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ABSTRACT: For the calculation of silos structures it has been used new methods and
computational tools that require mechanical properties knowledge that are still unknown for most
storable materials, especially grains. In this context, we aimed to determine the mechanical
properties of rice and beans grains with moisture contents of 10, 12, and 14% by applying four
compressive loads (5, 10, 15 and 20). The determined mechanical properties were Poisson's ratio
(v), Modulus of Elasticity (E), and the dilatancy angle (y). The procedure consisted in the
application of the load in compression cell, adapted from MOLENDA & STASIAK, aiming to
simulate loading and unloading of silos. We observed that the Poisson's ratio calculated for both
loading and unloading, presented higher values than the experimental values, with the increase of
their moisture content; the experimental elastic modulus presented higher values than the calculated
ones, and both increased their values with the increase of their moisture content; the dilatancy angle
decreased with the increase of moisture content and compressive loads.
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INTRODUCTION

The storage, handling and processing of granular products are necessary procedures in various
industrial sectors and are interesting to various sciences and technology braches, such as physics,
chemistry, mechanics, agriculture and engineering. The necessary procedures for the proper storage
and process of granular products must combine the basic conditions such as predictable and safe
operations and high quality of finished products, and due to the globalization of these processes,
theses industries have found themselves under constant pressure to reduce costs without affecting
their products quality (HORABIK & MOLENDA, 2014).

According to LOPES NETO et al. (2013), among the main difficulties faced by the industries
that work with storage products, there is the formation of cohesive arches that prevent partially or
completely the unloading and it is intrinsically related to the silos geometries and hoppers as well as
the physical properties, the flow of solid products and the environment conditions such as
atmospheric pressure, temperature and relative humidity.

The use of numerical simulation tools on previous studies has as main focus the improvement
in the transport processes and handling of storable products. However, for these simulations to be
carried out is necessary to know the mechanical properties of these products and their behaviour
during rupture. (GUSTAFSSON et al 2013).

RAMIREZ et al. (2010) ensure that the data about the mechanical properties as modulus of
Elasticity (E), Poisson's ratio (v) and the dilatancy angle (y) of the storable products are important
to these simulation tools. However, according to MOYA et al. (2013), this information is not
commonly found in literature. Therefore, values found by various methods or even assuming
values from other properties, which may result in inaccuracies in the current models.

Among the simulation techniques of pressure and flow in silos, we highlight the modelling by
discrete elements that allow the mechanical, static and dynamic behaviour of storable products to be
simulated (GONZALEZ-MONTELLANO etal., 2011). This technique is based on a scheme where
each particle of a system is simulated individually — a requirement when dealing with granular
products. The movement of this granular system is modelled by adopting the classical Newtonian
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laws of motion. The particles, when in motion, are considered rigid and in constant contact with
each other, whose interaction is monitored by force and displacement transducers, expressing the
force involved in this system.

In order to contribute to greater accuracy of computer simulation models in the industrial
storage area, the present study aimed to determine the mechanical properties of two agricultural
products with moisture content, through uniaxial compression tests.

MATERIAL AND METHODS

The modulus of Elasticity (E), Poisson's ratio (v) and the dilatancy angle () of two storable
products, rice and bean grains in moisture contents of 10%, 12% and 14% were determined. For the
tests, we built a cell to determine the mechanical properties consisting of two semicircles (A -
attachment point to the base and B — free end) with 125.0mm of radius and 200.0mm of height,
made of steel plate with 6.35mm of thickness (Figure 1). The tested compression cell model was
adapted from MOLENDA & STASIAK (2002).

FIGURE 1. Compression cell for mechanical properties determination.

The cell had two side tabs where were placed four aluminium bars with average modulus of
elasticity of 16.8GPa (value found in traction trial), and each bar was instrumented with an
electrical extensometer connected to a data acquisition system Spieder8 600Hz manufactured by
HBM, whose data were analysed by Catman software, 4.5 version. On the top of the cell was also
instrumented with a 30kN load cell and a unidirectional displacement sensor to record the
compression force acting on the mass and its vertical displacement (Figure 2).

A

FIGURE 2. Cell instrumented and filled with grains.

We used a universal testing machine Autograph AG-1S Shimadzu model of 100kN capacity
for the test. The experimental procedure consisted in applying compressive loads of 5kN, 10kN,
15kN and 20kN on each product, for each moisture content. Briefly, the compression was applied
in the product until the value of 5kN and subsequent the equipment was unloaded. Then, the
product was removed from the cell, manually uncompressed and reapplied the previous load. This
procedure was repeated four times for the four chosen compression loads.

Each test consists basically of two stages of loading and unloading. This last one was divided
in other two stages, the first considered rectilinear and the second curvilinear. The loading
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characterized by the products compaction is equipped with two simultaneous phases in the material:
reversible phase (elastic) and irreversible phase (plastic), based on the elastic-plastic theory. The Kq
factor calculated in the loading stage represents the relation between horizontal pressure, oy, and
vertical pressure, oy, thus having a linear dependence. For the loading phase, the Poisson's ratio (v¥)
could be found by the [eg. (1)]:

v = kg
1+ kg 1)
that,
v* - Poisson's ratio in loading,

ko — represent the relation between the horizontal and vertical pressure.

The second stage of the test (unloading) was divided in two stages; in the first, the linear
fraction (rectilinear) is characterized by elastic deformation; in this stage the information about the
elastic constant is extracted (modulus of elasticity — E, and Poisson's ratio - v); and the second stage
is characterized by elastoplastic deformation. We consider that the material is reversible and then
ruled by the fundamental law of Hooke.

The elastic constants were determined from the experimental data of the linear stage of
unloading, obtained by the relation between horizontal pressure (cx) and vertical pressure (cy), thus
considering the constants (elastic state of tension). Through the linear regression procedure the
experimental values were determined by the slope of the straight line, the constant A, and the
Poisson's ratio (v) found by the [eq. (2)] below:

A

v = —

1+A )
where,

v —Poisson’s ratio in the unloading,

A — elastic constant.

The modulus of elasticity (E) was determined by the ey(oy) relation of the [eq. (3)], with
experimental values of ey and oy and by the Poisson’s ratio (v), determined as described in the
[eq.(2)]. The dilatancy angle (y) used to determine the influence of the pressure distributions on the
wall of the silo during the loading and unloading was determined using the values of vertical and

horizontal deformation, as exposed by the [eq. (4)]. Further details of the applied methodology can
be found in COSTA et al. (2014).

o, 2
&g 1-—)
E ( 1-v ©)

where,
ey — vertical deformation;
oy —Vertical pressure;
E - modulus of elasticity,

v — Poisson’s ratio.

L 4)
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v - dilatancy angle, (°);

Agy - Variation in the vertical deformation over time, m;
Agy - Variation in the horizontal deformation over time, m;
ho - Initial height of the sample, m,

L - Initial length of the sample, m.

RESULTS AND DISCUSSION

We observed in Figure 3 that the modulus of elasticity found for the grains of rices showed
behaviour in accordance with the increase of values whenever a new charge was added.
Numerically, the lowest values were found in grain with moisture content of 12%, indicating less
resistance to fracture in this moisture.
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FIGURE 3. Modulus of elasticity for grain of rice.

When STASIAK et al. (2011) determined the modulus of elasticity for canola and using a
compressive load of 10kPa, they conclude that the values decreased when the moisture content
increased, a fact that corroborated partially with the results of this study. A difference between the
two studies that should be highlighted is the difference in the shape of the two products, the grain of
rice has a more oblong shape, which can interfere with many factors such as, for example, its
resistance to rupture.

For the bean, Figure 4, we observed an increase of the modulus of elasticity with the loads
increase, the lowest values of 40.8MPa obtained to the load of 5kN and the highest value of
96.8MPa to the load of 20kN, representing an increase of 58% between the two loads for the
product with 10% of moisture. We found the lowest values of the modulus of elasticity in the
moisture of 14%, indicating a reduction in resistance with the increase of water content in the
material.
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FIGURE 4. Modulus of elasticity for bean.
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WANG & LI (2014) quote that variations found for modulus of elasticity of grains can be
explained due to the influence of several factors such as macroscopic density of particles, tension
state imposed to the tested mass, tension history, variation in particle size fraction, differences
between the form factor and roughness of the particles, union power of the material membranes,
among others. This statement can be adopted as reference in order to explain the variation observed
in Figure 4 because the load increase tends to affect the characteristics mentioned above.

In full scale, the compressive loads developed in the storage process can also change some
properties, in special the particle size distribution and shape of the material. In the case of
agricultural products, these changes, especially in the product shape with higher moisture content,
may result significant changes in its mechanical properties (AL HATTAMLEH et al., 2013).

In Figure 5, we can observe that the values found for the Poisson’s ratio (v*) calculated for
the grain of rice with 10% of moisture showed an increase of the values up to 15kN in the loading
stage. The v* for loading showed the same behaviour for the same stage to 12% of moisture. For
the moisture content of 14%, the values of vey. showed oscillation, with the highest values for the
loads of 5kN and 15kN and the lowest values for the loads of 10kN and 20kN, with an average
value of0.1.
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FIGURE 5. Poisson’s coefficient for grain of rices.

MOLENDA & STASIAK (2002) identified the maximum value for the Poisson’s ratio (v) of
0.22, obtained for wheat grains with moisture content of 10%; when GUSTAFSSON et al. (2013)
studied the possibilities of solid material rupture they determined the average coefficient of 0.21
and this value is within the limit from 0.15 to 0.35, quoted by the authors.

For the design projects, the POLISH STANDARD — PN-89/B-03262 recommends the use of
a Poisson's ratio of 0.4 for agricultural products. MOY A et al. (2013) applied the same loads used in
this study to determine the Poisson’s ratio for corn, lentils and wheat grains, where they concluded
that the value of this property tend to decrease with the applied load increase, an opposite fact to the
one observed in this study. In numerical terms, the authors found values ranging from0.29 to 0.34,
superior numbers to the ones showed here to bean and below the value of 0.4, recommended by the
POLISH STANDARD - PN-89 /B-03262 (1989 ).

Due to the wide variety of agricultural products, with even greater range of differences when
analysed their properties such as shape, weight, size, type of surface, among others, it is possible the
representation of the Poisson’s ratio for agricultural products by only a single value, as
recommended by the Polish norm, it is not the most appropriate condition, therefore being
necessary the determination of specific values for each of them.

In figure 6, we can observe that the Poisson’s ratio values calculated for the loading and
unloading showed similar behaviour for the three moisture contents in which the values increased
with the increase of the compressive load. As for the experimental Poisson’s ratio (Vexp.), We
registered an inverse order to each value of applied compression, with maximums for the lower load
(5kN) and minimums for the higher load (20kN). This phenomenon can be explained by excessive
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loss of stiffness characteristic of agricultural products, especially bean, when submitted to higher
moistures, beyond its cylindrical shape, allowing greater distribution of internal tension at the
compression time and, consequently, higher compressive effect.
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FIGURE 6. Poisson’s coefficient for beans.

For the 10% moisture content, the v* for the loading stage did not show significant variation
to the initial loads, reaching a value of 0.16 to 20kN load, which represents a 50% increase. The
Vexp. Showed, for the 5kN load, its highest value of 0.12, suffering a decrease with the increase of
load, until it reaches the lowest value of 0.08, a trend that was already observed by MOYA et al.
(2013).

When STASIAK et al. (2010) worked with canola for four moisture contents and using the
100kPa pressure, they found that the elastic constants obtained tended to decrease with the increase
of the product moisture. These authors found, for the Poisson’s ratio calculated for the loading
stage, the values of 0.27, 0.26 and 0.23 for the moisture contents of 9%, 12% and 15%,
respectively. This reduction effect of the property with the increase of moisture content is
corroborated with the Modulus of Elasticity results of this study, but it is in disagreement with the
recorded for the Poisson's ratio, requiring therefore confirmation by new tests.

For the moisture content of 12%, the Poisson’s ratio values in the unloading (v) were superior
to all loads, when compared to the loading stage. For the vexp., the highest value (0.15) was recorded
for the combination of lower load with higher moisture content. Referring only to loads, we can see
that the lower the compressive load is the bigger will be the vey. Value, regardless of the moisture
content analysed.

The Figure 7 illustrates the dilatancy angle values (y) of grain of rices, where we observe the
reduction in the dilatancy angle (y) with the increase of the compressive load and simultaneously
the increase of its value that raised the moisture content in the material; and the highest value for
5kN load and humidity of 14% equal to 28.5°. This phenomenon agrees with the one registered by
CHAKRABORTY & SALGADO (2010) that observed the dilatancy angle (v) of sand grains tend
to reduce due to the density variation and the increase of compression pressure.
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FIGURE 7. Dilatancy angle for grain of rices.
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The dilatancy angle (y) values obtained for the moisture content of 12% showed decrease
with the highest value (24.83 °) for 5 kN and the lowest value (11.69 °) for 20kN, difference of
52.92%; moreover, for the same moisture content we observed that the value obtained for 20kN is
still lower than the 10% moisture content, for the same load.

In Figure 8, where we can observe that the dilatancy angle (y) values found for bean with
moisture content of 10% were intermediate between the remaining moisture contents tested, which
may be taken with a reference value for simulations number.
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FIGURE 8. Dilatancy angle for beans.

We observed that the dilatancy angle (y) values tend to decrease with the increase of moisture
and load up to 15kN, with subsequent increase in the next load, especially for the 14% content,
reaching a maximum of 37°. This phenomenon agrees with STASIAK et al. (2013) that concluded
that the mechanical properties of granular products might present a reduction in their values due to
the increase of moisture. The fact of the increase recorded for the last load can be the result of
accommodation of the material in the cell and that, if proven, will not be repeated in loads greater
than this.

CONCLUSIONS

1. The modulus of Elasticity of agricultural products showed increase with the addition of
loads and decrease as it increased the moisture content.

2. For the Poisson’s ratio calculated for the loading stage (v*) and unloading (v) showed an
increase of their values with the increase of the load, for all moisture contents. The
experimental Poisson’s ratio (vexp.) showed a decrease of values with the increase of

loading, regardless of moisture content.
3. The dilatancy angle of grains decreased with the increase of compressive load and moisture

content of the material.
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