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Abstract. The physical and mechanical properties of soy-
bean were determined at 8 to 16% moisture content. In this moistu-
re range, grain length, width, thickness, arithmetic average diame-
ter and geometric average diameter increased from 7.24 to 8.19,
6.79-7.12, 5.78-6.23, 6.60-7.18, 6.57-7.14 mm, respectively. The
volume of grain and area of grain surface increased linearly from
130.97 to 160.32 and from 125.46 to 144.39 mm?, respectively.
The sphericity, bulk density, true density and porosity decreased
linearly from 0.91 to 0.87, 766.12-719.00, 983.33-905.67 kg m™
and 22.58 t0 20.61%, respectively. The angle of internal friction in-
creased linearly from 27.37 to 31.81° with the increase of moisture
content. The static coefficient of friction increased from 0.385 to
0.571,0.304-0.441 and 0.164-0.286 for concrete, wood and galva-
nized steel surfaces, respectively.
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INTRODUCTION

Nowadays, soybean can be said to be a plant increasing-
ly important for agriculture, because it is one of the main
food sources in human and animal nutrition. It is a food
source which contains high quality protein and does not
contain cholesterol and saturated fatty acids. It is used in
food industry for fat products (gliserol, refined soybean oil),
complete soybean products and soybean protein products
(soybean flour or soybean crust). Soybean is produced at
about 195 000 000 tons in the world every year. The largest
soybean producer of the world is the USA. That country
produces nearly 2/3 of the total world production, followed
by Brazil, Argentina and China (Tas, 2003).

In Turkey, soybean cultivation began after the first
World War. It was cultivated firstly as a first crop in the
Black Sea region and the production reached 10 000-12 000 t.
After that it began to be cultivated as a second crop in
irrigable areas of the Aegean and Mediterranean regions.
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Nowadays in Turkey soybean is cultivated predominantly in
the Cukurovaregion. Soybean production increased steadily
from 1981 to 1987 in Turkey. Later its production decreased
to 50 000 or 60 000 tones. One of the important factors of the
decrease lies in the fact that companies responsible for the
purchase do not have suuffient storage systems (Ana¢ and
Ertiirk, 2003).

Nowadays, engineers greatly complicated systems in
the design of storage structures of crops and in the selection
of storage equipment. Both structural properties and
features of the stored material are important in the design of
storage equipment and facilities (Molenda et al., 2004).

Inrecent years, some studies on the physical and mecha-
nical properties which appear to be important in the storage
of granular products have been conducted intensively
(Karababa, 2006; Baryeh, 2001; Baiimler et al., 2004).

The aim of this study was to find out some physical and
mechanical properties of grain such as dimensions of grain,
sphericity, volume of grain, surface area of grain, bulk
density, true density, porosity, angle of internal friction and
static coefficient of friction in order to design soybean
storage structures.

MATERIALS AND METHODS

Soybean used as research material was provided by the
Unity of the Blacksea Agricultural Cooperation which is one
of the important agricultural cooperatives in Turkey.
Broken, split, spoiled and deformed grains were discarded
before samples were prepared for the experiment. The
equilibrium moisture content of the samples was determined
by drying them at 105+5°C in drying oven during 24 h.

The equilibrium moisture content under laboratory
conditions was taken as the reference for the desired
moisture content in soybeans. While drying was done to
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achieve conditions below the level of balance moisture, Eq.
(1) developed by Balasubramanian (2001) was used for the
conditions over the level of balance moisture and then this
amount was added to the moisture.

After desired amount of distillate water in samples was
calculated and applied, the samples were placed in poly-
ethylene bags individually and closed. The samples were
placed in a refrigerator in order to be uniformly moistured.
The samples were removed from the refrigerator and kept at
room temperature before the experiment was started. The
physical and mechanical proporties of grain were investiga-
ted at four moisture levels (8-16% d.b.). At every moisture
content, the length (L), width (), and thickness (7) were
measured for 100 soybeans using random sampling method
(Fig. 1). Length, width and thickness of the samples were
measured using a digital compass with 0.01 mm accuracy:

W (M= M,)
100— M ;
where: W; — dry sample weight (g), M, final moisture con-
tent of sample (%), M;— initial moisture content of sample (%).

The geometric average diameter (D) of soybean grain
was calculated using Eq. (2) as follows;

()

Dy = (LWT)*, 2)

The sphericity (¢), volume of grain (') and surface area
of grain (S) in the samples, depending on the shape of grain,
were determined using Eqs (3), (4) and (5) as described by
Jain and Bal (1997):

B(2L—B)]"?
¢=[(L2)} , 3)
7BI?
"~ 6(2L-B)’ @
BI?

where: B = (WT)O'S.

b3

Fig. 1. Characteristic dimensions of soybean.
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To determine the bulk density of the experimental
samples at different moisture levels, the method defined by
Mohsenin (1980) and Singh and Goswami (1996) was used.
Weight of a bulk density container of 1 000 ml volume and
108 mm height was used to determine bulk density. The bulk
density container was filled up to 5 cm above the top. The
soybeans were then allowed to settle into the container and
the bulk density was calculated from the following Eq. (6);

G, =Gy
=22 T 6
4 - (6)

where: y — bulk density (kg m'3), G — free weight of bulk
density bucket (kg), G, — weight of bulk density bucket with
hazelnuts (kg).

The liquid displacement method, as described by
Baryeh (2001) and Abalone et al. (2004), was used to
determine the true density of soybean samples. In this
method, toluene (C,;Hg) was used in place of water because
it is absorbed to a lesser extent by soybeans and its surface
tension is low. To calculate true density, the air dried weight
for samples was first determined. The samples were then
submerged in toluene and the displacement volume was
determined. In the second stage, the true density of samples
was calculated by using Eq. (7) as follows:

_ mg +m,,

= s 7
P=Y 4, ™

where: mg — weight of liquid (kg), m,, — weight of air dry
sample (kg), V; — volume of liquid (m3), V,, — volume of
sample (m”).

To determine the angle of internal friction of soybean
samples at the different moisture content the direct shear
method was used according to Uzuner (1996), Zou and
Brusewitz (2001), Molenda et al. (2002) and Mani et al.
(2004). The velocity used during the experiment was 0.7
mm min  and the angle of internal friction of samples was
calculated by using Eqs (8), (9) and (10) as follows:

N
o= y 100, ®)
where: 0 —normal stress (kPa), N—load applied over sample
(kg), A — cellular area (cmz),

T
T=—-100,

y ©)

where: 7 — stretch of cutting (kPa), Ty — strength of cut-
ting (kg),
t=(C+otg¢), (10)

where: C — cohesion.
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The static and dynamic coefficients of friction of sam-
ples were determined according to the method of Beyhan et
al.(1994). Wood, concrete (C30) and galvanized steel surfa-
ces were used as friction surfaces. During the experiment,
the test surface moved at a low velocity (2.4 cm s‘l). The sur-
faces were driven by a 12V adjustable direct current motor,
and the force of friction was measured by using a digital
dynamometer. The force of friction was taken into conside-
ration as an important parameter to determine static coeffi-
cients of friction. Static coefficient of friction was calculated
with constant force of friction read from the digital dynamo-
meter after the friction surface started to move. The static
coefficients of friction of the samples were calculated by
using Eq. (11) as follows;

Hy=—">, an
n
where: u , — static coefficient of friction, Fg — strength of

friction (N), W,, — normal strength (N).

RESULTS AND DISCUSSIONS

Mean values of the size dimensions of soybean at diffe-
rent moisture contents are presented in Table 1. As also seen
in Table 1, all the dimensions increased with increase of
moisture content within the moisture range of 8-16% (d.b.).
The relationships between the axial dimensions (L, W, T'and
Dg) and moisture content of grain (M) can be represented by
the regression equations:

L=6318+0.117 M.  (R?=0.99), (12)
W=6.460+0.041 M.  (R*=0.99), (13)
T=5360+0.055 M, (R?>=0.98), (14)
Dg=6.020 +0.070 M. (R?=0.99), (15)

by means of which the regression relationship was
determined. This results show that there is an important and
positive relationship between moisture content of grain and
axial dimensions of grain.
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The relationship between sphericity and moisture con-
tent of grain is shown in Fig. 2a. The sphericity of the sam-
ples decreased linearly depending on the increase of moistu-
re content. While the ratio of sphericity was 0.91 at a moistu-
re content of 8%, it was determined as 0.87 at moisture
content of 16%. Linearly negative change of sphericity
depending on the increase of moisture content can also be
observed in some grainy products such as groundnut, peanut
(Baryeh, 2001; Baryeh, 2002).

Volumetric change depending on moisture content of
grain is shown in Fig. 2b. The volume of grain of samples
increased linearly with the increase of moisture content. The
volume of grain increased from 130.97 to 160.32 mm?> when
moisture content changed from 8% to 16%. The relationship
between moisture content (M,.) and volume (V) can be
expressed by the following regression equation;

V'=102.45+3.64 M, (R*=0.99). (16)

The positive relationship between volumetric change
and change of moisture content of crops was also found in
some grainy products such as groundnut and corn (Baryeh,
2001; Karababa, 2006).

The surface area of grain (S) is shown in Fig. 2c. The
surface area of the samples increased with the increase of
moisture content. Figure 1 indicates that the surface area of
grain increases with increasing moisture content for
soybean. The following general expression can be used to
describe the relationship between moisture content (M) and
surface area of grain (S):

S =107.13+2.34 M, (R*=0.99). (17)

The same results for grainy products are given by
Paksoy and Aydin (2004) and Altuntas et al. (2005).

The change of porosity with moisture content is shown
in Fig. 2d. The porosity in samples decreased linearly depen-
ding on the increase of moisture content. The porosity (¢)
and the moisture content of soybean can be correlated as:

£=2475-025M. (R*=0.98). (18)

Table 1. Axial dimensions of soybean (standard deviation in parentheses)

Length Width

Arithmetic average ~ Geometric average

Thickness

Moisture content diameter diameter
(% d.b.)
(mm)

8 7.32(0.39) 6.79 (0.41) 5.78 (0.34) 6.60 6.57
10 7.49 (0.41) 6.88 (0.31) 5.92 (0.29) 6.76 6.73
12 7.77 (0.38) 6.97 (0.36) 6.05 (0.30) 6.93 6.89
14 7.93 (0.47) 7.06 (0.26) 6.12 (0.25) 7.04 7.00
16 8.19 (0.51) 7.12 (0.27) 6.23 (0.27) 7.18 7.14
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Fig. 2. Effect of moisture content on: a— sphericity, b— volume of grain, ¢ — surface area of grain, d — porosity, e—bulk density and true
density, f— angle of internal friction, g — static coefficient of friction.

Similar results were obtained from the studies con-
ducted on the relationship between the moisture content and
the porosity in some grainy products (Sagilik et al., 2003;
Kabas et al., 2005; Kingsly et al., 2006).

The bulk density of grains varied between 766 and 719
kg m™ and it decreased linearly with the increase of moisture
content. The true density of grains varied between 983 and
905 kg m™ and italso decreased linearly with the increase of
moisture content (Fig. 2e). The following general expres-
sion can be used to describe the relationships among moistu-
re content (M), bulk density (y) and true density (p):

y=809.47—583M, (R*=0.97), (19)

p=1062.40—9.88M, (R?=0.99). (20)

The regression equations indicate that the increase of
moisture content caused a decline both in bulk density and in
true density. It was also observed that the increase of moistu-
re content of grain depending on structure of fibre in grainy
products affected bulk density and true density in studies
made by Gupta and Das (1997), Baryeh (2001), Sahoo and
Srivastava (2002), Aviara et al. (2005), Altuntas et al.
(2005), Mwithiga and Sifuna (2005) and Yal¢in (20006).

The angle of internal friction and standard errors of
soybean samples are presented in Fig. 2f. The angle of inter-
nal friction increased with the increase of moisture content
in the samples. A positive linear relationship between the
moisture content and angle of internal friction was deter-
mined. Although the highest value for the angle of internal
friction (6 = 31.8°) was recorded at 16% moisture content,
the lowest value for the angle of internal friction (0 = 27.4°)
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was recorded at 8% moisture content. The relationship
between moisture content and angle of internal friction of
soybean was given by the following equation:

0=22.58+0.56 M, (R’=0.98), Q1)

where: 6 — angle of internal friction (°).

Molenda et al. (1998) also found in their study that the
angle of internal friction increased linearly with increase of
moisture content.

The static coefficients of friction and standard errors for
soybean depending on moisture content and surface (wood,
concrete, steel) are presented in Fig. 2g. It was observed that
the static coefficient of friction increased linearly with the
increase of the moisture content of grain for all three friction
surfaces.

While the highest value for the static coefficient of
friction (0.571) with the increase of moisture content of
grain was recorded for concrete — at 16% moisture content,
the lowest value for static coefficient of friction (0.164) was
recorded for galvanized steel surface at 8% moisture
content. The regression equations related to the static
coefficient of friction in samples and R values are given in
Table 2.

T able 2. Regression equations relating to static coefficient of
friction of soybean

Surface Regression equations

Galvanized steel u=0.035+0.016 M, (R*=0.98)
Wood u=0.156+0.018 M. (R*=0.99)
Concrete (C30) u=0.193+0.024 M, (R*=0.98)

Beyhan et al. (1994) suggest that the relationship bet-
ween friction surface and moisture content is important in
grainy products on static coefficient of friction. It was also
observed in this research that the static coefficient of friction
increased linearly with the increase of moisture content of
crop for three friction surfaces (wood, concrete, steel) in
soybean.

CONCLUSIONS

1. Shape of grain and characteristic dimensional pro-
perties such as length, width, thickness, the arithmetic ave-
rage diameter and the geometric average diameter, increa-
sed linearly depending on the increase of moisture content.

2. Sphericity decreased linearly with the increase of
moisture content.

3. Volume of grain and surface area of grain increased
linearly with the increase of moisture content
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4. True density, bulk density and porosity decreased
linearly depending on the increase of moisture content.

5. Angle of internal friction increased from 27.4 to 31.8°
for grain moisture content increase from 8§ to 16%.

6. Static coefficients of friction, depending on friction
surface, increased linearly with the increase of moisture
content. While the highest value for the static coefficient of
friction was recorded for concrete at 16% moisture content,
the lowest value for the static coefficient of friction was
recorded for galvanized steel surface at 8% moisture
content.
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