clay content,
pushing and smearing samples into the cup proved ade-
quate with a remark that tapping the cup proved inap-
plicable since it tended to launch the entire sample out of
the cup. Standardized removal of excess soil causes sur-
face disturbance due to the movement of the irregularly
shaped sand grains. A relatively smooth surface in soil
mixtures with sand was achieved by gently cutting off
the excess soil, instead of removing it.

Observations on differences in sample preparation
and cup-filling procedures for different soil samples sug-
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Table 2: Summary of results obtained with the implemented testing methods

Mixture type |LL,_ LL, PL,, PL, PL, Pl PI, PI_
K100 48.3 53.0 19.3 21.6 30.0 28.9 26.7 23.0
SK30 24.0 N/A 14.4 13.8 N/A 9.6 10.2 N/A
SK15 17.9 N/A 11.3 9.6 N/A 6.7 8.3 N/A
SK10 17.9 N/A 5.7 5.8 N/A 12.2 12.1 N/A

LL,. = liquid limit - definitive Cone penetrometer method (BS 1377-2, 1990);
LL.. = liquid limit - Casagrande cup method (BS 1377-2, 1990);
PL__ = plastic limit (Wood and Wroth, 1978);

PL, = plastic limit (Feng, 2001);

PL = plastic limit - Casagrande thread rolling method (BS 1377-2, 1990);
PI = plasticity index (Wood and Wroth, 1978);
PI, = plasticity index (Feng, 2001);

PI.. = plasticity index - Casagrande cup and thread rolling method (BS 1377-2, 1990).

Table 3: Kaolinite clay mineral Atterberg limits values

determined with FCM
Liquid limit | Plastic limit | Source
55 27 (Stone and Phan, 1995) !
50 23-26 (Feng, 2000) *
50-72 25-33 (Feng, 2001) 2
70 28 (Feng, 2004) *
68 34 (Sivakumar et al., 2009) !
Evans and Simpson
48-49 24-25 (201 50 pson,
62 37 (Karakan, 2022) 2
48.3 21.6 This research
! plastic limit determined with quasi-static penetration data
2 — plastic limit determined on a double logarithmic d-w scale

gest a need for more specified standardized instructions
concerning these issues.

With the prepared specimen in the cup, the rest of the
testing procedure was performed according to the BS
1377-2,1990. The effect of different curing times on test
results was observed in some samples by leaving the
sample sealed for different periods of time (1 min, 30
min, 60 min) after each addition of water between pen-
etration tests.

The results of performed tests as datapoints are plot-
ted in a double logarithmic scale with penetration depth
on “x” axis and water content on “y” axis. A trendline is
plotted over the datapoints by applying Equation 7. For
each soil mixture a regression analysis was performed
and the correlation coefficient (R?) was calculated for
the best fit parameters determined (Draper and Smith,

1998; Chapra and Canale, 2015).

3.3. Plastic limit determination

As was mentioned in the Introduction, a couple of
existing suggestions on determining the soils plastic
limit with FC device were implemented within this re-
search:

* the semi-direct method which uses calculation of
the soils plasticity index from differently weighed
cones penetration data (Wood and Wroth, 1978),

* the indirect method which uses the double-logarith-
mic extrapolation of the penetration depth value
(logarithmic) against the soil’s water content (Feng,
2001).

The semi-direct method uses the difference in water
content obtained from a pair of standard FC tests with dif-
ferent cone assembly weight. The indirect method uses
the extrapolation of a plotted trend line to a 2 mm penetra-
tion depth value on a double-logarithmic d-w scale, which
intersects with the plastic limit of the tested soil.

Both methods for plastic limit determination imple-
mented within research are based on a statement of an
increase in soil’s shear strength at the plastic limit over
the strength at the liquid limit (Wroth and Wood, 1978;
Feng, 2000).

4. Results and discussion

Results obtained with the FC device were analysed
according to the BS 1377-2, 1990 and existing sugges-
tions (Wood and Wroth, 1978; Feng, 2001), in order to
determine the tested soil’s liquid and plastic limits. All
testing results are summarized in Table 2. The results
are presented in Figure 3 and correlated in order to de-
termine the trend of the soil’s response to a certain test-
ing method. For the purpose of correlation, several tests
on pure kaolinite samples with the Casagrande cup and
thread rolling methods were conducted. Blue marks rep-
resent the data obtained for a cone tip with a cone apex
angle of 30° and total mass of 80 g while the orange
marks represent the data obtained for the total mass of
240 g. The blue trendline represents the power function
with the appropriate best-fit parameters obtained by re-
gression analysis for a total mass of 80 g, while the or-
ange trendline is plotted for a total mass of 240 g. The
blue star marker represents the value of liquid limit at
the penetration depth of 20 mm for a total mass of 80 g
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Figure 3: Double logarithmic d-w plot of the FC test results on the mixture types according to Table 1:
(a) K100, (b) SK30, (c) SKis, (d) SKio

while the orange square represents the water content
value at the penetrating depth of 20 mm for a total mass
of 240 g, which is used to calculate the soils plasticity
index according to Wood and Wroth, 1978. Although
the semi-direct method specifies the semi-logarithmic
scale for data presentation (Wood and Wroth, 1978),
results were plotted on a double-logarithmic scale in or-
der to extrapolate the plastic limit at the penetrating
depth of 2 mm for a total mass of 80 g (Feng, 2001).

Test results on pure kaolinite clay samples were also
correlated with the existing data on kaolinite Atterberg
limits’ range determined with FCM which are summa-
rized with Table 3 and plotted on Figure 4.

4.1. Liquid limit determination
- Cone penetrometer definitive method

The results in Table 2 based on the procedure accord-
ing to BS 1377-2, 1990, FCM are plotted on a double-
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Figure 4: Plasticity of kaolinite clay mineral according to Table 3

logarithmic d-w scale (see Figure 3). The plotted liquid
limit testing results show a solid and expected linear trend
of high precision with R? values varying from 0.94 to
1.00. The SK10 samples were tested at a very low mois-
ture content (below the measured plastic limit) and the
obtained results showed a drop in penetration depth with
increasing moisture content up to approximately 10% wa-
ter content, which correlates well with the existing data on
the FCM at soil mixtures’ semi-solid state (Karakan,
2022). In order to obtain an extrapolative trend for the
given specimen (SK10), penetration depths below 8%
moisture content were neglected for regression analysis.
Testing close to the plastic limit also resulted in a high
data scatter which contributed to a lower R? value. Data
obtained for K100 sample correlates well with the exist-
ing data presented in Table 3. A comparison of consistent
data from different sources suggests that in the range of
soils liquid limits <120%, the correspondence between
the Casagrande’s cup method and FCM is good with a
relative error of £ 10% (Shimobe and Spagnoli, 2019)
which is confirmed with the present research (see Table
2) where the FC liquid limit value of the K100 sample is
approximately 10% lower than that obtained with the
Casagrande’s cup method. High data precision and con-
tinuous trend in liquid limit increase with increasing clay
(kaolinite) content fairly suggest FCM applicability as a
unique liquid limit testing method for mixtures of low
plasticity clays with sand.

4.2. Plastic limit determination - the semi-direct
method

Similar to liquid limit testing data, the plotted data
from 240 g cone tests (see Figure 3) show a solid and
expected linear trend of high precision with R? values
varying from 0.85 to 0.99. Data obtained with a semi-di-
rect method, if compared to existing data (see Table 3),
resulted in a relatively high plasticity index and low cor-
responding plastic limit of the pure kaolinite (K100) sam-
ple. Values of the plastic limit and plasticity index deter-
mined for the K100 sample differ from results obtained by
Casagrande’s thread rolling method by approximately
36% and 20% respectively (see Table 2). It was unsure if
this apparent inaccuracy in results was caused by the
aforementioned bias in material or apparatus, although the
reason could also lie in the applicability of the semi-direct
method for low plasticity soil mixtures. Data obtained for
SK30 and SK15 mixtures show a logical and relatively
consistent drop in Atterberg limits’ values with decreasing
clay content. The difference in SK10 sample’s plasticity
index value is probably caused by high data scatter and
low precision of performed tests data near the specimen’s
plastic limit water content.

4.3. Plastic limit determination - the indirect
method

The results (see Table 2) based on the procedure de-
fined by the BS 1377-2, 1990 FCM, are plotted on a
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Figure 5: Fall cone first penetration readings results comparison for the mixture types according to Table 1:
(a) K100, (b) SK30, (c) SKis, (d) SKio

double-logarithmic d/w scale (see Figure 3) in order to
extrapolate obtained trend line to a 2 mm penetration
depth value. For a given soil, the trend line theoretically
intersects the soil’s plastic limit’s water content at the 2
mm penetration depth value (Feng, 2001).

Since this method uses the FCM testing procedure re-
sults, trend line extrapolation precision relies exclusively
on the range of water content at which the soil’s liquid
limit was tested. For a semi-logarithmic plot (Harison,

1988), penetration depth readings below 14 mm are sig-
nificant for plastic limit determination since the lower part
(under 14 mm penetration depth) of the non-linear trend
line is further extrapolated to 2 mm penetration depth. A
double logarithmic plotting scale can be used (Feng,
2001) to bypass this issue by forming a single linear trend
that can be extrapolated to 2 mm penetration depth.
Similar to the semi-direct method, data obtained with
the indirect method, if compared to existing data (see
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Table 4: Summary of definitive method and first penetration readings test data

Mixture type |LL,, LL,, PL,, PL,, Pl Pl
K100 48.3 47.8 21.6 21.6 26.7 26.2
SK30 24.0 23.8 13.8 12.9 10.2 10.9
SK15 17.9 17.7 9.6 9.1 8.3 8.7

SK10 17.9 18.0 5.8 5.7 12.1 124

LL,,, = liquid limit - definitive method (BS 1377-2, 1990);
LL, = liquid limit - first penetration reading;

PL,, = plastic limit - definitive method (Feng, 2001);

PL,, = plastic limit - first penetration reading (Feng, 2001);
PI,., = plasticity index - definitive method;

PI,,, = plasticity index - first penetration reading.

Table 3), resulted in a relatively high plasticity index
and low corresponding plastic limit of the pure kaolinite
(K100) sample. Obtained values for plastic limit and
plasticity index differ from results obtained by Casa-
grande’s thread rolling method (see Table 2) by approx-
imately 28% and 14% respectively which is significantly
less than with values obtained with the semi-direct
(Wood and Wroth, 1978) method. Data obtained for
SK30, SK15 and SK 10 mixtures show a logical and rela-
tively consistent drop in Atterberg limits’ values with
decreasing clay content.

The indirect method used within this research proved
to be the most practical method for soil’s plastic limit
determination since it extrapolates existing liquid limit
testing data on a linear trend line. A deviation in plastic
limit values obtained for K100 sample from expected
ranges for similar soils and from the classical Casa-
grande’s thread rolling method results could be caused
by the bias in material or apparatus.

4-4. Analysis of the Fall cone first penetration
readings

Due to the need for two and three successive penetra-
tion readings within 0.5 mm and 1.0 mm respectively
(BS 1377-2, 1990), as well as the probable inexperi-
enced operator imprecision, a relatively wide range of
penetration depths were measured with high inconsist-
ency and the number of tests needed to achieve the satis-
factory sequent results. Therefore, data readings (see
Table 4) for Atterberg limits determination within stand-
ard’s limitations (2-3 successive test within a certain
range) are plotted alongside the first penetration read-
ings results (see Figure 5) regardless of the range and
number of tests in order to try and evaluate the deviation
in results and applicability of the single measurements
per moisture content for liquid and plastic limit determi-
nation of low plasticity soil mixtures with sand. Soils
plastic limit and corresponding plasticity index were de-
termined by extrapolation of the obtained trend line to a
2 mm penetration depth value (Feng, 2001).

The blue marks represent the data obtained according
to the definitive method while the orange marks repre-

sent the first penetration readings. The blue trendline
represents the power function with appropriate best-fit
parameters obtained by regression analysis for the de-
finitive method’s measurements, while the orange trend-
line is plotted for the first penetration readings data. The
blue star marker represents the value of liquid limit ob-
tained with the definitive method while the orange
square represents the liquid limit obtained with the first
penetration readings data. The blue diamond presents a
plastic limit at the penetrating depth of 2 mm for the or-
ange (first penetration readings) trendline (Feng, 2001).

Data obtained with first penetration readings corre-
lates well with the data obtained with the definitive
method (< 1% difference for the liquid limit values) and
values obtained for plastic limit and plasticity index dif-
fer by approximately 0-7% and 2-6% respectively. Data
obtained suggests that the first penetration readings can
be effectively applied as a valid liquid and plastic limit
testing method for mixtures of low plasticity clays with
sand.

4.5. Effect of sample curing time

On the K100 sample, a different curing time was in-
troduced by leaving the sample sealed for different pe-
riod of times (1 min, 30 min, 60 min) after each addition
of water between penetration tests. Changes in penetra-
tion depth range values and number of penetration tests
needed to obtain valid data for definitive method were
plotted against curing time (see Figure 6) in order to see
its effect on testing results progression.

Data obtained show a general decrease in the penetra-
tion depth range values and number of penetration tests
with an increase in curing time. The number of penetra-
tion tests median value drops from 3 to the number of 2
tests after 60 minutes of curing time, while the number
of'tests needed for obtaining valid data drops significant-
ly after 30 minutes and even more after 60 minutes of
curing time. Similar data follows the penetration depth
range values with a general decrease in their median
value and depth range with an increase in curing time.
Both the median value and the majority of the penetra-
tion depth range values drop below the targeted values
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Figure 6: Effect of curing time: (a) number of penetration tests needed and (b) penetration depth range values

of 0.5 mm and 1.0 mm respectively after 60 minutes of
curing time. Implemented curing time after each addi-
tion of water between penetration tests resulted in sig-
nificantly better data quality. For the pure kaolinite sam-
ple (K100) tested, it appears that a curing time of 60
minutes can be applied to obtain more valid successive
test results.

5. Conclusion

The present research summarizes the results of the At-
terberg limits determination using FC. The primary goal
was to evaluate the FCM liquid limit testing procedure
according to BS 1377-2, 1990, including suggestions for
the plastic limit determination (Wood and Wroth, 1978;
Feng, 2001) applicability for the determination of At-
terberg limits of low plasticity clays with sand.

Based on this paper’s research data, several conclu-
sive remarks can be drawn concerning the FC liquid
limit testing procedure for low plasticity soil mixtures
with sand, including the sample preparation procedure
and the implementation of FC plastic limit determina-
tion suggestions:

* The sample preparation procedure indicated an im-

practicability of the air-drying procedure for sieved
and sedimented sample mixtures (BS 1377-2, 1990)
due to the heterogeneous drying of the samples with
sand and very slow, air-drying procedure of the
pure kaolinite samples. Since kaolinite’s structural
water or density including changes in structure and
fabrics occur above 200°C (Sen, 1962), this issue
was bypassed by oven-drying the sample mixtures
at 105°C, although an alternative solution should be
given regarding different types of clay minerals in
soil mixtures.

* Different cup-filling procedures within this research
were optimized for both pure clay (kaolinite) sam-
ples and low plasticity soil mixtures with sand. For
pure kaolinite samples, existing suggestions on cup
filling procedures (BS 1377-2, 1990) can be applied
- filling and tapping the cup and removing the ex-
cess soil to form a smooth and flat surface. Circular
smearing of the sample along the edges of the cup
in both ways while using solid pressure tended to
nullify most of the pores in the pure clay sample
thus improving the testing procedure. Sharply tap-
ping the specimen cup tends to push free water to
the soil’s surface, although the effect of this occur-
rence was unknown and ignored within this re-
search. For soil samples with sand and low clay
content, pushing and smearing samples into the cup
proved adequate with a remark that tapping the cup
proved inapplicable since it tended to launch the en-
tire sample out of the cup. The standardized remov-
al of excess soil causes surface disturbance due to
the movement of the irregularly shaped sand grains.
A relatively smooth surface in soil mixtures with
sand was achieved by gently cutting off the excess
soil, instead of removing it. With increasing clay
content, cutting off excess soil loses applicability
since the clay particles tend to stick to the knife’s
surface thus disturbing the surface. Observations on
differences in sample preparation and cup-filling
procedures for different soil samples suggest a need
for more specified standardized instructions con-
cerning these issues. The plotted liquid limit testing
results show a solid and expected linear trend of
high precision. Data obtained for K100 sample cor-
relates well with the existing data. A comparison of
consistent data from different sources suggests that
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in the range of soils liquid limits <120%, the corre-
spondence between the Casagrande’s cup method
and FCM is good with a relative error of = 10%
(Shimobe and Spagnoli, 2019) which is confirmed
with the present research where the FC liquid limit
value of the K100 sample is approximately 10%
lower than that obtained with the Casagrande’s cup
method. High data precision and continuous trend
in liquid limit increase with increasing clay (kaolin-
ite) content fairly suggest FCM applicability as a
unique liquid limit testing method for mixtures of
low plasticity clays with sand.

* Concerning the semi-direct method (Wood and
Wroth, 1978) for soil’s plastic limit determination,
the plotted data from 240 g cone tests show a solid
and expected linear trend of high precision. If com-
pared to the Casagrande’s thread rolling data, a rela-
tively high plasticity index and low corresponding
plastic limit of the pure kaolinite (K100) sample
were determined, differing by approximately 20%
and 36% respectively. This apparent inaccuracy in
results could be caused by the bias in material or
apparatus, although the reason could also lie in the
applicability of the semi-direct method for low
plasticity soil mixtures. A larger set of data on dif-
ferent soil specimens should be obtained with this
method to appropriately assess these issues.

» Data obtained with the indirect method (Feng,
2001), if compared to the Casagrande’s thread roll-
ing data, resulted in a relatively high plasticity in-
dex and low corresponding plastic limit of the pure
kaolinite (K100) sample, differing by approximate-
ly 14% and 28% respectively. The indirect method
used within this research proved to be the most
practical method for soil’s plastic limit determina-
tion since it extrapolates existing liquid limit testing
data. A deviation in plastic limit values obtained for
K100 sample from the classical Casagrande’s
thread rolling method results could be caused by the
bias in material or apparatus. As with semi-direct
method, a larger set of data on different soil speci-
mens should be obtained with this method.

» Data obtained with first penetration readings corre-
lates well with the data obtained with the definitive
method (< 1% difference for the liquid limit values)
and values obtained for plastic limit and plasticity
index differ by approximately 0-7% and 2-6% re-
spectively. The obtained data suggests that the first
penetration readings can be effectively applied as a
valid liquid and plastic limit testing method for
mixtures of low plasticity clays with sand.

* Implemented curing time after each addition of wa-
ter between penetration tests resulted in significant-
ly better data quality of the pure kaolinite sample
(K100) and a curing time of 60 minutes can be ap-
plied in order to obtain a more valid successive test
results.

Based on the obtained results and the presented obser-
vations, this paper’s research contributes to the improve-
ment and expansion of knowledge of the FCM applica-
bility for soil’s liquid and plastic limit determination.
The presented results and observations are focused on
artificial soil mixtures — silty sands, with quartz sand and
kaolinite clay.

Acknowledgement

The research was funded by the following projects: -
Laboratory research of static and cyclic behavior at
landslide activation (uniri-tehnic-18-113) funded by
University of Rijeka and Croatian Physical modelling of
landslide remediation constructions behavior under stat-
ic and seismic actions (ModLandRemSS, IP-2018-01-
1503) funded by Croatian Science Foundation.

The authors would like to acknowledge and thank
prof. Mathew T. Evans from Oregon State University,
for his valuable suggestions and insight in fall cone labo-
ratory test procedure.

6. References

ASTM D4318-10. (2010): Standard Test Methods for Liquid
Limit, Plastic Limit, and Plasticity Index of Soils. ASTM
International.

Atterberg, A. (1911): Die Plastizitat der Tone. Int. Mitt.
Bodenkd., 1, 10-43.

BS 1377-2. (1990): Methods of Test for Soils for Civil Engi-
neering Purposes. British Standards Institution.

BS EN ISO 17892-12:2018. (2018): Geotechnical investiga-
tion and testing - Laboratory testing of soil - Part 12: De-
termination of liquid and plastic limits. The British Stand-
ards Institution.

Casagrande, A. (1932): Research on the Atterberg limit of soils.
Public Roads, 13, 121-136.Chapra, S.C. and Canale, R.P.
(2015) Numerical methods for engineers. P. in.: Seventh
edition. McGraw-Hill Education, New York, NY, 970 pp.

Draper, N.R. and Smith, H. (1998): Applied Regression Anal-
ysis. P. in.: 1st edition. Wiley Series in Probability and Sta-
tistics, Wiley.

Evans, T.M. and Simpson, D.C. (2015): Innovative Data Ac-
quisition for the Fall Cone Test in Teaching and Research.
Geotechnical Testing Journal, 38, 20140236.

Feng, T.-W. (2000): Fall-cone penetration and water content
relationship of clays. Géotechnique, 50, 181-187.

Feng, T.-W. (2001): A linear log d log w model for the deter-
mination of consistency limits of soils. Canadian Geotech-
nical Journal, 38, 1335-1342.

Feng, T.-W. (2004): Using a Small Ring and a Fall-Cone to
Determine the Plastic Limit. Journal of Geotechnical and
Geoenvironmental Engineering, 130, 630-635.

Hansbo, S. (1957): A new approach to the determination of the
shear strength of clay by the fall-cone test. Proceedings,
Royal Swedish Geotechnical Institute, Stockholm.

Harison, J.A. (1988): Using the BS cone penetrometer for the
determination of the plastic limit of soils. Géotechnique,
38, 433-438.

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 133-145, DOI: 10.17794/rgn.2023.3.11



145 Determination of the Atterberg limits using a Fall cone device on low plasticity silty sands

Houlsby, G.T. (1982): Theoretical analysis of the fall cone test.
Géotechnique, 32, 111-118.

Karakan, E. (2022): Comparative Analysis of Atterberg Lim-
its, Liquidity Index, Flow Index and Undrained Shear
Strength Behavior in Binary Clay Mixtures. Applied Sci-
ences, 12, 8616.

Koumoto, T. and Houlsby, G.T. (2001): Theory and practice of
the fall cone test. Géotechnique, 51, 701-712.

Medhat, F. and Whyte, I.L. (1986): An Appraisal of Soil Index
Tests. Geological Society, London, Engineering Geology
Special Publications, 2, 317-323.

Mitchell, J.K. and Soga, K. (2005): Fundamentals of soil be-
havior. P. in.: 3rd. ed. Wiley India, New Delhi.

Pajali¢, S. (2023): Contribution to the development of similar-
ity laws in small-scale landslide physical models. PhD the-
sis (in progress), Faculty of Civil Engineering, University
of Rijeka.

Pajalic¢, S., Peranic, J., Maksimovi¢, S., Ceh, N, Jagodnik, V.,
and Arbanas, Z. (2021): Monitoring and Data Analysis in
Small-Scale Landslide Physical Model. Applied Sciences,
11, 5040.

Prodan, M.V, Peranic¢, J., Pajali¢, S., Jagodnik, V., Ceh, N., and
Arbanas, Z. (2022): Mechanism of rainfall induced land-
slides in small-scale models built of different materials.

Sen, S. (1962): Changes in the Physical Properties of a Kaolin-
ite Clay on Heating and their Structural Implications.
Transactions of the Indian Ceramic Society, 21, 49-54.

SAZETAK

Sherwood, P.T. and Ryley, M.D. (1970): An Investigation of a
Cone-Penetrometer Method for the Determination of the
Liquid Limit. Géotechnique, 20, 203-208.

Shimobe, S. and Spagnoli, G. (2019): A global database con-
sidering Atterberg limits with the Casagrande and fall-
cone tests. Engineering Geology, 260, 105201.

Shimobe, S. and Spagnoli, G. (2020): Fall cone tests consider-
ing water content, cone penetration index, and plasticity
angle of fine-grained soils. Journal of Rock Mechanics and
Geotechnical Engineering, 12, 1347-1355.

Sivakumar, V., Glynn, D., Cairns, P., and Black, J.A. (2009): A
new method of measuring plastic limit of fine materials.
Géotechnique, 59, 813-823.

Skempton, A.W. and Northey, R.D. (1952): The Sensitivity of
Clays. Géotechnique, 3, 30-53.

Stone, K.J.L. and Phan, K.D. (1995): Cone penetration tests
near the plastic limit. Géotechnique, 45, 155-158.

Terzaghi, K. (1926): Simplified soil tests for subgrades and
their physical significance. Public Roads, 7, 153—170.

Wood and Wroth. (1978): The use of the cone penetrometer
to determine the plastic limit of soils. Ground Engineering,
2,37.

Wroth, C.P. and Wood, D.M. (1978): The correlation of index
properties with some basic engineering properties of soils.
Canadian Geotechnical Journal, 15, 137-145.

Odredivanje Atterbergovih granica pomocu padajucega siljka

na prahovitim pijescima niske plasti¢nosti

Ovim istrazivanjem obuhvacen je postupak ispitivanja granice te¢enja metodom padajucega $iljka za niskoplasti¢ne
mjesavine tla s pijeskom uklju¢ujudi postupak pripreme uzorka i provedbu postojecih prijedloga za odredivanje granice
plasti¢nosti. Metoda padajucega $iljka koristena je za odredivanje granica tecenja i plasti¢nosti za tipove tla, gdje metode
Casagrandeove zdjelice i valjanja valj¢i¢a nisu bile primjenjive. Obuhvaceno je i nekoliko problema vezanih za standar-
diziranu pripremu mjesavine uzoraka, postupak punjenja ¢asice s uzorkom za potrebe testiranja granice te¢enja, primje-
njivost pojedina¢nih mjerenja po sadrzaju vlage te utjecaj vremena zrenja glinovitoga uzorka na kvalitetu dobivenih po-
dataka. Rezultati ispitivanja granica tecenja i plasti¢nosti pokazuju solidan i o¢ekivan linearni trend visoke preciznosti.
Rezultati ispitivanja granice te¢enja dobro koreliraju s postoje¢im podatcima, $to upucuje na dobru primjenjivost meto-
de padajucega $iljka za potrebe ispitivanja granice teCenja za mjesavine tla s pijeskom niske plasti¢nosti. Primijenjene
metode odredivanja granice plasti¢nosti pokazuju odstupanje od vrijednosti dobivenih klasi¢nom Casagrandeovom me-
todom valjanja valj¢ica, $to bi moglo biti uzrokovano utjecajem ispitivane vrste tla ili uredaja. Rezultati ispitivanja prika-
zani su numericki i graficki s naglaskom na primjenjivost upotrijebljenih metoda za odredivanje Atterbergovih granica
niskoplasti¢nih mjesavina tla s pijeskom.

Kljuéne rijeci:
Atterbergove granice, padajudi iljak, mje$avine pijeska i gline, kaolinitna glina
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