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ABSTRACT
Computer simulation of bulk materials behavior, including comminution and fragmentation, using DEM has been
growing fast, recently. One of the important tasks to get the reliable simulation results is to provide proper materials and contact parameters, which need to be determined in a series of laboratory experiments. For comminution
simulation the additional parameters describing the breakage probability and breakage functions are necessary.
While some simulation parameters are available in the literature for brittle materials, valid data are lacking for biomaterials such as cereal, rice or corn grains, especially for comminution parameters. The aim of this study was to
present the calibration approach and determination of materials, contact, interaction and breakage parameters for
grainy biomaterials. The calibration process was done for rice and corn grains. The calibration approach consists of
grains size distribution and shape characterization, friction and restitution coefficient determination, and breakage
probability description. Based on the results of the experiments, the models were created in the DEM software. The
result was the set of calibrated parameters for rice and corn grains.
Keywords: DEM, comminution, angle of repose, restitution coefficient, breakage probability, biomaterials.

INTRODUCTION
The computer simulation of the behavior of
bulk materials, including comminution and fragmentation, using DEM has been growing rapidly
recently. One of important tasks to obtain reliable
simulation results is to provide proper materials
and contact parameters, which needs to be determined in a series of laboratory experiments. For
a comminution simulation, additional parameters
are necessary to describe the probability of breakage and breakage functions. While for brittle materials some simulation parameters are available
64

in the literature for the probability [1] and statistical crack characteristics [2], for biomaterials such as cereals, rice, or corn grains, there is
a lack of valid data, especially for comminution
parameters.
Biomaterials, also called biological resources, show considerable diversity [3], even within
a species [4], which makes it difficult to model
machines and devices for processing in terms
of efficiency [5] and energy consumption [6].
Obtaining information about the properties of
materials is a basic step in the analysis of their
processability, in particular the probability of
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cracking and the cracking function. Many works
are devoted to ecological aspects that define the
relationship between the processed plant material, the machine’s working units, and the processes involved. Understanding these relationships
contributes to improved process efficiency [7],
maintaining the good quality of the final product [8], reducing energy consumption [9], and
the amount of waste generated [10] along with
their neutralization according to the principles
of sustainable development [11]. Furthermore,
the assumptions of economy 4.0 [12] emphasize
the importance of efficient and sustainable use of
resources [13], including cereals considered the
basis of food security [14].
Currently, among cereals, it is maize [15] and
rice [16] that are the most important crops and raw
materials in the world; they can also be classified
as the most productive [17]. They are the main
source of food, feed, and raw materials in many
areas. Among cereal crops, maize is the largest cultivated area in the world and is the most processed
material [18], while rice is the staple food of 1/3
of the world’s population [19] and therefore plays
an important role in the agri-food industry [20].
The correct selection of the operational parameters
of the equipment to cut, harvest [21] and processing (e.g., shredding) these plants [22] guarantees
the knowledge of the mechanical properties of the
stalks [23], cobs, ears, and kernels [24] also fragmented [25] of both maize [26] and rice [27]. In
previous studies, the selected mechanical properties of corn kernels and the fracture energy were
determined [28]. It has also been empirically confirmed that the mechanical properties that cause the
fracture, such as force, energy, and stress, depend
on the grain size and, more precisely, on the thickness [28]. While analyzing the literature, one can
find works devoted to the influence of the drying
process of grains on their hardness and susceptibility to grinding [29], but also works that ambiguously describe the method of calculating and measuring the energy of the fracture. However, they do
not indicate to what moment of fracture they refer
to in accordance with the ASAE S368.4 DEC2000
(R2008) [30] standard.
For the improvement of DEM simulation
models, it is necessary to obtain reliable data
conditioning the accuracy of the simulation test
results [31]. The interaction properties important
in DEM modeling are the restitution coefficients
[32], static and rolling friction [33] and the angle
of repose [34].

The scientific literature still lacks models
describing the probability of breakage of various kernels, in particular maize and rice kernels,
which are the most important food, feed, and energy in the world.
There are still few research centers involved in
the study of the physical and mechanical properties
of grains, and the available ones differ in the methods used and the test conditions. When grinding
cereal grains, for example, in wheat, an increase
in fracture energy was observed with increasing
mass [3] (greater grain thickness, greater force
and thus the energy necessary for grinding) [5].
The subsequent available work [35] ambiguously
describes how the fracture energy was measured
(or calculated). In the scientific literature, there
have been attempts to describe the probability of
fracture of materials using known distributions
taking into account the influence of moisture [36]
also comparatively for two types of maize [37].
However, the most of available research studies
take into account hard materials, especially minerals [38] and rocks [39], but also the cracking of
droplets [40]. There are still no parameters for biological (cereal) materials such as rice or corn.
The purpose of this study was to present the
calibration approach and determination of materials, contact, interaction, and breakage parameters
for grainy biomaterials, in particular for corn
grains and rice.

MATERIALS AND METHODS
In this study, the input parameters for DEM
modeling of bulk materials (rice and corn) comminution were determined and the calibration
procedure was shown as well. The research included both an experimental part and a simulation approach using RockyDEM software (see
Figure 1). The calibration approach consists of
characterization of grain size and shape, determination of the coefficient of friction and restitution, and description of the breakage probability
(Figure 1). Based on the experimental results, the
models were developed in the DEM software.
The result was the set of calibrated parameters for
rice and corn grains.
Particle size and shape characterization
The grains used in this study were rice and
corn, which are commonly available for sale. The
65
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Fig. 1. Scope of the research

grains were pre-cleaned before the tests. The moisture content of the corn grains was 12.234% and of
the rice grains 11.342%. For determination of size
and shape, the particle size analysis was performed
using the Camsizer device according to ISO standard 13322-2:2006 [41]. As a result, a cumulative
distribution of particles size was obtained. Additionally, images of the grains were taken under stereoscopic microscope OptaTech with 15× zoom.
Then, 100 grains of rice and corn were selected and their dimensions (width, height and length)
and mass were measured using an electronic caliper and analytical scale MAC 210/NP (RADWAG,
Radom, Poland), respectively. The selected grains
were further subjected to compression tests.
Static and rolling friction
The test apparatus shown in Figure 2 was
used to measure the static friction between particulate materials and the wall material. This is a
simple experiment, simulating the decomposition
of forces on an inclined plane, where first a particle is placed on a fixed wall material and then

the wall material sample is slowly tilted until the
particle is set in motion. This moment is recorded
and a digital protractor is used to read the angle
of tilt at which the gravitational force component
of the particle overcomes the frictional force that
has held it stationary up to that point. The coefficient of static friction between the particle and
the contact material μs-pw is determined from the
measured angle αs-pw using the equation [42]:

𝜇𝜇!"#$ = tan&𝛼𝛼!"#$ (

The problem arises with grains with a spherical or cylindrical shape. That is, grains that have
a much lower coefficient of rolling friction than
static friction. These will start to roll off the wall
material much sooner than slide. This effect needs
to be eliminated by gluing some particles together. With a particle surface formed in this way, the
free rotation of the grains is prevented and only
static friction is measured, not rolling. To determine the static friction between two particles μs-pp
the same procedure was used, replacing the wall
material sample with another particle surface.

Fig. 2. Static friction coefficient experimental determination
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The coefficient of rolling friction is a discussed topic among DEM modelers, as evidenced by the number of publications dealing
with this issue [43, 44]. The same measurement
methodology as for the static friction coefficient
was also used for the rolling friction coefficient
μr. Due to the variety of particle shapes, it was
not possible to determine the coefficient of rolling friction completely and accurately for all
corn and rice particles. The coefficient of rolling friction was therefore used as a variable calibration parameter in the repose angle tests. For
contact models in DEM, the coefficient of rolling friction is a function of particle shape, not a
material property. This issue is discussed in publications such as Wensrich and Katterfeld (2012)
[43]. They argue that shape plays an important
role in the behavior of particulate materials, but
unfortunately it is one of the properties that is
very difficult to model accurately [43]. Rolling friction provides a simple way to introduce
particle shape-based behavior into a model, but
there are many open questions associated with
this technique for now.
Restitution coefficient
The coefficient of restitution is the ratio of the
final to the initial relative velocity between two
objects after they collide. It usually vary from 0
to 1, where 1 would be a perfectly elastic collision. The coefficient of restitution can be thought
of as the degree to which the mechanical (kinetic
or potencial) energy of bodies is conserved when
they bounce off a surface or another body [45].
Thus, in general:

energy to particle B, which bounces on the pendulum to height h2. The coefficient of restitution
of the two particles can then be determined from
the heights or velocities of the particles on the
pendulum before and after the impact. Experiments were recorded with the Olympus i-Speed
2 high-speed camera at 500 fps and a resolution
of 800×600 px with i-Speed tracking software.
The positions of the tracked particles over time
were exported using the tracking software and
processed by a spreadsheet. At a frame rate of
500 fps, 150–200 data points were acquired for
each measurement. This means that the length
of the evaluated process was 0.3–0.4 s. The recordings were evaluated and the heights and velocities were determined. The calculation uses
the particle velocities immediately before and
after the impact, i.e., essentially the maximum
particle velocities. Three experiments were performed for each pair of particles.
The same method was used to measure the
particle-boundary restitution coefficient. One particle pendulum was replaced with a static sample
of wall material. The bounce height and velocity of one particle were measured. A schematic of
the measurement of the restitution coefficient is
shown in Figure 3.
Angle of repose

In this work, calibration using static and dynamic repose angle was chosen as the calibration
DEM method. Calibration using the static angle
of repose is primarily used to optimize interparticle interaction parameters. For the calibration
via the dynamic angle of repose, a rotating drum
was used with the static friction between particles
1
#
𝑚𝑚𝑣𝑣
and
𝐸𝐸Kinetic (after collision)
𝑣𝑣 # a steel
𝑣𝑣# cylinder.
#
𝑒𝑒!" = #
= %2
= # ## The
= drum diameter of 140 mm corresponds to
1
𝐸𝐸Kinetic (before collision)
𝑣𝑣$ 𝑣𝑣$
#
approx.
20 corn particles across the flow surface
2 𝑚𝑚𝑣𝑣$
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#
#
tant for determining the angle of repose. A low
𝑚𝑚𝑣𝑣
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number of particles may lead to distorted results.
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$
Similarly, if there are too many particles in the
2 𝑚𝑚𝑣𝑣$
drum, the DEM calculation times increase significantly. As some materials travel in different ways
The particle collision experiment on a douin the drum, their trajectories were in all cases
ble pendulum described by Hlosta et al (2018)
compared with the recordings of the experiment.
[45] was used to determine the coefficient of
This comparison allowed for the evaluation of
restitution of two particles. Particle A placed on
whether a material could be retained with existthe pendulum suspension is released from the
ing properties or if any of the parameters needed
height h1. At the lower position, particle A collides with particle B. It thus transfers its kinetic
to be adjusted [42].
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Fig. 3. Restitution coefficient experimental determination

Breakage probability
Computer modeling of comminution can
be realized if the proper input parameters about
breakage of grains are known. In the commercial
software (ex. RockyDEM) there are some built in
breakage models, such as Ab-T10 – model which
calculates the breakage probability distribution
based on the value of cumulated contact energy
[46] and Tavares breakage model which is based
on the upper-truncated log-normal probability
distribution of specific fracture energy [47–49].
The breakage probability model is described by
the equation [47–49]:

1
𝑙𝑙𝑙𝑙 𝑒𝑒 ∗ − 𝑙𝑙𝑙𝑙 𝑒𝑒#!
𝑃𝑃! (𝑒𝑒) = (1 + 𝑒𝑒𝑒𝑒𝑒𝑒 ,
23
2
√2𝜎𝜎 $

(3)

where: P0 – breakage probability,
e* – relative particle specific fracture
energy,
e50 – median particle specific fracture
energy,
σ2 – variance of the log-normal distribution of fracture energy.

In the above equation, the e50 shows the dependance between the medians of the lognormal
distribution of breakage probability for particle
in different sizes and is described by the equation [47–49]:

𝑒𝑒!"

'

𝑒𝑒#
𝑑𝑑"
=
&1 + ' ) *
𝑘𝑘$
𝑑𝑑$
1 + 𝑘𝑘
%&

(4)

where: e∞, 𝑑𝑜 and 𝜑 – the model parameters that
should be adjusted to the experimental data,
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𝑑𝑝 – a representative particle size for a
given size class,
𝑘𝑠𝑡 is the steel stiffness (230GPa),
kp – particle stiffness.

The empirical data to describe breakage probability was obtained based from the compression
test results. The 100 grains of known size (as described in the previous section) were compressed
on an Instron 5966 and MTS criterion model 43
universal testing machine (according to ASAE
S368.4 standard [30]) and the force and displacement were measured. As well, the influence of
moisture content (MC) on breakage probability
was assessed. In this case the 100 grains from
grains with different MC levels, it is 10,14, 18,
22 and 26% were compressed. To obtain the comparable samples the grains were firstly rewetted
to 28% MC and then dried in the room temperature to the desired level of MC. The energy values
during compression of one grain is the area under
graph F=f(D). The energy required to destroy the
grain was determined based on Eq. (5) [1, 50-51]:

𝐸𝐸("#) = #

%("#)

%%

𝐹𝐹𝐹𝐹𝐹𝐹

(5)

where: E(RP) – energy input until occurrence of
rupture point (RP),
J, F – force,
N, dD – deformation corresponding to RP,
mm.

According to Tavares et al. [1], mass specific
energy corresponding to the points Em(RP) was determined based on equation:

𝐸𝐸!(#$) =

𝐸𝐸(#$)
1 &("#)
%
𝐹𝐹𝐹𝐹𝐹𝐹 =
𝑚𝑚 &%
𝑚𝑚

(6)
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where: m – mass of a single grain expressed in
kilograms.

In order to determine cumulated probability distributions of specific energy, their values
were structured in an ascending order ranking
i = 1, 2…N, for particular observations. Cumulated empirical probability distribution of the
analyzed property can then be determined from
a dependence resulting from the Hanzen score
method [2, 51]:

𝑃𝑃(𝑋𝑋! ) =

𝑖𝑖 − 0.5
𝑁𝑁

(7)

where: P(Xi) – value of cumulated distribution of probability of a given property
occurrence,
Xi defines the analyzed property (specific energy), and N is the number of
observations.
The empirical distributions were determined
for grains divided into 4 size classes according
to the height of the single particles, so it was
possible to get the values of medians of the lognormal distributions for different size class. The
Levenberg-Marquardt nonlinear optimization algorithm was used to fit the probability distributions and describe the relationship between e50
and particle size.

RESULTS AND DISCUSSION
Particle size and shape characterization
Table 1 shows the results of particle size and
shape characterization. The corn grains were characterized by higher sphericity than rice grains,
which have more prolongated shape. The average
width of corn grains was equal to 7.85 mm, the
average length was 10.65 mm and the average
height was 4.88 mm. For rice it was 1.91, 6.38,
1.51 mm for the width, length and height, respectively. The median size of the cumulative distribution for corn was 7.48 mm and for rice 1.67 mm.
The above data was used to create the virtual
model of the particles. The particle shape was
created based on the polyhedral shape available
in the RockyDEM software. The specific shape
parameters such as vertical aspect ratio, horizontal aspect ratio, number of corners and superquadratic degree were determined based on the data

from Table 1 and bulk density calibration in the
cylindrical container. Table 2 present the calibrated size and shape parameters for corn and rice
grains.
Static friction
In the DEM simulation of bulk materials such
as cereals grains the important parameters are
those characterizing their behavior in contact with
surface or other particles. One of the most common is the static friction coefficient μs-pw. In Table 3
the results of static friction coefficient determination for corn and rice grains against paint coated
steel plate and plate without paint were presented.
Additionally, the μs-pw was determined for comminuted grains. It can be seen that for the paint
coated steel plate the static friction coefficient was
lower than for steel plate in all cases. It should be
noted that the comminution of materials changes
the values of μs-pw. In the tests with the paint coated
plate, the μs-pw was lower for the crushed rice and
corn grains than for these grains no subjected to
comminution. For the steel plate without paint the
adverse effect was observed – the μs-pw was higher
for the crushed rice and corn grains.
Restitution coefficient
The second important parameter determining
the bulk materials behavior is coefficient of restitution epw. Table 4 shows the values of obtained
epw in the tests including contact between two particles and contact between particle and steel plate.
The epw for impact of two corn particles was equal
to 0.81 and for rice particles it was 0.42. The coefficient of restitution epw for impact between grains
and steel plate was 0.48 and 0.68 for corn and
rice, respectively.
Angle of repose
After the measurement of size and shape
and physical properties measurement the virtual
model of the grain was built and the simulation
of the angle of repose test was done to verify the
reliability and prediction power of bulk materials behavior in motion. In DEM software the test
for static and dynamic angle of repose tests were
simulated. As initial parameters the restitution
coefficients and friction coefficients presented in
Tables 3 and 4 were used. However to get the final agreement between physical experiment and
69
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Table 1. Results of particle size and shape characterization
Parameter

Corn

Rice

Medium sphericity, rounded edges, shiny hull surface;

Low sphericity, prolonged shape, rounded edges,
smooth surface

Image

Particle size
distribution

Single particle
dimension

L [mm]

W [mm]

H [mm]

L [mm]

W [mm]

H [mm]

Average

10.65

7.85

4.88

6.38

1.91

1.51

Median

10.72

7.90

4.78

6.40

1.94

1.50

St. dev.

0.91

0.82

0.52

0.55

0.18

0.11

Note: L – length, W – width, H – height, Q3 – cumulated distribution based on volume, xc_min – diameter of
particle which is the shortest chord of the set of measured maximum chords.
Table 2. Calibrated particle size and shape for DEM simulation
Corn

Material shape
Sieve size, mm

Rice

Material size
Sieve size, mm

Cumulative, %

Vertical aspect
ratio
Horizontal
aspect ratio
Number of
corners

0.62

9.76

100

1.36

8.45

79

60

7.85

47

Superquadric
degree

3.00

7.22

21

6.58

3

70

Material shape
Sieve size, mm
Cumulative,
%
Vertical aspect
0.80
ratio
Horizontal
3.30
aspect ratio
Number of
60
corners
Superquadric
degree

3.00

Material size
Sieve size, mm

Cumulative, %

%

100

2.10

93

1.93

48

1.70

15
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Table 3. The results of static friction coefficient tests
Particles

Wall material

Angle αs-pw
Test No.1 (°)

Test No.2 (°)

Test No.3 (°)

Avg. Angle (°)

Coefficient of
static friction (-)

Corn

Paint coated steel

11.2

9.8

13.1

11.4

0.20

Corn

Steel

10.7

13.0

14.2

12.6

0.22

Corn - crushed

Paint coated steel

11.1

10.6

9.0

10.2

0.18

Corn - crushed

Steel

14.7

15.8

13.5

14.7

0.25

Rice

Paint coated steel

10.2

9.9

12.6

10.9

0.19

Rice

Steel

14.7

14.6

13.6

14.3

0.24

Rice - crushed

Paint coated steel

11.4

8.5

10.4

10.1

0.17

Rice - crushed

Steel

15.8

18.9

16.0

16.9

0.29

Table 4. The results of coefficient of restitution for rice and corn grains
Coefficient of restitution epw

Particle/
wall material

Test No.1 (-)

Test No. 2 (-)

Test No. 3 (-)

Avg. (-)

Corn

Corn

0.85

0.79

0.79

0.81

Corn

Steel

0.47

0.51

0.46

0.48

Rice

Rice

0.44

0.40

0.42

0.42

Rice

Steel

0.69

0.74

0.62

0.68

Particle

simulation results the values of static and dynamic
coefficient of friction needed to be changed. In the
Figure 4 the pile formation of rice and corn grains
during physical tests and simulation was presented and in the Figure 5 the results of dynamic test.
As can be seen from the figures the built
DEM simulation model is in agreement with
physical experiment. While the shape of grains
was not strictly mapped the friction coefficients
used in the simulation are slightly different than
presented in the previous sections. In the simulation the values of SFC for rice was 0.45 for interactions between particles and 0.42 for interactions between particle and surface. For corn the
SFC which gives good agreement with physical
experiment in the angle of repose test was 0.35
for particle-particle and particle-surface interactions. The dynamic friction coefficient for rice
in particle-particle contact was set as 0.28 and in
particle-surface interaction it was 0.35, for corn
dynamic coefficient of friction was set on 0.22.
The coefficient of rolling friction in the simulation was 0.01 and 0.05 for corn and rice grains,
respectively. The values of static friction coefficient in the simulation, which provides good
agreement with physical experiment were higher
for both, corn and rice grains, than values of static
friction coefficient obtained on the experimental
determination on shear properties apparatus. This
confirms, similarly as in other previous research
[52–54], that the simulation of bulk materials
should be validated in specific bulk tests such as

angle of repose, hopper discharge test and others,
to adjust the physical properties determined based
on the experiment.
Breakage probability
Figure 6 shows the breakage probability of
corn and rice grains divided into four different
size classes. The probability of grain damage under specific level of energy is higher for bigger
particles for both corn and rice grains. It can be
concluded that the statistical model of log-normal
distribution could be used for breakage description of biomaterials grains, because of high values of R2 coefficient (Table 5).
The higher energy values were needed to initiate the breakage of smaller particles (see median
values in Table 6 and Figure 7). This observation
is similar as for brittle materials, such as rocks
and minerals [1, 2, 51]. However, there is a risk
that despite the promising statistical distributions
of the fracture probability for single grains, such
a good fit will not be achieved in the case of the
particle set during grinding in the mill, which
may cause discrepancies between the simulation
and the experimental model.
Based on the medians obtained for the different size ranges of rice and corn grains it was possible to determine the values of coefficients used
in equation (3) (Table 6). The analysis shows that
the particle size and specific breakage energy are
connected by a power function of particle size
71
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Fig. 4. The pile formation in the calibration of simulation parameters by static
angle of repose (left – physical experiment, right – DEM simulation)

Fig. 5. The calibration of input parameters by dynamic angle of repose rotary drum test
(left – physical experiment, right – DEM simulation)

Fig. 6. Breakage probability and fitted curves of log-normal distribution
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Table 5. The values of fitted log-normal distribution parameters
Corn
Size range
4.0–4.5 mm

4.5–5.0 mm

5.0–5.5 mm

>5.5 mm

Parameter

Rice
Value

Size range

Parameter

Value

e50 [J/kg]

1959.39742

σ

0.79843

e50 [J/kg]

527.93

σ

0.94494

R2

0.9791

R2

0.9557

e50 [J/kg]

396.41

e50 [J/kg]

1403.8459

σ

0.7538

1.30–1.43 mm

σ

0.685

R2

0.98473

1.43–1.50 mm

R2

0.9746

e50 [J/kg]

341.21

e50 [J/kg]

1334.2235

σ

0.60124

σ

0.7982

R

1.50–1.60 m

0.9892

R

e50 [J/kg]

220.79

e50 [J/kg]

903.2919

σ

0.65947

σ

0.9467

R2

0.9118

R2

0.9797

2

Table 6. Experimentally determined values of the
parameters of the e50 model for corn and rice grains
Parameter

Corn

Rice

e∞ [J/kg]

26.87

31.81

kp [MPa]

53.43

110.48

kst [GPa]

230.00

230.00

d0 [mm]

12.56

3.65

φ [-]

2.75

4.22

according to equation (4), as was presented in
Figure 7. The high values of R2 coefficient confirms the good agreement between the e50 model
and experimental values, so it could be concluded
that the method proposed by Tavares [47–49] to
describe the breakage can be used also for biomaterials grains, however other factors such as moisture content should be also taken into account.
Figure 8 presents the breakage probability
of grains for different moisture content. It can be

1.60–1.75 mm

2

0.9826

seen that the probability of grain breakage varies for different moisture content, which confirms
the necessity to include a moisture content as a
parameter for breakage probability distribution
function. In case of corn grains with 10% MC
will break the most likely, while the grains with
26% MC will break the least likely subjected to
the same energy level. For rice, the most likely to
break was the grains with the 22% MC, but least
likely will break the grains with 10% MC. It was
observed that it is more likely that the grains corn
with lower moisture content will brake subjected
to the specific energy level than for grains with
the highest moisture contents. So it can be said
that the probability of breakage for these grain decrease with the increase in moisture content while
for rice grains the adverse effect was observed.
Presented results are only partial description
of the breakage parameters for DEM application,

Fig. 7. The dependence between median energy e50 and particle size
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Fig. 8. Breakage probability distribution for different moisture content levels for rice and corn grains

because it presents only the first approach presenting the breakage probabilities for different
particle sizes, while the full procedure proposed
by Tavares include the weakening process of
grains subjected to repeated impacts and the
particles size after breakage with the modification of Ab-t10 model. The approach including
weakening is very time consuming and needs a
high number of experiments and will be the subject of further research for development of DEM
models of biomaterials grains.

CONCLUSIONS
In this study the set of parameters for DEM
simulation for rice and corn grains was presented.
The restitution coefficient for rice was 0.42 and
0.68 in particle-particle and particle-steel surface contact. For corn the restitution coefficient
was equal to 0.81 and 0.48 in particle-particle
and particle-steel surface contact, respectively.
The static friction for particle and steel surface
was 0.24 and 0.22 for rice and corn, respectively.
It was found that for the paint coated steel plate
the static friction coefficient was lower than for
steel plate and that the comminution of materials
changes the values of static friction coefficient. In
the tests with the paint coated plate, the SFC was
lower for the crushed rice and corn grains than
for these grains no subjected to comminution.
For the steel plate without paint the adverse effect
was observed – the static friction coefficient was
higher for the crushed rice and corn grains.
The values of static friction coefficient in
the angle of repose test in DEM simulation,
which provides good agreement with physical
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experiment were higher for both, corn and rice
grains, than values of static friction coefficient
obtained on the experimental determination on
shear properties apparatus, which confirms that
the parameters should be validated and verified
individually, especially when the modelled shape
of the particle is slightly different than real one.
It was found that the probability of grain damage could be described with the good agreement
by the log-normal distribution. The study shows
that under specific level of energy breakage probability is higher for bigger particles for both corn
and rice grains. It was found that higher energy
values were needed to initiate the breakage of
smaller particles and the particle size and specific breakage energy are connected by a power
function of particle size. In the case of statistical
models of breakage the further research should be
conducted to determine the breakage probability
in repeated impacts. The research shows that the
breakage probability is dependent on the grain
moisture content. In case of corn it was found
that the probability of breakage decrease with
increase in MC while for rice the adverse effect
was observed. In the future studies the detailed
research on the influence of MC on the breakage
probability should be done, as well the universal model with moisture content as a parameter
should be developed.
The determined parameters are of an application nature and can be used when designing processing machines dedicated to rice and corn. The
knowledge of these values will allow, inter alia,
to estimate the power of devices, e.g. crushers,
roller and disc mills, and consequently to minimize energy losses and energy demand of dedicated machines.
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