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Abstract

The amount of fine material available in the soil is significant in Atterberg
limits and methylene blue tests. In the context of Atterberg limits, increased
amount of clay minerals contained in the soil increases liquid and plastic limit
values; however, increasing sand content reduces the moisture content reduc-
ing the water retention capacity of the soil which in return reduces the plastic-
ity index (PI) value. In the case of methylene blue test, which is used to specify
the quality of the amount of fine material, existence of clay in the medium in-
creases the pollution level of the sand and the amount of methylene solution
(V1) used. In this study, soil classes were determined and pollution rates were
identified with Atterberg limits, pycnometer, sieve analysis, hydrometer anal-
ysis and methylene blue tests conducted on 11 different natural soil samples
collected from different regions. From the data obtained, first the relationship
between PI and methylene blue (MB) was examined and was evaluated ac-
cording to the results of the “single regression” method. Furthermore, the
other coefficient of uniformity (C,), coefficient of graduation (C.), unit weight
of soils (y;) parameters obtained from experimental studies were also sub-
jected to “multiple regression analysis” in order to reveal their impact on the
MB and this impact was confirmed taking both statistical analyses into ac-
count.
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1. Introduction

Soil is a material which may also include organic matter and which is generated
as a result of the mechanical disruption of the Earth’s crust by the erosive effects
of water, ice and wind or by chemical processes which create solid grains and
patches of water and/or air between them [1] [2]. Solid phases consist of solid
particles of inorganic and organic character. Liquid phase, on the other hand, is
usually an aqueous electrolyte solution. Depending on the biological activity in
the soil and its location along with the effects of its contact with the atmosphere,
the gas phase may have a different secondary composition [3]. Soil, as a result of
several different materials it contains, emerges as a carrier material beneath the
foundation of structures and as a material used to produce soil structures (earth
dam, land reclamation, banks, etc.). It is also used as a filter, subjected to injec-
tion, and also used in groundwork as an aggregate for concrete [4]. In civil en-
gineering, geotechnical engineers use large numbers of processed soils as build-
ing material in many cases [5]. Therefore, it is necessary to find relevant para-
meters for an engineering design and to develop a behavioral model for all soils
in order to analyze the behavior of soils under the load of the land [6]. This, in
return, makes it necessary to classify soils according to some of their similar en-
gineering properties behaviors [7]. For this reason, Atterberg limits, sieve and
hydrometer analyses are crucial in soil classification.

Also known as limits of consistency, “Atterberg limits” were first proposed by
Atterberg (1911) [8] [9]. Atterberg limits define the condition of the soil with
respect to the relationships between the grain content of the soil and the water
and the changing water content [10]. Seybold ef al [11], defined the limits of
consistency as the limit moisture content which is the degree of resistance
against deformation in the classification of water content of the soil, and empha-
sized the importance of the role they play in the classification of swelling poten-
tial and cohesion of the soil along with factors used to describe the soil such as
shear strength, bearing capacity, and compressibility [11]. Moreover, Atterberg
limits are the lower and upper limits, namely, liquid (W = LL) and plastic limit
(Wp = PL) values, which define the plasticity of fine-grained soils, and bear great
importance in the assessment of some engineering properties of the soils. These
parameters are calculated based on the type of clay mineral, its structure, the
type of the variable cations and the amount of organic matter available in the
[12] [13]. Especially the liquid limit may vary depending on the physical proper-
ties such as soil structure, intensity of the surface load, water equivalent thick-
ness and the shape of the grains and chemical properties [12]. Plastic limit
(LL-PL) refers to the plasticity index (PI) in terms of moisture content. Plastici-
ty, on the other hand, is the ability of the soil to be exposed to a deformation
which cannot be reversed without cracking or breaking at a constant volume
[11].

Limits of consistency are a feature of clay and silts which are classified under

fine-grained soil group and as one may know these soils absorb water and they
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can be found in various phases such as solid or liquid depending on their water
content [14].

«.

Thus, it is possible to explain limits of consistency in terms of the “volume (V)-
water content (W) relationship” (Figure 1). A cohesive soil, when absorbed ex-
cessive amounts of water, loses its shear stress while obtaining viscous proper-
ties. Such a viscous soil will exhibit plastic properties and therefore can be
shaped easily without failures and cracks when it is cured for a specific amount
of time [15] and recovers its shear stress at a specific amount. The water content
in this transition phase is called liquid limit, (Wy). If the water is further re-
moved, then the soil will lose its plastic properties gradually and it will crumble
when rolled on a flat surface; the water content of this condition is called plastic
limit, (W}). An even further reduction of the water content will no longer lead to
a reduction in the volume and the soil will exhibit a brittle behavior; the water
content of this condition is called water retention or shrinkage limit (Wr = Ry)
[9]. Briefly, liquid limit is the water content at which liquid changes its phase
from liquid to plastic; plastic limit is the water content at which soil changes its
phase from plastic to semi-solid; and shrinkage limit is the water content at
which soil changes its phase from semi-solid to solid [9] [11].

As shown in Figure 1, volume decreases as the water content is reduced,
however, volume is constant after a specific point as the water content is further
reduced. This transitional water content is the minimal water content where the
soil is saturated with water [15] [16].

A review of the standards for limits of consistency measurements reveals that
the measurement is commonly conducted on the soil passing through #40 mesh.
However, fine-grained sand is also among the soil group which is able to pass
through this sieve [14]. As shown in Figure 1, the most important property of
fine-grained soil is that it behaves differently according to its consistency. How-
ever, this is not the case for coarse-grained soils [17]. In order to clarify this
point, a number of relevant studies are explored below.

Giindiiz and Dagdeviren (2009), explored the impact of grain size and its
amount on some parameters of fine-grained soils. Their findings showed that
sand grains available in the soil significantly reduce the liquid and plastic limit

values, in other words, amount of water needed for the medium to change its
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Figure 1. The volume-water content relationship of soil [18].
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phase to liquid, and that the soil class itself can be changed according to the
plasticity value fine-grains actually have. Nevertheless, during the experiments it
was also observed that some of the samples could become non-plastic (semi-
solid transition without plastic behavior) with the effect of increased sand con-
tent. Therefore, it was claimed that liquid and plastic limit measurements must
be conducted on the fine-grained soil which passes through #200 sieve, in order
to eliminate some of the negative effects that may occur [13].

Topgu (2011), reported that miscalculation of the plasticity value of the soil
could lead to serious problems in engineering applications. In his study, Topgu
showed that liquid and plastic limits of material accumulated under # 200 sieve
were significantly higher than the material accumulated under #40 sieve, and
suggested that that the reason behind this difference is the increase in the specif-
ic surface of the soil [18].

Also important for soil classification is sieve and hydrometers analyses, as well
as Atterberg limits.

The sieves used in sieve analysis usually consist of square meshes and the
width of these square meshes are called mesh diameter. The finest sieve used in
the soil survey mechanics is the sieve #200. Material passing this sieve are classi-
fied under silt and clay, while sand and pebbles are not able to pass the sieve.
Therefore, 200 sieve is used to separate fine-grained and coarse-grained soil
while 40 sieve is used to separate sand and pebbles. Sieve analysis helps us define
the grain size distribution of the grains larger than the mesh size of 200 sieve
(0.074 mm).

Hydrometer analysis is also a method used to determine the grain size distri-
bution of the fine-grained soils passing through 200 sieve and to find the weight
percentage of the clay-silt group in the soil. Sedimentation analysis is based on
the Stokes law, which gives the relation between the rate of sedimentation and
the diameter of spherical sediments in a liquid [6]. According to the Stokes Law,
the specific weight is the same as that of the grain and equivalent sphere diame-
ter is taken as the grain diameter of the grain with the same rate of sedimenta-
tion [19] while different grain sizes lead to different rates of sedimentation [6]
Le., coarse-grained material sediments faster than fine-grained material [19].
However, the Stokes Law applies only for spherical grains and it should be noted
that the hydrometer analysis gives approximate results due to the fact that the
silt and clay grains have a laminar structure (plate form) [6].

Methylene blue point test, on the other hand, is used to determine the clay
content of concrete and mortar aggregates which is available between fine grains
below 0.063 mm in diameter. It also allows the determination of ion adsorption
capacity of the soil with the specification of the amount of methylene blue re-
quired to cover the entire surface area of the clay grains available in the soil. This
test determines the amount of harmful clay minerals but cannot determine the
rate of damage they are able to cause. Presence of excessive amounts of clay
minerals in the concrete increases the amount of water needed for concrete and

mortar, which leads to impaired hardened concrete and mortar strength, their
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durability and volumetric stability [20].

Chiappona et al, (2004) conducted a series of studies on the applicability of
the methylene blue test used to define clay minerals as suggested by the standard
methods used in France and the US and the findings of these studies showed
that the test method defined by the US standards is suitable for fine and homo-
geneous material, in other words, they only provide information for the deter-
mination of the clay content, and that the test method, while the method defined
by the French standard must be used on heterogeneous materials in order to
provide information representing the material as a whole [21] [22].

LL, PI, engineering classifications and other engineering properties are para-
meters used in the ground survey to define the soil. However, identification of
LL and PI is not a part of routine soil study definition analysis, and is expensive
and time consuming. These are conducted only once, and such data are not
generally useful [11]. Traditionally, manually manipulating the liquid limit and
plastic limit data for the soil (attempts to improve) can cause significant failures
[23]. There is still a need to have a universally applicable, fast and reliable me-
thod in LL and PI estimations for soil surveys [11]. In general, LL and PI must
be predictable from the soil properties obtained from soil surveys However, to-
day there is no object-oriented visual program available for this purpose, which
brings up the idea to use software to obtain high-efficiency and high-accuracy
data and to use data improved by computer science. Currently, among the main
algorithms used in order to improve the soil liquid limit and plastic limit data is
analytical method, regression analytical method and least squares method [23].
In the light of all the aforementioned requirements, this study aims to offer an
alternative to Casagrande method used in the LL and PI estimations. The reason
behind this attempt is that many difficulties (wet or dry sample preparation,
coating the sample into a brass vessel, opening a groove, ensuring sufficient ma-
terial for coating, drop height between the brass vessel and plastic surface, etc.),
operator mistakes, etc. faced in these experiments may lead to incorrect Wy re-
sults. Nevertheless, the fact that this is a time-consuming experiment design
causes the water content of the samples to change frequently, which reduces the
applicability of the method and reliability of the results. Therefore, it is aimed
here to establish a correlation between the ratio of fine-grained particles and the
pollution, having compared the plasticity index (PI) values and to use of methy-

lene blue test results in the PI estimations.

2. Materials & Method

In this study, 11 different natural soil samples taken from different regions were
used and these regions are shown in Figure 2 while Table 1 offers their geo-
graphic coordinates. Laboratory experiments conducted on each sample and the
methods used are briefly described below.

In the pycnometer (specific gravity) experiment; samples were sieved using 40
sieve, then dried at 105°C in a drying oven for 24 hours and the dried material

was ground using a wooden mallet and 50 g of the sample passing 40 sieve was
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taken. Since the grain sizes of the soil samples used in the experiment were often
small, only unit bulk density of fine-grained soil was identified using 500 ml
density bottle and the process was conducted in accordance with ASTM D 854
[24].

Soil class of the samples were defined using liquid limit and plastic limit tests,
sieve analysis and hydrometer analysis in accordance with Unified Soil Classifi-
cation System (USCS).

The liquid limit test can be carried out according to ASTM D 4318 [25] in two
different ways, namely, wet and dry. In this study, 11 test samples were prepared
according to dry sieving method and Casagrande method was used. Experiments
were performed based on the ASTM D 4318 standards taking previous research
to account and material accumulated under 200 sieve (100 g) was used.

Plastic limit test was also performed based on ASTM D 4318 standards using
approximately 20 g of the mixture prepared for the liquid limit test, as plastic
limit test is conducted in connection with the liquid limit test.

“Gomeg il

Figure 2. The parcels samples are collected from.

Table 1. Coordinates of the locations samples are collected from.

Sample # Latitude Longitude
1 41.404645 33.782069
2 41.430122 33.774082
3 41.428529 33.782990
4 41.433015 33.763340
5 41.384653 33.782363
6 41.434363 33.764475
7 41.431279 33.770598
8 41.428352 33.783095
9 41.432990 33.764111
10 41.432798 33.778421
11 41.361626 33.759008
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The sieve analysis test was carried out on a 500 g sample using 200 sieve in
accordance with ASTM C 136 [26] and TS EN 933-10 [27] standards and the soil
was washed as part of the process. 200 sieve is the thinnest sieve used in soil
mechanics; the part of the soil accumulated on the sieve accounts for sand and
pebble group while the material passing the sieve account for clay-silt group.
The material accumulated on 200 sieve was analyzed in the sieve analysis while
the material passing the sieve was dried for 24 hours in a drying oven in order to
be used in the hydrometer analysis. The total weight of the material remaining
on the sieve was then weighed and the percentage of loss during washing, that is,
the total percentage passing the sieve was calculated.

During the hydrometer test, it was tried to adhere to the ASTM D 422-63 [28]
standard as much as possible. As part of this test, the material passing 200 sieve
(50 g) was used for washed sieve analysis in this experiment and the purpose of
this experiment was to calculate the percentage of materials such as silt, clay, etc.
by weight, utilizing their sedimentation rates. At the beginning of the experi-
ment, readings were first taken at the time intervals specified in the standards.
However, as the rate of sedimentation for clay and silt grains in water can
change due to ambient temperature, decomposing agent, meniscus, etc., it is ne-
cessary to make necessary corrections on the first readings. Therefore, the at-
tempts to keep the ambient temperature constant were futile in time (especially
during lunch hours) and new hydrometer readings were obtained using menis-
cus adjustments. As no decomposing agent was used in the suspension prepared,
no adjustments were done for this purpose. Effective depths (L), K factor and
correction factor (a) values from the tables developed using the readings and
standards are also used to calculate the percentages passing the screen.

Methylene blue test is conducted based on the principles and regulations of TS
EN 933-9 + Al [29]. In this experiment, methylene blue solution is prepared
having 10 g + 0.1 g methylene blue powder mixed with distilled water and stir-
ring the mixture for 45 minutes at the room temperature. 200 g sample (M;)
with grain size of 0 - 2 mm is cured in a stove for 24 hour at 105°C and then is
allowed to cool to room temperature. The sample is then weighed after being
cooled and transferred to a beaker after being blended using a spatula. Soil sam-
ple is stirred in a speed adjustable blender for 5 minutes at 600 + 60 rpm after
adding 500 ml distilled water. Next, 5 ml solution is added to the mix and
blender is operated for 1 minutes but this time at 400 + 40 rpm. After 1 minute
of blending, one drop of suspension is extracted using a glass rod and dripped
on a filter paper. Generally, the first drip will involve a dark blue stain and sur-
rounding water circle. The process is repeated adding solution until a light-blue
circle (halo) is obtained around the blue central stain. 5ml of solution is added in
the first 5 minutes. After these 5 minutes, the amount of solution is reduced to
2ml and stirred for 1 minute and one drop of suspension is extracted using a
glass rod and dripped on a filter paper in order to observe the circle formation.
Experiment is completed when a light blue circle forms around the central blue

stain and if it does not vaporize for 5 minutes and the total amount of volume-
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tric solution is calculated in ml. (Light blue circle must be approximately 1mm
in diameter for a central stain of 8-12mm diameter). The following equation was
used in the calculation of MB to be used, and the results of the experiment are
shown in Table 2. In addition, Figure 3 shows an exemplary application for the
Sample #6.

MB = (V,/M, )10 (2.1)

Here;

MB = Methylene blue value (%);

V1 = Total volume of the methylene solution added (ml);

M, = Mass of the experiment sample (g).

Factor 10 = A factor used to convert the volume of stain solution used to the
mass of stain per kilogram of the mass tested (TSEN 933-9+A1) [29].

3. Experiment Results

3.1. Pycnometer Test Results (Unit Weight of Solids)

Pycnometer test was conducted in order to be used in hydrometer analysis in

Table 2. Methylene blue test results.

MB = (Vi/M1) x 10 Amount of methylene
Experiment # solution used (V1) (ml) MB (%)
1 1140 57.00
2 625 31.25
3 1373 68.65
4 895 44.75
5 1223 61.15
6 1520 76.00
7 846 42.30
8 1663 83.15
9 640 32.00
10 1784 89.20
11 698 34.92

Add 2 :
5 ml Hole .
Methylene

blue

Confirmation

MB=(V,/M,)x10

V,=1515 MB=(1520/200)x10=76,00

Figure 3. Methylene blue test application for the Sample #6.
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accordance with ASTM D 854 and the specific bulk density of the soils tested
were found to be in the range of 2.4 - 2.8 g/cm’. The results are shown in Table 3

below.

3.2. Atterberg Limits Test Results

Liquid limit tests were performed until at least 3 - 4 pulses were detected in the
range of 10 - 40 while the plastic limit tests were conducted twice paying atten-
tion to at least 6g sample available in each container. Then, the test results are
plotted in tables created in MS Excel and the number of pulses obtained is plot-
ted logarithmically in x axis while the corresponding water content (W) is plot-
ted in y axis in order to derive a flow curve. In this flow curve, the value of the
water content corresponding to 25 pulses gives us the “liquid limit” value of that
soil. In all experiments, the W value was found both with an “estimated” value
calculated by the system and a manual drawing on the flow curve. Plasticity in-
dex is calculated on the basis of manual calculation from values obtained and
these were compared against estimated values. Compatibility mode (correlation)
for Wy values calculated by the system for each one of 11 tests was in the range
between 92.3% and 99.5%. The main purpose here was to establish the correla-
tion between the ratio of fine-grains and the pollution comparing the PI values
and the percent of methylene solution used and the results of this comparison
are addressed in the methylene test results section. Liquid limit and plastic limit

test results are shown in Table 3.

3.3. Sieve and Hydrometer Analysis Test Results

In this study, the same soil samples are used for all experiments, experiment re-
sults of sieve and hydrometer analysis assessed in combination and soil class
comparison was made in accordance with TS 1500/1900-1 [30] [31]/ASTM D

Table 3. Test results.

Experiment # Yo Wr(%) Wu(%) PIr Plm ;;}ile Cu C. MB (%)
1 2.65 53.50 52.00 25.01 23.51 CH 5.70 0.85 57.00
2 2.60 37.20 36.80 16.76 16.36 CL 5.95 1.62 31.25
3 2.52 58.90 58.50 25.99 25.59 MH 5.62 0.68 68.65
4 2.73 47.60 48.00 26.25 26.65 CL 5.00 0.85 44.75
5 2.49 58.00 57.40 24.97 24.37 MH 5.65 0.45 61.15
6 2.64 58.40 58.00  40.59 40.19 CH 6.31 0.30 76.00
7 2.62 56.7 56.5 25.46 25.26 MH 3.38 0.46 42.30
8 2.72 41.10 40.68 25.86 25.44 CL 8.53 0.79 83.15
9 2.60 44.70 44.20 16.59 16.09 ML 4.67 0.86 32.00
10 2.65 59.00 59.00 37.47 37.47 CH 3.12 0.49 89.20
11 2.72 46.60 45.90 16.51 15.81 ML 4.95 0.54 34.92
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2487 [32] standards. First, grain diameter obtained from sieve analysis and hy-
drometer test was plotted logarithmically on the x axis while corresponding per-
centages passing the sieve were plotted on the y axis in order to give a granulo-
metry curve.

C. and C. values were obtained using the granulometry curve, having identi-
fied the diameters of Dgo, D3 ve Djowhich corresponds to the material passing
the sieve at the percentages of 60%, 30%, 10%, respectively (Table 3). Here, Dy,
is the effective diameter while Dsis the average grain size. In the soil classifica-
tion, coarse-grained soils were classified using the correlations available in the
USCS (ASTM D 2487) [30] where in fine-grained soils were classified using the
plasticity graph.

Here, soil sample #8 is the only coarse-grained soil sample, and was classified
under sand as more than 50% of its content passed the sieve and is represented
with an “S” symbol.

C. and C. coefficients for pebble and sand are as follows for sand (sample #8);
C,=853>6

C. =0.79 = and is referred to as “SP” as it does not meet the 1 < C. < 3

condition (Table 3).
=W -W =1 =25%

“SC” symbol was used as the Atterberg limits are above the A line or I, > 7.
Hence, the class of the soil sample #8 is assigned as “bad-graded argillaceous
sand”.

Soil classes of the remaining 10 test samples were determined using the plas-
ticity graph. The point where W1 and PI values of these soils were intersected

was identified as the class of the soil.

3.4. Methylene Blue Test Results

Methylene blue test was conducted on 11 test samples with regards to the prin-
ciples and regulations of TS EN 933-9 + Al: 2013 (2014). With this experiment,
pollution levels of fine-grained soils were defined in an attempt to establish the

correlation between PI values of the same soil sample.

4. Results of the Analysis

4.1. Estimation of the Plasticity Index Values According to the
Results of Methylene Blue Test Using a “Single Regression
Analysis”

Two different comparisons were made in the above Table 4 and Table 5; the first
is based on the results from estimated and manual tests for 11 experiments while
the second is based on estimated and manual tests for 9 experiments. Here, it
was attempted to identify the relationship between these two parameters using
the PI and MB values and “single regression” method. As shown in Table 4, the
compatibility between the two parameters for the experiment involving 11 tests
was R? = 0.7316 and the correlation was found to be y = 1.746x%%*. On the other

hand, the compatibility of the second comparison was reduced to R* = 0.7118
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Table 4. Estimation of the PI according to the results of MB using a “single regression analysis”.

Experiment # MB PI
1 57.00 25.01 50.00 -
2 31.25 16.76 y =1.746x06%
40.00 - ¢ o R=07316
MB val i 3 68.65 25.99
Vvalues corresponding 30.00 -
to the “estimated” PI 4 4475 2625 T » * o '
values calculated by the 5 61.15 24.97 20.00 - ¢ Seri .
system in accordance 6 76.00 40.59 10.00 —Us (Seri 1)
with the 11 test results 7 42.30 25.46 '
8 83.15 25.86 0.00 ‘ v 1 ‘ w
0 20 40 60 80 100
9 32.00 16.59
MB
10 89.20 37.47
11 34.92 16.51
Experiment # MB PI
1 57.00 23.51
50.00 -
2 31.25 16.36 o y =1.6148x°06811
40.00 - 2=
. 3 68.65 25.59 ¢ RES0.7118
MB values corresponding 30.00 -
to the PI values obtained 4 44.75 26.65 — X L 2 4 .
from 11 tests with 5 61.15 24.37 & 20.00 1 ¢ Seri1
“manually” drawn flow 6 76.00 40.19 10.00 —Us (Seri 1)
chart
7 42.3 25.26 0.00 . : : .
8 83.15 25.44 0 20 40 60 80 100
9 32.00 16.09 MB
10 89.20 37.47
11 34.92 15.81

Table 5. Estimation of the PI according to 9 MB test results using a “single regression analysis”.

Experiment # MB PI
50.00
y =1.1097x0787

1 57.00 25.01 40.00 1 'S R?=0.8544

2 31.25 16.76

3 68.65 25.99 _ 30007

o ¢ ¢ .
) 5 61.15 24.97 20.00 - ¢ Serit
Estimated” test 6 76.00 40.59 ——Us (Seri 1)

results for 9 tests 10.00 -

7 42.30 25.46

9 32.00 16.59 0.00 , : : , ‘

0 20 40 60 80 100
10 89.20 37.47
MB
11 34.92 16.51
Experiment # MB PI
50.00 4 y = 1.001x0-803
2 =

1 57.00 23.51 40.00 - . R2=0.843

2 31.25 16.36 30.00 1

3 68.65 25.59 _ o 400

o 20.00 - ¢ Seril
“Manually” 5 61.15 24.37 er
calculated test 6 76.00 40.19 10.00 - Us (Seri 1)

results for 9 tests 7 9.3 25.26 0.00

9 32.00 16.09 0 50 100

10 89.20 37.47 MB

11 34.92 15.81

%%
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and the correlation was found to be y = 1.6148x%%!'. A closer investigation of the
plasticity values shows that the effect of the experiments # 4 and #8 diminishes
the magnitude of the correlation. Therefore, a second comparison was made us-
ing both test results and the resulting “estimated” results gave a correlation of R?
= 0.8544 while “manual” results gave a correlation of R* = 0.843 which was then
translated into y = 1.1097x%7%7 and y = 1.0014x°%%%, respectively.

In other words, it is necessary to investigate the factors influencing the calcu-
lation of PI and MB while exploring the relationship between these two parame-
ters. For example, values such as W and Wp which are used in the calculation of
PI may result in incorrect results as they are affected by many factors such as the
sample preparation method followed and the experience of the operator, etc. (as
it was the case in experiments #4 and #8). Moreover, different Wy, values were
obtained from the estimations of the system and the manual drawing on the flow
curve using the experiment results. In Table 4 and Table 5, although 2 experi-
ment results were excluded due to incorrect Wy values manually calculated by
the operator, a reduction in the correlation was observed in both cases. Howev-
er, a higher R? value was obtained from the multiple regression method applied
based on the manually calculated PI values available in Table 6 and Table 7. In
the light of aforementioned outcomes, it was aimed to reach at a more reliable

result with two comparisons on Table 4 and Table 5.

4.2. PI Value Estimation Using MB, C,, Cc and ys Parameters with
“Multiple Regression Analysis”

Multiple regression analysis is a method used to explain the cause-effect rela-
tionship between two or more independent variables which affect a variable and
to determine the impact level of these independent variables. Multiple regression
model calculations as well as in the establishment of prediction equations made
just a single model and calculating the coefficients of variation from the average
of the arguments being used. Formula describing the explaining the relationship
between dependent and independent variables is as follows;

Y= ay+aX +a,X+--a X +6 (4.1)

Here;

x; = Independent variables

y=Dependent variables

;= Error coefficient

Using the experimental data, such an investigation resulted in PI as the de-
pendent variable and C., C., ysve MB as independent variables (x). The model-
ing effort using these data gave a variety of statistics and their relationship with
PI was explored. Using the coefficients of x, %, x and x; variables and error
coefficients obtained from the regression analysis, the formula gave the P-value,
and this value was compared with the actual test results in order to calculate the

compatibility coefficient (R?). Results for the 1% variable;
Pl, ==7.61+x%-C, +X,. C, + X, - MB+X,. 7,
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Table 6. Estimation of the PI according to the results of 11 tests using a “multiple regression analysis”.

Experiment # Cu Cc MB Vs PI
1 5.70 0.85 57.00 2.65 23.51
2 5.95 1.62 31.25 2.60 16.36
3 5.92 0.58 68.65 2.52 25.59
4 5.00 0.85 44.75 2.73 26.65
5 5.65 0.45 61.15 2.49 24.37
6 6.31 0.30 76.00 2.64 40.19
7 3.38 0.46 42.30 2.62 25.26
8 8.59 0.79 83.15 2.72 25.44
9 4.67 0.86 32.00 2.60 16.09
10 3.12 0.49 89.2 2.65 37.47
11 4.95 0.54 34.92 2.72 15.81
Regression Statistics ANOVA
Multiple R 0.866388264 df SS MS F Significance F
R Squared 0.750628624 Regression 4 473.1995599 118.29989 4.515125003 0.05042839
Adjusted R .
Squared 0.58438104 Difference 6 157.2048037  26.20080062
Standard Error 5.118671763 Total 10 630.4043636
Observations 11
Coefficients St;':i;rd t Stat P-value Low %95  High %95 Low95.0%  High 95.0%
Intersection —7.61135167  54.96860867 —0.138467243  0.89440155 —142.1146917 126.8919883 -142.1146917 126.8919883
X Variable 1 —1.46817575  1.259648491  —1.165544005 0.288033144 —4.550424569 1.614073075 —4.550424569 1.614073075
X Variable 2 —2.75399562  5.732256169  —0.480438337 0.647930675 -16.78032118 11.27232993 -16.78032118  11.27232993
X Variable 3 0.309516685  0.099374299 3.114655266  0.020725521  0.066356534  0.552676836  0.066356534 0.552676836
X Variable 4 9.567324111  20.90733973 0.457606 0.663338319 —41.59109326 60.72574148 —41.59109326  60.72574148

PI, = 24.70veR* = 95.18

Same procedure was used also for the variables x,, x; and x4 and it was possible
to identify the correlation between R? values and PI values of each dependent va-
riable and the independent variable. This method was also repeated for 11 and 9
samples as it was the case for single regression method, and the &* values ob-
tained for the first and second runs were R = 0.75 and R* = 0.85, respectively.
Briefly, using this method, it is possible to identify which independent varia-
ble(s) influence the dependent variable and to estimate the PI value using these

variables.

5. Result and Recommendations

Liquid limit is an important parameter used to determine many indices and
mechanical properties such as compression index, swelling percentage, soil class,
liquefaction potential, etc. However, liquid limit and plastic limit test results may

differ depending on several factors such as wet or dry sample preparation, the
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Table 7. Estimation of the PI according to the results of 9 tests using a “multiple regression analysis”.

Experiment # Cu Cc MB Vs PI
1 5.70 0.85 57.00 2.65 23.51
2 5.95 1.62 31.25 2.60 16.36
3 5.92 0.58 68.65 2.52 25.59
5 5.65 0.45 61.15 2.49 24.37
6 6.31 0.30 76.00 2.64 40.19
7 3.38 0.46 42.30 2.62 25.26
9 4.67 0.86 32.00 2.60 16.09
10 3.12 0.49 89.20 2.65 37.47
11 4.95 0.54 34.92 2.72 15.81
Regression Statistics ANOVA
Multiple R 0.920062782 df SS MS F Significance F
R Squared 0.846515523 Regression 4 531.4000252  132.8500063  5.515316837 0.063441038
Adjusted R .
Squared 0.693031045 Difference 4 96.34986365  24.08746591
Standard Error 4.907898319 Total 8 627.7498889
Observations 9
Coefficients St;:i)arrd t Stat P-value Low %95 High %95 Low 95.0% High 95.0%
Intersection —42.7864391 73.7177102  —0.580409226 0.592765934 —247.4596148 161.8867365 —247.4596148 161.8867365

X Varijable 1
X Variable 2
X Variable 3
X Variable 4

0.056581334
—-2.30509675
0.36745354
18.7467652

1.642213845  0.034454303  0.974165661 —4.502935258 4.616097926 —4.502935258  4.616097926

5.537969247  —0.416235022 0.698601737 —17.68096436 13.07077086 —17.68096436 13.07077086

0.103154821 3.562155768  0.023540512  0.081049843  0.653857237  0.081049843 0.653857237

26.5596245 0.705836982  0.519228311 —54.99457423 92.48810463 —54.99457423  92.48810463

operator errors that occur during experiments, time consumption, and excessive
amount of water added. Therefore, alternative solutions are required establishing
the relationship between the PI obtained from liquid and plastic limit tests and
other parameters.

Higher clay-based material content of the soil increases the liquid limit and
plastic limit in the case of limits of consistency while it increases the pollution
level of the sand and V; used in the case of methylene blue test. This shows us
that the increase in plasticity index depends on the liquid limit while the increase
in liquid limit depends on the fine-grained content. In our experiments it was
also found that V; increases as the PI increases in general, which can be inter-
preted as a negative relationship and a direct proportion between PI and MB
values.

In this study, with this idea in mind, a relationship was observed between the
amount of methylene solution used and PI value and “single regression” results
showed that this result was statistically significant by 84.3%. Also using “mul-
tiple regression” method, the correlation between C., C., ; and MB parameters
and the PI value was found to be very close to the one found using single regres-

sion and there was an increase, even if it was small. As it is possible to control
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more factors influencing the dependent variable (y) using more independent va-
riables (x) in the multiple regression analysis, it is possible to include more va-
riables to the model in order to explain the change in y more efficiently. In the
light of this information, it is possible to say that the use of methylene blue test
results in combination with a number of parameters can be used for PI estima-
tions, which will result in more reliable results.

Here, the most important independent variable in PI estimation with the
highest correlation was found to be MB (P < 0.05) as shown in Table 6 and Ta-
ble 7. PI is significantly correlated with C,, C. and j:.. Although C, and C. are
important parameters in coarse-grained soil classification, they are not sufficient
by themselves to estimate the PI. However, when assessed in combination with
the PI, they can account for the fine-grained material available in the soil. Our
main purpose here is to test the applicability of the methylene blue test as an al-
ternative to the Casagrande method commonly used in PI calculations. And it
was tried to emphasize the importance of the fine-grained material ratio availa-
ble in the soil for both methods. The results of the experiments showed that the
pollution rate and therefore the V,; used increase as the PI is increased. Never-
theless, considering that the reason behind the difficulties in the liquid limit tests
is the operator failure rather than the soil structure, it was concluded that MB

(%) values can be used in the PI estimation.
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