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In the present study, 0, 10, 20, 30, 40, 50 and 60 g. Sodium hexametaphosphate (NaPO3) suspensions
were prepared for hydrometer tests. After the completion of the tests, the particle diameters of the soil
were calculated for each hydrometer reading at time intervals of (0, 1, 2, 5, 10, 15, 30, 60, 120 and 260
min). A model was developed using an adaptive neuro-fuzzy inference system (ANFIS) to predict the
particle diameter of soil for different cases without the need for a test. The quantities of the NaPO3 and
the hydrometer reading times were used as inputs in the model. Test results and predicted outcomes
were compared and high correlations were obtained.
Key words: Soil mechanics, particle diameters, hydrometer test, ANFIS.

INTRODUCTION
The measurement of soil grain diameter smaller than
0.075 mm is highly important for soil research; especially
for the classification of the soil and for drawing the
granulometric curve. In order to determine soil grain
diameter, the hydrometer test and the pipette are the
most popular techniques (Gee and Bauder, 1986). For
hydrometer testing 151 - 152 h hydrometers defined in
the ASTM E 100 are used (ASTM, 2001). In these
methods, the diameters of the soil particles are calculated
using stoke’s law. NaPO3 is the most popular solvent
used to prevent the soil particles flocking together in the
suspension. The hydrometer method provides multiple
measurements from the same suspension (Day, 1965;
ASTM, 1998).
For soil particles, the mass–size form of the equation
used in this study is described by Tyler and Wheatcraft
(1992); Frank (1995). For the determination of the density
of liquids for the testing of hydrometers several papers
(Frank, 1995; Van, 1963; Kronberg et al., 1986) have been
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devoted to the interactions between NaPO3 and clay.
Kura and Oashi (1974) found that, NaPO3 anion forms a
strong 1:1 complex with calcium. The NaPO3 anions
interact with the exposed atoms of aluminum, giving a
complex anion. Several investigations (Thilo, 1965;
Corbridge, 1980) have been devoted to the analysis of
the behaviour of NaPO3 in water. NaPO3 is a deflocculate
widely used in the clay industry (Manfredini et al., 1990) it
increases the negative charge on the clay micelles being
adsorbed as an anion.
Various researchers (Brandenburg and Lagaly, 1988;
Keren, 1989; lagaly, 1989) have investigated the effect of
soda addition on the rheological properties of bentonit.
Volzone and Garrido (1991) studied the effect of Na2co3
on several argentine bentonit. Buchan et al. (1993)
obtained a detailed particle size distribution (PSD) using
sieves and the sedimentation of dispersed particles in a
liquid. Turcotte 1986; Tyler and Wheatcraft, 1992; Young
et al., 1997; Bittelli et al., 1999 used wet sieving, pipette
and light-diffraction techniques in order to obtain the PSD
of 19 samples.
Huertas et al. (1999) studied the dissolution phenomena in an aqueous suspension of kaolinite at ph levels of
the solution. Yildiz et al. (1999) investigated the influence
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Figure 1. The images of the sample obtained from the microscope.

Table 1. XRD analysis result for samples.

Al2O3
20.73

SiO2
51.82

Na2O
0.74

K2O
3.71

CaO
3.74

of NaCl, NaPO3 and pH on the rheological behaviour of
original and activated kütahya bentonit suspensions.
Hwang et al. (2002) used several models to examine
experimental data. Filgueira (2003) presented an explicit
relationship between time, soil suspension density and
the fragmentation fractal dimension applied to particles
with the fractal mass–size distribution. Andreola et al.
(2004) assessed the effects resulting from the addition of
NaPO3 to a standard kaolin suspension and compared
the results with those obtained employing.
Ozgan (2009a) investigated the effect of a quantity of
sodium hexametaphosphate (NaPO3) to the diameter of
the soil grain experimentally and statistically. Hydrometer
testing was conducted on 0, 10, 20, 30, 40, 50 and 60 g.
Solutions of NaPO3. The specific gravity, pH and conductivity were measured for each suspension. As indicated in
the Turkish standard (TS 1900, 2006) the soil grain
diameter in the solution prepared with 40 g. NaPO3 was
used as the reference. Thus, the soil grain diameter in
the suspension with “0” g. NaPO3 was 4.51 times greater
than the reference grain diameter. The obtained data
were analyzed statistically using an SPSS program and
the coefficient of determination for the hydrometer test
parameters (passing time, original hydrometer reading,
temperature, pH, conductivity) were determined. Ozgan
(2009b) simulated and modeled the particle diameter of
soil samples using an artificial neural network method.
The relationship between the experimental results and
the artificial neural network (ANN) model output exhibited
good correlation. The coefficient of determination were
2
2
found to be R = 0.99 for training set and R = 0.94 for
testing set with ANN.
In this study, the effect of adding varying quantities of
NaPO3 to soil samples were investigated experimentally

Fe2O3
6.50

MgO
1.74

SO3
1.19

L.O.I
9.4

Total
99.57

and using the ANFIS method. The experimental and test
results were then compared.
MATERIALS
The samples used in this study were randomly taken from the
stocks of a brick factory in Duzce, turkey. To determine the
diameter of the soil particles smaller than 0.075 mm the hydrometer
test was conducted. The NaPO3 was used as a solvent and a 151 h
type hydrometer was used in the hydrometer tests. To determine
the particle’s microstructure, an Olympus bx51 microscope was
used. The sample was placed on to the micro slide with a drop of
Entellan and covered with the lamellae. The images obtained from
the microscope were enlarged 100 times as shown below (Figure
1).
In addition, an XRD analysis was carried out for the chemical
composition of the sample and the results are given in Table 1
below, Montmorillonite, quartz, clinochlore, illite and calcite were
found in the clay mineral structure. One of the most popular techniques is the hydrometer method based on the “stokes law” which
employs the relationship between time, travel distance, and a
coefficient named k (for solution temperature and sample’s specific
gravity). In the hydrometer test, it was found that the specific gravities of the soil particles were equal with the larger particles settling
more quickly than the smaller particles. Stock’s law is given below
in Equation (1);

D=K

L
T

……………………………….

(1)

Where;
D: radius of a spherical particle, (diameter of the equivalence
sphere, mm).
K: coefficient (for solution temperature and specific gravity of soil
sample).
L: the travel distance of the spherical particle settling, (cm).
T: time (second).
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Table 2. Soil particle diameters based on time and the quantity of the NaPO3.

NaPO3 (g)
0
10
20
30
40

Result
a

Diameter
a
Diameter
a
Diameter
a
Diameter
a
Diameter

1
47.66
42.37
37.23
0
0

2
34.74
30.39
26.80
23.09
0

5
22.39
19.46
17.19
14.62
0

10
16.56
13.90
12.35
11.10
10.38

Time (Min)
15
13.75
11.40
10.17
9.14
8.54

30
9.80
8.10
7.41
6.47
6.29

60
6.98
5.81
5.25
4.88
4.53

120
4.97
4.14
3.81
3.44
3.32

260
3.25
2.99
2.60
2.38
2.38

a. Unit of the particle diameter was taken as × 10-3 mm (For example 47.66 × 10-3 mm).

Figure 2. General structure of the ANFIS.

Preparation of the samples
30 g samples which could pass through a 0.075 mm (No: 200)
sieve were prepared. To each sample NaPO3 was added and
mixed with a glass robe to wet for 5 min. The solution was left for 16
h in the desiccators in order to dissolve all the adhered soil
particles. The samples were taken from the desiccators and after
mixing, they were poured into the mixer. Pure water was added to
the samples in approximately 2/3 ratio of the mixer, and the solution
was mixed for 1 min. The mixed solution was poured into
measuring beaker and pure water was added until the mixture
reached 1000 ml. Then, the beaker was shaken for one minute and
the test began immediately. For all of the hydrometer tests for
varying quantities of NaPO3, the hydrometer reading and
temperature of the suspension were recorded for each time phase.
Hydrometer test results
The hydrometer test results were grouped and tabulated according
to the quantity of NaPO3 and times. The calculated particle
diameters according to the time elapsed, hydrometer reading and
temperature of the suspension values are shown for 0, 10, 20, 30
and 40 g NaPO3 (Table 2). The diameter of the particles is shown in
Table 2. However, after 50 g of NaPO3 was added to the solution,
the hydrometer reading could only be made for the 260th min and
the hydrometer reading for 60 g of NaPO3, reading could not be
carried out.
Adaptive neuro fuzzy inference system (ANFIS)
The ANFIS consists of three basic concepts the “rule base”

gathered from fuzzy rules, the “input base” used for the
identification of the degree of membership and the “inference
mechanism” used for the collection of the rules and production of
the suitable results on inputs and outputs of the system (Young et
al., 1997; Bittelli et al., 1999; Ozçalik et al., 2003). The process of
modeling with fuzzy logic (FL) consists of determining the membership degree of the input variables constituting the rules, determining
the output characteristics from these rules, passing to the output
membership functions and obtaining the output of this system. In
the modeling with FL, the most important stage is determining the
membership degree of the input/output variable. Using the NN
learning ability, ANFIS connects the input and output variable with
together and constitutes the fuzzy rules.
In this study, a hybrid learning algorithm consisting of a combination of the gradient descent and least squares methods was
used to determine the model parameters. The gradient descent
method puts the nonlinear input parameters in order and the least
squares method orders the linear output parameters (Nayak et al.,
2004; Firat and Güngör, 2007).
Furthermore, the gradient descent method is used in the
modeling to change and update the coefficients of the weight for
accessing the network error. With the hybrid learning algorithm, the
membership function parameters of the inputs and output are
updated and the most suitable values are obtained.
In the literature, the most frequently used FL inference systems
are the Mamdani and Sugeno types. The principle important
difference between the Mamdani and Sugeno systems is identification of the output variables. Interested readers are referred to Firat
and Gungor (2007) for more information about the difference of
Sugeno and Mamdani types. In this study, the Sugeno fuzzy
inference system was used. The general structure of the fuzzy
inference system is given in Figure 2.
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Figure 3. Architecture of the ANFIS.

Table 3. Experimental and predicted results of the particle
diameter based on time and the quantity of the NaPO3.

Time (min)
5
260
2
120
10
30
2
120
5
60

NaPO3
(gr)
0
0
10
10
20
20
30
30
40
40

Experimental
-3
values (×10 )
22,39
3,25
30,39
4,14
12,35
7,41
23,09
3,44
0
4,53

ANFIS values
-3
(×10 )
30,0
3,25
30,9
4,14
15,1
4,07
18,3
3,44
1,71
3,93

Rule 2: if x is A2 and y is B2.
So,f2

= p2 * x + q2 * y + r2

Where;
X and y are input values that are not fuzzy, p1, q1, r1, p2, q2 and r2
are the parameters of the output function in the inference system. In
generally, ANFIS consists of the following steps.
Input node (layer 1): Each node in this layer is point out the
membership function of the input variables and the output of each
node is calculated as below;
o1i = µa (x)

i=1, 2

(4)

o1i = µbi-2 (y)

i=3, 4

(5)

Μai and µbi show the membership function for Ai and Bi fuzzy set.
In this study, a “trimf” type membership function was used.
Rule node (layer 2): Each node in this layer using and/or operators
is multiplied with the input signals (π) and the ignition of force o2i is
obtained;

In the fuzzy inference system, the output variable is defined in
two ways namely; the 0th degree Sugeno and the 1st degree
Sugeno .the “0th degree Sugeno” model has a constant coefficient
or a function, on the other hand, the “1st degree Sugeno” model is
dependent on the input variables. Calculations in the study were
performed by using Matlab package program.

Oi2 = wi = µai (x) µbi (y), i = 1, 2

(6)

Mean node (layer 3): In this layer, the ignition of force obtained from
each node is collected and normalized using the following equation;

(7)

Architecture of ANFIS
The ANFIS architecture consists of a network structure of the
Sugeno type fuzzy system which has neural learning ability. This
network is formed by joining the nodes that have settled in layers to
realize a known function (Hwang et al., 2002; Sen, 2004; Chang
and Chang, 2006). The architecture of the ANFIS with two inputs
and an output is shown schematically in Figure 3. The rules of the
1st degree ANFIS for a structure with two inputs can be written as;
Rule 1: if x is A1 and y is B1. So,

f1 = p1 * x + q1 * y + r1

(3)

(2)

Layer 4: In this layer, the contribution of each node is calculated for
output of the model
(8)
Output node (layer 5): In this layer, general output of the system is
calculated and the defuzzification process of the fuzzy value is
transformed to final value.
f ( x, y ) =

w1( x, y )f1( x, y ) + w 2 ( x, y )f2 ( x, y ) w1f1 + w 2f2
=
w1( x, y ) + w 2 ( x, y )
w1 + w 2

(9)
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Figure 4. Membership function for the “Time” input variable.

Figure 5. Architecture of the ANFIS model developed for this research.

_

_

_

Qi5 = f ( x, y ) = ∑ w .fi = w fi + w 2 f2 =
i

∑ w i fi
i

∑ wi
i

(10)

Application of the developed ANFIS network
In this stage, a model was developed based on the ANFIS to
predict the diameter of the soil particles that are smaller than 75
µm. In the model the time and the quantity of the NaPO3 were used

as input and soil particle diameter was used as output. The number
of the data set was 40 for training and 10 for testing, respectively. In
the training of the model a “hybrid learning algorithm” was used and
the number of epochs was chosen as 100. The number of the
membership function is 6 for each input and the total rules were 36
(6 × 6), respectively. The numbers of nodes were 101, linear
parameters were 108, nonlinear parameters were 36 and totally
parameters were 144, respectively, in the model. The error of the
model was 2.64817 and type of the membership function was
“trimf”, output membership function is linear. The membership
function, architecture, and the training process of the model are
shown below (Figures 4, 5 and 6).
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Figure 6. Training process of the ANFIS model.

RESULTS AND DISCUSSION
Being able to measure the soil grain diameter that
smaller than 0.075 mm is highly important for soil
research; in particular for the classification of the soil and
for drawing the granulometric curve.
As a result of this study, the effects of varying
quantities of NaPO3 on the diameter of soil particles were
investigated through experimental and ANFIS methods.
To determine the soil particle diameter a model based on
the elapsed time and the quantity of the NaPO3 was
developed using the ANFIS. The experimental results
and the results of the ANFIS method were compared. It
was seen from the hydrometer test results that the particle diameters of the soil have various values depending
on the quantity of NaPO3 and time elapsed. According to
the ts 1900 (TS, 2006), the soil particle diameters in the
solution prepared with 40 g NaPO3 was taken as
reference.
It was found that the average soil grain diameter for 0 g

NaPO3 was about 4.5 times greater than the reference
diameter, for 10 g was 3.9 times, for 20 g was 3.46 times,
for 30 g was 2.12 times greater. The hydrometer reading
could only be taken up to the 260th min for 50 g of
NaPO3 and for 60 g of NaPO3; the hydrometer could not
be read. The relationships between experimental results
and ANFIS model exhibited a good correlation.
2
The coefficient of determination was found to be R =
0.91 for the testing set with ANFIS. Based on the results
of the study, it could be said that the ANFIS method can
be used for modeling of the particle diameter of the soil
according to the time elapsed and the quantity of the
NaPO3. The experimental and ANFIS results of the
particle diameter are given in Table 3 and correlations in
Figure 7.
Based on the values of Table, the coefficient of determination between the experimental and ANFIS values is
shown in a graph (Figure 7) and the relationship between
the ANFIS model and experimental results is given as an
equation. The coefficient of determination was found to
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Figure 7. The correlation coefficient between the experimental and ANFIS model values.

2

be good at R = 0.91 (Figure 7).
REFERENCES
Andreola F, castellini E, manfredini T, romagnoli M (2004). The role of
sodium hexametaphosphate in the dissolution process of kaolinite
and kaolin. J. Eur. Ceramic Soc. 24(7): 2113-2124.
ASTM (American Society for Testing and Materials) E100-95 (2001).
Standard specification for ASTM hydrometers.
ASTM (American Society for Testing and Materials), d422-63 (1998).
Standard test method for particle-size analysis of soils.
Bittelli M, campbell GS, Flury M (1999). Characterization of particle-size
distribution in soils with a fragmentation model, Soil Sci. Soc. Am. J.,
63: 782-788.
Brandenburg U, Lagaly G (1988). Rheological properties of sodium
montmorillonite dispersions. Appl. Clay Sci., 3: 263-279
Buchan GD, Grewal KS, Robson AB (1993). Improved models of
particle size distribution: an illustration of model comparison
techniques. Soil Sci. Soc. Am. J., 57: 901-908.
Chang FJ, Chang YT (2006). Adaptive neurofuzzy inference system for
prediction of water level in reservoir. Advances In Water Resources,
29: 1-10.
Corbridge DEC (1980). Condensed phosphates. In studies in inorganic
chemistry, phosphorus, Elsevier, pp. 134-135.
Day PR (1965). Article fractionation and particle-size analysis. In: c.a.
Black et al., editors, methods of soil analysis, part 1, pp. 545-567.
Filgueira RR (2003). Time–mass scaling in soil texture analysis. Soil Sc.
Soc. Am. J. 67: 1703-1706
Firat M, Gungor M (2007). River flow estimation using adaptive neurofuzzy inference system. Mathematics and computers in simulation, 75
(3-4): 87-96.
Frank EJ (1995). A new reference method for testing hydrometers,
measurement, 16: 231-237.
Gee GW, Bauder JW (1986). Partical-size analysis. In a. Klute (ed.)
Methods of soil analysis part 1.physical and mineralogical methods.
2nd ed. Agron. Monogr.9. Asa and sssa, madison, wi: pp. 383-411.
Huertas FJ, Chou L, Wollast R (1999). Mechanism of kaolinite
dissolution at room temperature and pressure, part ii: kinetic study,
geochimica et cosmochimica acta, 63(19-20): 3261-3275.
Hwang IS, Kwang PL, Dong SL, Susan EP (2002). Models for
estimating soil particle-size distributions, Soil Sci. Soc. Am. J. 661:
143-1150.
Keren R (1989). Effect of clay charge density and adsorbed ions on the

rheology of montmorillonite suspensions. Soil Sci. Soc. Am. J. 53: 2529.
Kronberg B, Kuortti J, Stenius P (1986). Competitive and cooperative
adsorption of polymers and surfactants on kaolinite surfaces. Colloids
surfaces 18: 411-425.
Kura G, Oashi S (1974). Complex formation of cyclic phosphate anions
with bivalent cations. J. Inorganic Nuclear Chem. 36: 1605-1609.
Lagaly G (1989). Principles of flow of kaolin and bentonite dispersions.
Appl. clay sci. 4: 105-123.
Manfredini T, Pellacani GC, Pozzi P, Corradi AB (1990). Monomeric
and oligomeric phosphates as deflocculants of concentrated aqueous
clay suspensions. Appl. Clay Sci. 5: 193-201.
Nayak PC, Sudheer KP, Rangan DM, Ramasastri KS (2004). A neuro
fuzzy computing technique for modeling hydrological time series. J.
Hydrol. (29): 52-66.
Ozçalik RH, Uygur FA (2003). Efficient modeling of dynamic systems by
using adaptive network based fuzzy inference system, Ksu J. Sci.
Eng. 6(1): 36-47.
Ozgan E (2009a). Investigation of the effect of the quantity of sodium
hexametaphospath to the hydrometer test results with experimental
and statistical methods. J. Faculty Eng. architecture of Gazi
university, 24(1): 161-169
Ozgan E (2009b). Neural network based modeling of soil particle
diameters under varying quantity of sodium hexametaphosphate.
Asian J. Chem. 21(4): 2632-2642.
Sen Z (2004). Engineering fuzzy logic modeling with principles, water
foundation publications, p. 193, Istanbul, Turkey.
Thilo E (1965). The structural chemistry of condensed inorganic
phosphate. Angewandte chemie internatinal edition 4(12): 10611071.
TS (Turkish Standard) 1900-1-2 (2006). Soil laboratory tests in civil
engineering section 1: determining the physical properties, section 2:
determining the mechanical properties. Ankara, Turkey.
Turcotte Dl (1986). Fractals and fragmentation. J. Geophys. Res. 91:
1921-1926.
Tyler WS, Wheatcraft, SW (1992). Fractal scaling of soil particle-size
distributions: analysis and limitations, Soil Sci. Soc. Am. J. 56: 362369.
Van OH (1963). Peptization of clay suspensions, in an introduction to
clay colloid chemistry. Interscience, New York, pp. 112-113.
Volzone C, Garrido IB (1991). The effect of some physico-chemical and
mineralogical properties on the Na2CO3 activation of argentine
bentonites, Appl. Clay Sci. 6: 143-154.
Yildiz N, Sarikaya Y, Calimli A (1999). The effect of the electrolyte
concentration and ph on the rheological properties of the original and

.

Bektas and Ozgan

the Na2CO3-activated kütahya bentonite. Appl. Clay Sci. 14(5-6): 319327.
Young IM, Crawford JW, Anderson A, Mcbratney A (1997). Comment
on number-size distributions, soil structure fractals, 61: 1799-1800.

789

