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Abstract: The discrete element method and simulation analysis of the interaction between granular
materials and implements provide a convenient and effective method for the optimal design of
farming machinery. However, the parameter differences between different materials make discrete
element simulation impossible to carry out directly. It is necessary to obtain the specific material
parameters and contact parameters through parameter calibration of the simulation object, so as to
make the simulation results more reliable. Parameter calibration mainly includes intrinsic parameter
measurement, contact model selection, contact parameter selection, and parameter calibration. The
test methods of the calibration test include the Plackett-Burman test and other methods of screen-
ing parameters with significant influence, and then selecting the optimal parameters through the
climbing test, response surface analysis method, etc., and finally carrying out the regression analysis.
This paper will describe the existing parameter measurement methods and parameter calibration
methods and provide a reference for the scholars who study parameter calibration to carry out
parameter calibration.

Keywords: discrete element method; contact parameters; parameter calibration

1. Introduction

Since the discrete element method was proposed, it has been widely used to study
the contact simulation between tools and granular materials to analyze the contact force
between materials and tools, particle force and velocity field analysis, which improves the
design efficiency of tools, but discrete element simulation requires accurate parameters
to make the simulation results accurate [1]. Accurate parameters need to be obtained
through the measurement of intrinsic parameters and literature review. Even if the contact
parameters and some intrinsic parameters can be measured by experiments, they still need
to be calibrated to ensure their accuracy [2—4].

The parameters of the material include intrinsic parameters and contact parameters.
The intrinsic parameters include Poisson’s ratio, density, particle shape and radius, shear
modulus, and Young’s modulus of the particles. The contact parameters include (particle—
particle/particle-rigid body) static friction coefficient, (particle-particle/particle-rigid
body) rolling friction coefficient, (particle-particle/particle-rigid body) collision coefficient
of restitution, and particle-particle contact parameters generally need to be calibrated by
establishing the relationship between microscopic parameters and macroscopic tests [5,6].
The simulation result of the interaction between particles will be more realistic when ac-
curate contact parameters are used [7,8]. There are two methods for measuring particle
parameters. One is to measure the parameters with a test instrument through experi-
ments directly. The second method is to establish the relationship between microscopic
parameters and macroscopic parameters through simulation tests for parameter calibra-
tion. Generally, the angle of repose is used for parameter calibration. Auxiliary tests for
parameter calibration include the response value, direct shear test, triaxial compression
test, and tillage test [9].

Agriculture 2022, 12, 706. https:/ /doi.org/10.3390/agriculture12050706

https://www.mdpi.com/journal/agriculture


https://doi.org/10.3390/agriculture12050706
https://doi.org/10.3390/agriculture12050706
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture12050706
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12050706?type=check_update&version=1

Agriculture 2022, 12, 706

20f17

Before the parameters are calibrated, it is necessary to select the contact model, and
the accumulation angle of the material is often used as the response parameter of the
parameter calibration [10,11]. After determining parameters such as particle size and
shape during calibration, the Plackett-Burman test, center combination test, and other
test methods are used to screen the significant parameters. Furthermore, climbing tests
and response surface tests, among others, are required to determine the specific value
of the parameters to be calibrated, after which regression analysis between the influence
parameters and the response parameters is used to establish the relationship between the
calibration parameters and the response parameters [12,13]. The simulation usually adopts
the discrete element simulation software EDEM 2020 (creator: DEM Solutions; location
source: Edinburgh, England), ROCKY DEM 4.5 (Engineering Simulation S and Scientific
Company (ESSS); location source: Sao Paulo, Brazil), PFC 5.0 (creator: ITASCA; location
source: Illinois, American) and so on. PFC is mainly used in the field of geotechnical
mechanics, with two versions of PFC: 3D and 2D; PFC3D performs well in simulating the
tensile of fracturing [14]. ROCKY DEM is used more in fragmentation, and its polyhedron
modeling is more accurate, but it takes more time, and it has less reference than EDEM.
EDEM is faster in terms of polyhedron calculation, has more reference materials, and
has a relatively wide range of applications. Different modeling and simulation methods
require the use of different functions. When the required functions are not available in
EDEM, API can be written to expand the functions. For EDEM, in post-processing, the
function modules can be expanded through EDEMpy to improve the effect and efficiency
of post-simulation processing.

This paper will introduce the test methods for parameter calibration, measurement
methods of intrinsic parameters, selection of contact models, measurement and calibration
of contact parameters, and address existing problems and prospects of parameter calibration.

2. Overview of the Test Methods Used for Parameter Calibration

The angle of repose is usually used as a response to material parameter calibration,
and the parameters to be calibrated are mainly particle-particle contact parameters. When
the specific parameters to be calibrated cannot be determined, the Plackett-Burman test is
used to screen the significant factors. The test method and the Box-Behnken test method
are used to determine the values of the parameters to be calibrated [15].

Peng C. conducted the Plackett-Burman test based on the software named Design-
Expert, eliminated the parameters with insignificant effects, selected the test parameters
with more significant effects, used the Design-Expert software to perform multiple regres-
sion fitting analysis, and obtained the angle of repose regression equations [16,17]. Based on
the central experimental design method, Shi L. established a soil simulation model/contact
parameter prediction model, using shear strength and friction coefficient as the parameters
to be calibrated, and the Box—Behnken test method for parameter calibration with soil angle
of repose as response [18]. Zhang R. used the extremely significant parameters screened by
the Plackett-Burman test, used the cylinder lifting simulation test to conduct the steepest
climbing test, and the general rotating center combination test was used to calibrate the
friction factor of rice grains [19].

Through the Plackett-Burman test, Shi G. found that Poisson’s ratio and static friction
coefficient are the significant parameters. During calibration of the basic values, the center
combination test is performed based on the steepest climbing test to perform parameter
calibration to obtain the optimal parameter value. The simulated accumulation angle is
compared with the actual test accumulation angle and the error is analyzed. The slope flow
simulation and experiment are used to further test the reliability of the results [20,21].

3. Measurement Method of Material Intrinsic Parameters
3.1. Particle Size and Shape

Particle shape and size are the main factors affecting the angle of repose. It needs to
be consistent with the real particles as much as possible. When the particles are small, the



Agriculture 2022, 12, 706

30f17

particles are set as spherical particles. If it is larger and regular, the appearance model can
be imported into EDEM for API particle filling [22]. If the particle shape is irregular and
the particle shape is required, the triaxial size measurement and modeling of the particle
are adopted [23,24]. Particles’ three-dimensional shape and size can be determined by
obtaining point cloud data [25]. It is also possible to use the method of image recognition
and edge extraction to obtain the outline of the particles and carry out 3D modeling [26].
The proportions of particles with different radii in the particle system are different, and the
proportioning method is adopted for the proportioning of particles with different radii in
the simulation [27]. The shape and smoothness of the spherical surface have an influence
on the stacking angle. To a certain extent, the more concave and convex the surfaces, the
larger the stacking angle [28]. Irregular-shaped particles are filled with spherical particles
to form the actual shape. Different filling schemes will lead to inconsistent surface edges
and corners and affect the angle of repose.

Particles’ size can be determined by the sieving method, laser diffraction, digital image
method, densitometer method, pipette method, etc. The sieving method uses sieves with
different apertures to vibrate and sieve particles, and it is suitable for particle sieving
with a particle size greater than 0.075 mm. The densitometer method, pipette method,
laser diffraction, and digital image method are suitable for particle size sieving with a
smaller particle size. Laser diffraction and the digital image method are efficient, but their
accuracy needs to be verified [29-32]. The particle size and proportion are determined
by the sieving method when it is larger and irregular. Particles need to be measured
by the three-axis dimensions of the real object to obtain data for modeling, and then
use 3D modeling software for modeling and import into software such as EDEM as a
particle template, and then fill the particles to form the required model [33,34]. The particle
size of the particles has a certain influence on the simulation accuracy and simulation
calculation time. During simulation, particles are usually magnified by a certain multiple,
but the magnification ratio should be select by trial [35]. The contact can be improved by
adjusting the contact parameters to adapt to the situation of particle enlargement during
simulation [36]. Therefore, the influence of the particle size on the simulation accuracy and
simulation time should be obtained through simulation analysis. Particle size and shape
should be determined by balancing simulation efficiency and accuracy [37]. Due to limited
computing power, the particle size is often enlarged by a certain factor during simulation,
and the reliability of the enlarged particle simulation is verified. Wang, X. measured the
soil disturbance characteristics and the test process showed that the soil particles can obtain
relatively accurate prediction results at a time of 3-8 mm. They concluded that decreasing
the particle radius in the simulation from 5 mm to 3 mm can increase the dissolution
time by about 7 times (about 500 h), so the particle size should be fully considered during
parameter calibration [38,39].

3.2. Particle Density

Particle density can be measured according to the density calculation formula, that
is, the mass divided by the volume. For example, the soil can be filled with particles in a
container of a certain volume, and the density can be calculated according to the density
calculation formula. The water-insoluble material can be used to measure the particle
density using the pycnometer method, by immersing the particles in water to obtain their
volume, or by consulting the literature [40].

3.3. Mechanical Properties of Particles

The shear modulus, Young’s modulus, and Poisson’s ratio can be determined by a
uniaxial compression test or tensile test; the Young’s modulus and Poisson’s ratio can be
determined by calculation; and the shear modulus can be determined by calculation [41-44].
Some materials that are difficult to measure, such as dispersed particles, can be obtained
through literature review or through parameter calibration, and the reliability of the param-
eters can be verified by experiments. The shear modulus of the material was determined by
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a fracture test using an impact load cell [45]. When measuring the mechanical properties
of particles, it is also expressed as normal stress, shear stress, etc. The bonding bond
parameters between particles also have a certain influence on the mechanical properties
of macroscopic objects. The parameters of bonding bonds between particles can also be
calibrated during compression experiments and cutting experiments.

The Young’s modulus and shear modulus, as important mechanical parameters of
particles, will affect the stability of the computing timestep and thereby influences the
calculation time. It is very important to measure Young’s modulus, shear modulus and
Poisson’s ratio before parameter calibration [46]. Zhou, L. determined the particle size
distribution of sand particles by sieving method; measured the mechanical parameters of
sand by triaxial compression test; and analyzed the force and particle velocity field of the
crawler on a sand road [47,48]. Mousaviraad, M. studied the effects of normal stiffness,
shear stiffness, critical normal stress, critical shear stress, and filling sphere radius on the
performance of the bonded particle model through uniaxial compression tests by EDEM,
including resistance to compressive strength and average stress—strain gradient, by using
the triaxial compression test to verify the accuracy of the calibration results. In addition to
calibrating the parameters of the bond, the influence of different filler particle radii on the
mechanical properties was also analyzed [49]. The parameters of the bond can be obtained
by a uniaxial compression test. The parameters include normal stress, shear stress, filling
ball radius, contact radius, etc. The reliability of the calibration parameters can be verified
by triaxial compression test, compression bending test, and fracture experiments [50-52].
The normal and tangential critical stresses of the HMB model can be calibrated on the basis
of uniaxial compression tests [53]. In order to obtain more accurate test data, Kim, Y.S.
made a comprehensive testing machine for soil mechanical properties in the field. The
direct shear test was used to test the shear stiffness of the soil. The normal stiffness of the
soil was tested by the compression test. They pointed out that some cohesive soils showed
non-flow properties. It is more appropriate to use a hand-held soil resistance meter for
calibration than to use the angle of repose [54].

3.4. Measurement of Angle of Repose

The static accumulation angle is often used as the target parameter for material
parameter calibration [54], and the measurement methods mainly include the cylinder
ascending method and the sidewall collapse method. The dynamic stacking angle can
make the particles roll in the drum at a constant speed until it is stable. At this time, there
is a certain angle between the particle stack and the horizontal plane, which is called the
drum method [55-58] (see Figure 1). The particle piles obtained through the method above
all need to measure the angle between boundary and horizontal plane. It is convenient to
measure directly with tools, but the accuracy cannot be guaranteed. It is also possible to
take pictures and perform image preprocessing and algorithms to detect the angle between
the edge line and the horizontal plane to obtain the angle of repose. Roessler T. used the
lift method to measure the angle of stacking of stones [59]. The angle of repose is used as
the test index by Geng, L., with the friction coefficient as a factor. The sidewall collapse
test was carried out to obtain the angle of repose (Figure 2). The steepest climbing test was
performed, and the least square method was used to fit the regression equation between
the friction coefficient and the angle of repose [60].

20 rpm 50 rpm

(b)

Figure 1. Simulation of dynamic stacking angle (a) 20 rpm; (b) 50 rpm [57].
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Figure 2. Experimental method of angle of repose formation for baffle lift/collapse method [60].
1. Side wall; 2. Shell; 3. Oat seeds; 4 Plexiglass plate.

Petingco, M.C. determined the effect of grain shape and contact parameters on the
test weight of simulated wheat and developed an efficient wheat grain model for container
filling using EDEM, using three different grain models to model wheat grains to determine
how grain shape affects bulk density and evaluating six exposure parameters to determine
which parameters significantly affect wheat bulk density [61]. Baoyu, Z. used the sidewall
collapse method to test the angle of repose of paddy soils and established an EDEM
simulation model with Hertz-Mindlin and Johnson-Kendall-Roberts contact models using
11 parameters. On the basis of the Plackett-Burman experiment, it takes the angle of repose
as the target parameter to conduct the steepest ascent test and the Box-Behnken test, and it
uses the sidewall collapse method to determine the soil angle of repose in the sown field
(Figure 3). The reliability of the calibrated parameters was compared and analyzed with
the experimental and simulated trench shapes [62].

(b)

Figure 3. Experiment and simulation of measuring accumulation angle by sidewall collapse method.
(a) Experiment; (b) Simulation [62].

The parameter calibration also involves some large particles with irregular shapes.
The angle of repose, which is measured by the cylinder lifting method, can also be used
as the target parameter for parameter calibration. The angle of repose of the plant stem
is measured as shown in Figure 4. A regression model of the angle of repose and the
significant parameters was established by using the response surface method [63]. Liang,
R. measured the angle of repose of the residual film mixtures with two water content
and the static sliding friction angle between the particulate material and the residual film,
and carried out the angle of repose test and the inclined plane test to obtain the contact
parameters of the residual film mixture particles. The stacking angle of the film mixture
was measured by taking pictures and performing edge extraction. The response surface
analysis was carried out with the collision restitution coefficient, static friction coefficient,
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dynamic friction coefficient, and damping coefficient as the factors and the angle of repose
as response (Figure 5) [64].

(b)

Figure 4. Experimental and simulation plots of the stacking angle. (a) Experiment; (b) Simulation [63].
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Figure 5. Image information of angle of repose edge and extraction and fitting results. (a) Residual

film mixture; (b) Edge fitting results [64].

4. Measurement Method of Material Contact Parameters
4.1. Contact Model
4.1.1. Particle-Particle

For DEM simulations of dry soil, the linear spring contact law and the Hertz-Mindlin
contact law are mainly used. The Hertz-Mindlin contact law is accurate for contact between
spheres, but it has higher computational requirements than the linear model. There are
also some specific contact models that can be used for soil simulation, such as hysteretic
spring contact law and the Luding contact law. Although, these complex contact laws can
be more suitable for complex contact situations, complicating the parameter calibration in
the process [65]. The linear spring contact law decomposes the force into a linear compo-
nent and a damping component, which can further be divided into tangential and normal
components; the Hertz-Mindlin contact law divides the force into a nonlinear component
and a damping component and the nonlinear components and damping components can
be further divided into tangential and normal components. Du, Y. used the method of
combining simulation and real experiment to establish accurate faba bean simulated parti-
cles and calibrate the parameters. By measuring the 100-grain weight, three-dimensional
size, density, and static friction coefficient of Chenghu No. 14 and other parameters, the
simulated particles of Chenghu No. 14 broad bean seeds were initially established, and the
influence of the static friction coefficient on its accumulation angle was determined during
the simulation process [66]. For spherical particles, the Hertz—Mindlin non-slip contact
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model is mostly used for non-sticky particles, and the Hertz—Mindlin with bonding, or JKR
bonding model, is used for sticky particles as the contact model [67,68]. For complex con-
tacts or more precise requirements for contact parameters, the original contact model can
be optimized or the contact model can be customized through an AP]I, for example, Giannis,
K. established an “invoking neighboring contact interaction” contact model [69,70].

Due to the certain viscosity between corn and soil particles, Tian, X. used the Hertz—
Mindlin with JKR contact model to construct a discrete element simulation model of
corn stalk-soil mixture and calibrated the contact parameters of the discrete element
simulation [71]. Based on the intrinsic parameters of mung bean seeds, the Hertz-Mindlin
with bonding model was used to establish a seed simulation model, and the free fall collision
method, the inclined plane sliding method, and the inclined plane rolling method were
used to obtain the parameters between the mung bean seed and the contact material [72].
Yuan, Q. conducted simulation analysis and optimization on the sawtooth-shaped fertilizer
blade of the organic fertilizer deep applicator and selected the Hertz—Mindlin with bonding
model in EDEM to establish the fertilizer block model. And the bonding parameters of the
fertilizer block were calibrated by the uniaxial compression test and established a simulation
model of single-blade single composting [73]. Chen, G. selected the Hertz—Mindlin non-slip
contact model to conduct the sensitivity analysis between single particles and the surface
of the machine tool to ensure the accuracy of the wear analysis [74]. Liao, Y. took the stalk
of forage rape as the research object, adopted the Hertz—Mindlin with bonding contact
model, combined with the bending failure test of forage rape stem, the two-level factor
test (screening of significant factors), the steepest slope test, and the response surface test
to obtain the bonding parameters such as normal and tangential contact stiffness, and
normal and tangential stress. After the parameters are determined, virtual simulation and
physical cut-off tests are performed to make sure the reliability of the determined bonding
parameters is maintained [75].

4.1.2. Particle-Rigid Body

The particle-rigid body contact model usually adopts the Hertz—Mindlin model. The
contact bond adopts the linear elastic contact mode. When the particle is not sticky, the
particle-rigid body adopts the non-slip contact form. When the particle itself is sticky, a
contact model with certain viscous effects, such as Hertz—Mindlin with bonding, will be
used. Verifying the reliability of the contact model and parameters after all parameters are
determined is necessary.

Saunders performed DEM simulations to analyze the performance of moldboard
skimmers in a cohesive soil bin environment, and a hysteresis spring contact model was
used for soil-tool interaction modeling [76]. HMCM (Hertz-Medlin model) and PBCM
(parallel build) can be used as cohesive particle-particle contact models and can also be
used to simulate soil-tool interactions. Compressible materials such as soil can use HSCM
(Hysteresis Spring Contact Model) modeling, which is less used for particle-rigid body
modeling, and HSCM is more suitable as a soil-tillage tool contact model [77]. Hertz—
Mindlin (HM) contact physics laws with parallel bonds can be used for DEM calculations of
forces and displacements of interacting soil and soil tool (steel) elements [78]. In analyzing
soil-straw—tool interactions, soil-soil interactions were designated as parallel bond contacts
to account for the stickiness of agricultural soils. All other interactions, including straw—
straw, soil-straw, soil-tool and straw—tool interactions, are specified as linear contact
models [79]. The viscous particle—particle usually adopts the parallel bond contact form,
and the particle-tool adopts the linear elastic contact form, and the contact bond only works
when the contact distance is less than zero [80].

4.2. Friction Coefficient
4.2.1. Static Friction Coefficient

(1) Particle-Particle Static Friction Coefficient
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The static friction coefficient is often measured by the slope method, and the rolling
friction coefficient is measured by the slip test method. Within a certain range, the ac-
cumulation angle will increase with the increase in rolling friction coefficient [81]. The
coefficient of static friction between particles can be measured through experiments using
an instrument, and the angle of repose can also be used as a target parameter for parameter
calibration. When the particle—particle static friction coefficient is directly measured by
the test method, the particles are pasted on the surface of the flat plate and the particle—
rigid static friction coefficient test method is used to obtain the static friction coefficient
between particles; when using an instrument to obtain the static friction coefficient between
particles, e.g., instruments such as reciprocating pin-type tribometers, two particles are in
face-to-face contact during testing [82]. When performing parameter calibration, measuring
the intrinsic parameters of the particles in advance is necessary, and using the angle of
repose as the target parameter to simulate is the best way to find the best parameters, and
ensure the reliability of the parameters combined with the experiment after the parameters
are obtained.

(2) Particle-Rigid Body Static Friction Coefficient

When measuring the particle-rigid body static friction coefficient, the particles are
placed on the surface of the rigid body, and the initial position of the rigid body plate is
horizontal, so that it rotates around one side of the plate until the particles placed on the
plate begin to slide, and the angle between the plate and the horizontal plane is measured.
The angle at this time is the particle-rigid body static friction coefficient, which is called
the sliding method. The sliding method is the most commonly used method to obtain the
static friction coefficient.

Song, S. chose the Hertz—Mindlin non-slip contact model as the soil contact model
and used the stacking test and sliding test methods to carry out the restitution coefficient,
rolling friction coefficient, and static friction coefficient between the soil and the layered
fertilization device. For calibration, a simulation model of soil and a stratified fertilization
device is established under the calibrated parameters and verified by actual accumulation
tests and sliding tests (Figure 6); the soil sample sampling method adopted is the five-point
sampling method, and the soil particle size measurement method is the soil sieve. The
density is measured by a volumetric method using a ring knife and balance tool [83]. Liu, W.
used the Hertz-Mindlin non-sliding contact mechanical model to calibrate the parameters of
micro-potatoes. They used the drop method to measure the collision restitution coefficient
of potatoes and steel plates; the suspension collision method to confirm the particle-particle
collision restitution coefficient; and the static friction by the sliding method. The coefficient
of rolling friction was measured by the slope method, and the angle of repose of the
particles was measured by the sidewall collapse method [84]. Yu, Q. used a 3D scanner
to scan Panax notoginseng seeds to obtain point cloud data and establish a 3D model of
the seeds, and used a collision bounce test (free fall method) to measure the coefficient of
collision recovery. The four seeds were bound into a plane and the sliding-off method was
used to confirm the static friction coefficient. The slope test was used to confirm the rolling
friction coefficient. The angle of repose and bench test were used to confirm the reliability
of the calibration parameters [85].

Figure 6. Soil slip simulation test [83].
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4.2.2. Dynamic Friction Coefficient

(1) Particle-Particle Dynamic Friction Coefficient

The static angle of repose is generally used to calibrate the particle-particle rolling
friction coefficient, and the funnel method can be used to measure the static angle of
repose [86]. For materials that are easier to paste, the materials can be pasted on a flat plate
and measured according to the particle-rigid body rolling friction coefficient measurement
method. The accumulation angle test can be used to measure the coefficient of rolling
friction between soil particles and particles, and the slope test can be used to confirm the
coefficient of rolling friction between the soil and the tools. Although the particle-particle
rolling friction coefficient can be obtained by the test method, the measurement method is
complicated and the results are inaccurate. The method of virtual simulation parameter
calibration is often used to confirm the particle-particle rolling friction coefficient, and the
parameters are continuously changed until the angles match.

(2) Particle-Rigid Body Dynamic Friction Coefficient

The static friction coefficient is obtained by the sliding method, and the rolling friction
coefficient (dynamic friction coefficient) is measured by the slope method. The friction coef-
ficient has a great influence on the accumulation angle and is difficult to measure accurately,
so they are usually classified as parameters to be calibrated [87,88]. During parameter
calibration, the virtual simulation parameters of the parameters are continuously modified
until the angle of repose is basically consistent with the test parameters. In addition to the
test method for parameter calibration, a machine learning neural network algorithm can
also be developed to adapt the parameter calibration process to make the process efficient.
Tripathi, A. analyzed the influence of the rolling friction coefficient on the dynamic accu-
mulation angle of different shapes and particles by image analysis and obtained a relatively
accurate rolling friction coefficient without parameter calibration [89]. Wang, Y. established
a mathematical regression model to actively search for target parameters based on the
stacking test method, and calibrated the coefficient of static friction and the coefficient of
rolling friction of the corn seed particle model [90]. Ma, S. confirmed the contact parameters
between soil particles based on the accumulation angle and used the funnel method to
determine the accumulation angle of the tested soil. The soil accumulation angle was
used as the test index. A four-factor universal rotation center combined simulation test
was carried out; for determination of the coefficient of rolling friction, a slip-down test
apparatus was used (see Figure 7) [91].

100 g soil  Rybber

a. Before soil sliping b. After soil sliping

Figure 7. Sliding test and simulation test of soil on rubber. (a) Sliding test; (b) Simulation test [91].

In order to measure the contact parameters between clay and soil-contacting parts, Li, J.
used the Box-Behnken method in the Design-Expert software to carry out the experimental
design of the simulation parameter calibration of the inclined plane test (Figure 8), and used
the inclined plane method to obtain the particle-rigid body rolling friction coefficient [92].
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Soil ball(5 mm)

(© (d)

Figure 8. Slope test of soil with different contact materials. (a) Principle of slope test; (b) Slope test of
65 MNplate; (c) Slope test of PTFE plate; (d) EDEM simulation slope test [92].

The relationship between the calibration parameters and the response parameters can
be established through machine learning methods to determine the mathematical relation-
ship between the two, and machine algorithms can be used to achieve parameter calibration
for different materials [93-95]. For example, a BP neural network is used to realize the
self-adaptation between particle parameters and particle properties [96]. Zhou, H. used
the angle of repose and bulk density of expanded graphite particles as responses, taking
particle density, sliding friction, coefficient of restitution, and Poisson’s ratio as microscopic
variables, and using the self-Adaptive Simulated Annealing optimization algorithm to
establish a radial basis function neural network approximation model between microscopic
variables and macroscopic responses [97]. Krisztian, K. studied particle velocities, contact
forces, and positions of bond breakage during simulation calculations [98].

4.2.3. Collision Restitution Coefficient
(1) Restitution Coefficient of Particle-Particle Collision

The particle—particle collision restitution coefficient is usually measured by the sus-
pension collision method. Two particles are suspended in the same vertical plane by a
rope, and one of the particles is pulled to a certain height so that it falls toward the other
particle, and the collision is recorded by a high-speed camera. The speed or height of the
front and rear particles can be calculated to obtain the collision recovery coefficient; in the
simulation, a smooth pipe can be used instead of a rope to conduct a collision test, so that
the particles with the same shape can collide head-on and calculate the speed ratio [99].
Different test plans can be set based on the collision principle, and the particle-particle
collision restitution coefficient is often used as a parameter to be calibrated for parameter
calibration experiments.

Qi, J. made walnuts fall from a certain height, measured them with a high-speed
camera, and calculated the collision restitution coefficient. Another method of measuring
the collision restitution coefficient is as follows (Figure 9): hang two walnuts on a rope and
place one of them after raising it to a certain height, put it down, with a ruler next to it, use
the height camera to record the height of each stage, and calculate the collision recovery
coefficient between the two walnuts [100]. The suspension crash method can be used for
crash restitution coefficients of different shapes and sizes [101]. Wang, L. adopted the drop
method and the suspension impact method to measure the impact recovery coefficient of
hard corn particles (Figure 10) [102,103].
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\ Simulation pipeline
Height gauge \ Cyperus esculentus particle b /

Cyperus esculentus particle b Cyperus esculentus particle a i S
(a) (b)

Figure 9. Test and simulation test diagram of walnut crash coefficient of recovery. (a) Test;
(b) Simulation [100].

(b)

Figure 10. The device for measuring the coefficient of restitution by the drop method and the particle
collision method. (a) Drop method; (b) Particle collision method [102].

(2) Restitution Coefficient of Particle-Rigid Body Collision

The particle-rigid body collision restitution coefficient is obtained by the oblique
impact method or the drop method. The particle is free to fall at a certain height above
the inclined plane; its rebound and velocity direction will change after colliding with the
inclined plane. The speed of the particles before and after the collision will be recorded
with a high-speed camera. The falling method is performed by placing the particles at a
certain height on the horizontal plane to make them fall freely, recording their speed before
and after the collision, and calculating the collision recovery coefficient.

Adilet, S. determined the elastic recovery coefficient through a drop test. The calcula-
tion method is to divide the drop height by the bounce height to determine the collision
recovery coefficient. The particles fall one by one through the turntable (Figure 11a), hit
the inclined plate at a certain height, and bounce off after reflection (Figure 11b). After
falling to the ground, the collision recovery coefficient can be obtained by calculation [104].
The test method for the elastic recovery coefficient of briquette particles is to make the
briquette particles fall freely from the top of an inclined plane. This method is called the
oblique impact method (Figure 12). The collision recovery coefficient can be obtained by
calculation [105]. Wang, L. proposed a method to confirm the COR value of the collision
of irregular particles with a three-dimensional inclined wall, using an oblique impact to
make the particles move in both tangential and normal directions to measure the collision
restitution coefficient of corn, selecting three corn shapes to study the COR of maize [106].
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Figure 11. Particle drop test graph. (a) Rotation part; (b) Particle rebound part [105].
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Figure 12. Schematic diagram of the device for testing the coefficient of restitution by the oblique

impact method. (a) Two-dimension rebound [105]; (b) Three-dimension rebound [106].

5. Summary of Current Research Status and Research Prospects
5.1. Summary of the Current Situation

)

@)

Parameter calibration has become normative process, including the measurement of
intrinsic parameters of materials and the method of parameter calibration through
virtual simulation. The intrinsic parameters can often be directly measured by the test
method before parameter calibration, and the contact parameters can be obtained by
test measurement or parameter calibration through virtual simulation. Usually, the
particle—particle static friction coefficient, particle-particle dynamic friction coefficient,
and restitution coefficient of particle—particle collision can be obtained by virtual
parameter calibration. The particle-rigid body static friction coefficient, particle-rigid
body dynamic friction coefficient, restitution coefficient of particle-rigid body collision
is usually measured experimentally. When the intrinsic properties of materials are
difficult to obtain by direct measurement, they can also be obtained through parameter
calibration. The particle-rigid body static friction coefficient is mainly measured by
the sliding test method, and the particle-rigid body rolling friction coefficient is
measured by the slope method.

Parameter calibration generally takes the angle of repose as the target parameter.
The static angle of repose generally adopts the cylinder lifting method or the side
wall lifting method, and the dynamic angle of repose is often measured by the drum
method. Due to limitations in terms of computing power, the particle size is often
enlarged by a certain number during simulation. Since the particle shape, size and
other factors during simulation are slightly different from the actual factor values,
and taking into account of the complexity of the actual application environment,
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the parameters obtained by calibration have some errors when compared with the
actual parameters.

The Plackett-Burman test method or the rotating center combination test method are
the commonly used measures to screen significant factors, and the steepest climbing
test and the Box-Behnken test are usually used to calibrate the parameters.

By simulating the stacking angle test, slope test, sliding test, crash test, etc., and
comparing the error with the test results, the purpose of parameter calibration and
reliability verification is achieved. The software used for parameter calibration are
EDEM, ROCKY DEM, etc. Function expansion of the software is usually carried out
by means of the API program.

5.2. Prospects

@

@)

®)

When the parameters are calibrated, the tools used to measure the particle parameters
are not uniform enough, and the differences in the tools easily cause errors in the pa-
rameter calibration. If the tools for material parameter measurement can be gradually
formed into standards, the accuracy and efficiency of parameter calibration will be
improved. If the common calculation theories of parameter calibration are summa-
rized and shared in papers, the efficiency and convenience of parameter calibration
will be improved.

The particle size has a greater impact on the simulation calculation time and simula-
tion accuracy. Due to the computational limitations, the particle size is often enlarged
by a certain multiple, but the simulation accuracy and the time saved after amplifica-
tion need to be further compared to improve the simulation efficiency and simulation
accuracy in order to quantify the impact of particle size on the time and simulation
efficiency for easy analysis. With the improvement of computing performance, the
shape and particle size of simulated particles will be more similar to the actual parti-
cles, and the contact situation will be closer to the real situation; then, the simulation’s
accuracy will be further improved.

The functions of discrete element simulation software need improvement; many
parameter calibration tools need to write an API to operate and the post-processing
tools need to be further improved. With the continuous improvement of element
simulation software functions, the convenience of discrete element simulation will
be improved.
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