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1. INTRODUCTION

Silos are widely used structures for stored materials, especially agriculture [1]. Owing to its importance,
durability and safety have to be ensured by obtaining the correct dimensions, which are calculated based on the
action and forces applied on the walls of the silo. The European standard of Eurocode[2] is widely used to
determine the applied actions on the silo walls, and its formulas are based on analytical approaches ([3], [4]). For
more understanding of the bulk material behavior inside silos, many experiments have been performed ([5]-[8]).
However, some problems remain unresolved ([9], [10]). Another approach to evaluate the applied forces is the
numerical simulation, where recently, with the development of computer capabilities, numerical simulation of
silos is widely spread. Basically, there are two main numerical methods to perform a simulation of silos, the first
is the Finite Element Method (FEM) [11], and the second is the Discrete Element Method (DEM) [12].

For many years, the FEM was the most used tool to simulate the filling and emptying of silos ([13]-
[17]), and that is because of the limited capabilities of computers during the first spread period of the numerical
methods. FEM calculation is simple enough to perform by using the old computers, especially with some
simplifications, such as reducing the mesh size and performing static linear analysis. FEM simulations have been
performed by many researchers with results close to experimental tests(specifically the pressures applied on the
silo walls )[14]. However, this method is not able enough to simulate all particles behavior, such as the mass
flow and particle’s velocity. In addition, it is just a simplified procedure that is based on modeling the particles
as one solid object that occupies the volume inside the silo ([17], [18]), which is not the real case of the ensiled
material, where every individual particle is separated and has its own velocity and path. Furthermore, there are
many difficulties in solving the nonlinear problem with convergence results in the case of complicated
parameters and advanced element types.

Recently, the DEM is the most widely used technique to simulate the granular flow due to its accuracy
of behavior predicting and the obtained realistic results ([19]-[25]). The discharge rate ([26], [27]), segregation
([28], [29]), flow pattern ([30]-[32]), and the pressure distribution ([33]-[37]) are some of the most features that
are studiedby DEM. However, the inconvenience of this method is the computational time which can take days
or even weeks to perform the simulation. Unlike the FEM, DEM is based on creating a model of the individual
grain, and in the simulation process, multiple particles are generating to simulate the granular flow. The contact
between the particles is determined during the simulation and a new direction and velocity are assigned to every
particle based on the amount of contact overlap. This process is repeated every time step, which is calculated as a
fraction of Rayleigh’s time step criterion [38] and the normal range is between 10% and 40% of Rayleigh’s time.
“Upscaling” technique or “Coarse-Graining” is a common method that is usually used to reduce particles number
leading to reduce the computing time ([39]-[45]). It is based on scaling the size of the particle to represent a
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group of particles. This technique has been studied by many authors, see for example([46]-[48]),where they
found that it is possible to get an accurate prediction of results.

The present work analyses the numerical results obtained by usingfFEM and DEM models of a
cylindrical steel silo with a concentric hopper during the filling and discharging by using wheat material. The
vertical distributions of normal and tangential pressures on the silo walls, as well as the circumferential and
longitudinal stresses, were all studied. The numerical results obtained for the two methods were compared with
the analytical method of Eurocode. The discrete element method is a good technique for obtaining a great
simulation and dealing with real case problems. Unfortunately, its disadvantage is caused by the computational
time consuming compared to the FEM.

2. RESEARCH METHOD

In this work, we have performed two different simulations. The first is based on the finite element
method, and the second is on the discrete element method. The same silo geometry has been used in both
simulations but with a different bulk material model. In the FEM, we have considered the entire bulk material as
a solid object with appropriate nonlinear material properties, while the DEM uses a real particle shape based on
the multi-sphere method with the material properties of each individual grain. The bulk density behavior was
simulated by generating a huge number of particles to fill the silo.
2.1. Silo dimensions

The used silo in the simulations is designed by a research team at the Agricultural Engineering and
Sciences Department, University of Leon, Spain. Its geometry is divided into two parts of steel walls with a 3
mm thickness. The first is the vertical silo wall of 2 m height and 1 m in diameter. The second part is the hopper,
which has a 0.48 m height and an outlet with a 0.35 m diameter, see Figure 1[6], [7], [14].
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Figure 1. The dimensions and design of the used silo for both simulations.

2.2. Finite Element model

The FEM model of the steel silo and the stored material are completely simulated with the software
“ANSYS Workbench v17.2”.
2.2.1.Bulk material model

The granular material used to evaluate the exerting loads on the silo walls due to the stored material is
the dry wheat, with mechanical properties shown in Table 1. These characteristics are determined at the School
of Agricultural Engineering of the University of Leon, which contains: the density of the bulk material py,
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modulus of elasticity of the bulk Ey, the angle of internal friction of the stored material ¢y, the coefficient of
friction on the wall u, and Poisson’s ratio of the bulk vy, which has been deduced from the pressure ratio K,
using Equation (1) ([5], [14]).
K
= 1
VI1+k (1)

The other parameters such as the cohesion Cy, the angle of dilation vy, the density of the steel ps, the
modulus of elasticity of the steel E;, the Poisson’s ratio of the steel v, were adopted from the literature as shown
in Table 1.

Table 1. Characteristics of the bulk material and the steel silo.

The property The value
The density pp (KN / m3) 8.397
Modulus of elasticity Ey, (kPa) 10674
Cohesion C;, (kPa) 2

The characteristics of  Internal friction angle ¢y, (degree) 30.17°

the stored material: The angle of dilatancyy, (degree) 8.0°

Pressure ratio Ky (Filling) 0.333
Pressure ratio Ky (Emptying) 0.724
Poisson’s ratio vy ¢ (Filling) 0.25
Poisson’s ratio vy (Emptying) 0.42
The density ps (kN / m3) 78.6

The characteristics of ~ Modulus of elasticity Es (kPa) 2.1x10°

steel: Poisson’s ratio vs 0.3

Coefficient of friction on the wall u 0.2

2.2.2.Mesh element type

The element type SOLID45 is used for the 3D mesh of the stored material, which is defined by 8 nodes
having three degrees of freedom at each node (translations in the nodal directions x, y, and z). The SHELL281
element was used to model the silo wall, which has 8 nodes with 6 degrees of freedom at each node (translations
in the X, y, and z axes, and rotations around the X, y, and z).
2.2.3.Contact type

The simulation of the contact between the silo walls and the bulk material is performed with the most
helpful type for this case, namely “no separation”. The Coulomb friction model was used to define the
interaction between the silo wall and the stored material. The friction coefficient between the wall and the stored
material is the onlyrequired parameter to simulate this interaction. To avoid certain convergence problems, a
distance of 0.1 mm has been taken into account between the silo wall and the stored material. The friction
coefficient is introduced with the APDL command.
2.2.4.Boundary conditions

To calculate the pressure on the silo, according to the Eurocode classification, the walls are assumed to
be rigid, the reason why all movements of the nodes simulating the silo wall have been blocked. In the stress
analysis, only the vertical displacement of the nodes placed on the transition was blocked. Some additional
blockings were required, the displacements of the nodes of the stored material located in the outlet were blocked
for the filling analysis. This blockage was deleted when the discharge began. The only load taken into account in
the analysis is the total weight of the stored material, the density of which is (8.397 kN/m3).
2.2.5.Material model

The behavior of the steel wall was represented by an isotropic elastic linear model. No plasticity was
considered for the steel wall since theexpected stresses are very far from the elastic limit. Only two parameters
are necessary to define the behavior of the steel wall: the Poisson’s ratio vs and the modulus of elasticity E..

The model of the stored material was simulated with an elastoplastic behavior law. The elastic part was
represented by an isotropic linear model, using thematerial parameters: the modulus of elasticity E, and the
Poisson’s ratio v,. In contrast, the plastic part was defined by the perfectly plastic criterion of Drucker-Prager
with its three necessary parameters: the internal friction angle ¢y, the cohesion C,, and the dilatancy angle
p[14]. The classic Drucker-Prager model is assigned to the stored material with an APDL command.
2.2.6.Simulation process

The simulation of the gradual filling of a silo can be carried out with two possible approaches. The first
is to apply all the material at each moment, and its density gradually increases. The second approach consists of
creating several layers of matter with their complete density py,, and at each moment, one layer is activated until
the last layer. The second approach is called “layer by layer”, it was used to simulate the filling in this work
using the “Birth and Death” function in ANSYS (Figure 2). The analysis is considered static in the case of filling
(the influence of speeds and accelerations can be neglected). The “Newmark” method was used for the dynamic
analysis of the emptying.
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Figure 2. Bulk material deformation shows the gradual filling of the silo with the “layer by layer” approach.

2.3. Discrete Element model
2.3.1.Particle model

The particle model has been obtained from [49], where the clump of three spheres is used. The radiuses
of every sphere are 1.25 mm, 1.5 mm, and 1.25 mm respectively, as shown in Figure 3. The distance between the
centers of the spheres on the edges was 1.5 mm (Figure 3).
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Figure 3. Particle model of the wheat grain.

All mechanical parameters of wheat particles used in DEM simulation are indicated in Table 2. The
particle has Poisson’s coefficient v, of 0.4, the density p, of 1430 kg/m3, and the shear modulus G,= 5.58x10°8
Pa. Silo walls are made of steel with the same parameters as the finite element model. Hertz-Mindlin no-slip
contact model was used to model the interaction of wheat and silo walls where three parameters are needed, the
static frictioncoefficientu,, restitution coefficient G,, and the rolling frictioncoefficientf, see Table 2[50].

Table 2. Mechanical parameters of the wheat particle.

Parameter Value
Poisson’s ratio v, 0.4
Density p, (kg/m3) 1430
Shear modulus G, (Pa) 3.58x10°

Wheat-Wheat: 0.5
Wheat-Steel: 0.6
Wheat-Wheat: 0.3
Wheat-Steel: 0.25
Wheat-Wheat: 0.01
Wheat-Steel: 0.01

Coefficient of restitution G,
Coefficient of static friction o

Coefficient of rolling friction f

2.3.2. Simulation process

The DEM model was simulated by using EDEM Academic software [51]. The first step in the
simulation was filling the silo with particles where a cylindrical generator was used to randomly generate
particles at the top of the silo without any initial velocity. These particles were allowed to fall under gravity force
to fill the entire silo progressively. The generator is deleted when the silo is completely filled. The wall closing
the hopper outlet was removed, allowing the discharge simulation to proceed after particles reached the static
state where the kinetic energy is almost null (Figure 4). We used 30% of Rayleigh’s time as a time step for this
simulation. Due to the relatively large silo size, the simulation process could take a very long time. We used the
upscaling technique with a particle radius scale factor of 10 to generate fewer particles number and to speed up
the simulation.
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Figure 4. Simulation process of the filling and emptying of the virtual silo.

3. RESULTS AND DISCUSSION
3.1. Pressures

Figure 5 shows the values of the normal pressures calculated by Eurocode 1 part 4 and those obtained
by both simulations FEM and DEM for both cases: filling and emptying. In the filling case, the pressures
obtained by FEM are slightly lower than the EC, unlike the DEM pressures, which are slightly higher than those
obtained by Eurocode along the vertical wall, except for the lower part where the two curves are almost the
same. A slight reduction of DEM pressure can be seen at the bottom of the vertical wall, where it is equal to 3.6
kPa;however,the pressure evaluated by EC is 5.4 kPa. For FEM pressure, this reduction is more significant, and
it has a negative value (-6.6 kPa). This is a typical trend that has been observed experimentally [52] and
numerically ([53]-[55]). Itis effectively caused by the material behavior at this point and the contact type for the
FEM model. The compression force appliedfrom the bin particles on the inclined hopper particles, makes the
material deformed to the inner side at the point where the bin meets the hopper. The contact type “No
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Figure 5. The values of the normal pressures in the silo walls due to filling and emptying by the FEM, DEM,
and EC.
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separation” prevents the material and the wall from separating,leading to a negative pressure value. The DEM
model is different,i.e., the particles can separate freely from the walls so that the pressures are just reduced
without a negative value. For the transition area, the pressure experienced a peak value(18.4 kPa for EC, 22.7
kPa for FEM, and 10.8 kPa for DEM), as widely observed by [7], [14], [52], [56], and it starts reducing over the
hopper wall gradually. The leadingcauseof this tendencyis the sudden change of particle direction from the
vertical to the hopper inclination angle [57].The peak value obtained by FEM is greater than that obtained by EC
or DEM. Besides, unlike the vertical walls, the pressures of FEM are slightly greater than the DEM’s casealong
the hopper walls. On the other hand, the pressure obtained by EC is high compared to those calculated by FEM
and DEM along the hopper walls.

The emptying case has greater values than the filling [52], andthe pressures of FEM and DEM are
almost the same along the vertical walls, except at the bottom of the bin walls where the same behavior appears
as the filling case. The peak value of DEM is greater than the FEM at the transition zone. Nevertheless, the
pressures obtained by FEM are greater along the lower part of the hopper. EC for the emptying case has greater
values than both FEM and DEM results except the peak value of the transition zone, where the DEM pressures
are more significant.

The tangential pressures obtained by FEM, DEM, and Eurocode are shown in Figure 6 for filling and
emptying cases. DEM and EC values are roughly equal for the vertical wall, while the EC has greater values
along with the hopper. However, the hopper experienced a higher DEM peak value than EC at the transition
zone of the emptying case (11.8 kPa for DEM and 5.1 kPa for EC). FEM pressures are lower than both EC and
DEM pressures for both the filling and emptying cases.

Tangential pressure of filling Tangential pressure of emptying
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Figure 6. The values of the tangential pressures in the silo walls due to filling and emptying by the FEM, DEM,
and EC.

3.2. Stresses

For the circumferential stresses sXX (Figure 7), the results obtained by FEM and DEM are almost
identical for both filling and emptying, except for the hopper walls of the emptying case, where DEM values are
more significant. EC values are very close to the simulations of the filling case, particularly in the vertical wall
of the silo. For the emptying case, the results of EC are slightly greater than both simulations at both walls, the
vertical wall, and the hopper except at the transition area, where the peak value of DEM is greater than the EC
one.

Longitudinal stresses sYY are shown in Figure 8, representing theFEM, DEM, and EC results in the
case of filling and emptying. The stress curve has negative values at the bin walls and positive values at the
hopper. This returns to the blocked nods at the transition zone, where the bin part is under compression and the
hopper is under traction. The sYY results of DEM are greater than FEM for both cases and the EC values are
between the FEM and DEM values at the bin, while at the hopper the EC values are greater than both
simulations.
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Figure 7. The values of the circumferential stresses in the silo walls due to filling and emptying by the FEM,

DEM, and EC.
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Figure 8. The values of the longitudinal stresses in the silo walls due to filling and emptying by the FEM, DEM,
and EC.
4. CONCLUSION
The aim of this work is to simulate numerically the filling and the emptying of a steel silo with a
concentric hopper by using two methods, the finite element and the discrete element methods, where the
obtained results are essentially the pressures and stresses. A comparison between these two numerical methods

and the analytical method of Eurocode is presented.
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According to the results obtained by the numerical simulations of the silo during filling and emptying, it
can be seen that the obtained pressures are close to those calculated by the Eurocode for both cases.

The hopper experienced a reduction of pressure values with DEM. However, the transition peak values
have high values due to the emptying case compared to EC.

The values obtained by DEM simulation are greater than those obtained by FEM for the pressures and
the stresses.

By comparing the numerical simulation (DEM) with the analytical method (Eurocode), we can notice
thatthe obtained circumferential and longitudinal stresses are almost the same for the two studied cases.

FEM has remarkably lower tangential pressure and stress values than the EC and DEM simulations.

DEM simulation has the ability to simulate the complex behavior of the granular flow better than FEM,
and even more, we can see clearly that at the bottom of the vertical walls, the FEM gives an unrealistic negative
pressure.

Even using the upscaling technique with a scale factor of 10, the DEM results are still more accurate
than the FEM simulation.

These results show the power of the discrete element method to simulate the granular material inside
the silo for both filling and emptying. This capability allows us to easily manipulate the simulation of material
behavior and deduce that we can apply it for more specific and complex silo problems.
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