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Abstract: The lack of accurate black soil simulation model parameters in the design and optimization
of soil remediation equipment has led to large errors in simulation results and simulation outcomes,
which to some extent restricts the development of soil remediation equipment. Accurate discrete
element parameters can improve the efficiency of soil remediation equipment. To improve the
reliability of the discrete element contact parameters for black soil, a set of optimal discrete element
contact parameters was found that could comprehensively represent a variety of particle sizes and
minimize error. In this paper, the best discrete element contact parameters were selected by using a
multi-indicator total evaluation normalization method combined with the response surface method,
combined with black soil solid and simulated stacking tests. First, the physical parameters of the
black soil and the accumulation angle were determined. Next, Plackett-Burman tests were carried
out for each grain size in turn to obtain the contact parameters that had a significant effect on the
black soil accumulation angle. The important parameters obtained for different particle sizes are all as
follows: black soil-black soil static friction coefficient, black soil-black soil rolling friction coefficient,
and black soil-stainless steel rolling friction coefficient. In conjunction with the Plackett-Burman
test screening results, the steepest climb test was designed for six grain sizes to optimize the range
of values. To find the optimal contact parameters for the different particle sizes based on the final
results of Box-Behnken experiments, the discrete element parameters of black soil were optimized
for the different particle sizes of black soil by using the multi-indicator total evaluation normalization
method and response surface method. The results showed that the black soil-black soil static friction
coefficient was 1.045, the black soil-black soil rolling friction coefficient was 0.464, and the black
soil-stainless steel rolling friction coefficient was 0.215. The errors for each particle size were reduced
by 0.89%, 0.7%, 0.84%, 0.57%, 0.71%, and 0.76% for the best combination of parameters before and
after normalization, with an average error reduction of 0.745%. This data provides some reference
value for the design and optimization of soil remediation equipment.

Keywords: black soil; stacking angle; discrete element methodology; parameter calibration; response
surface methodology; multi-objective homogenization method

1. Introduction

Due to the complex characteristics of the inter-particle contact mechanics of black
soils in northeastern China, it is often necessary to simulate and analyze equipment-
soil interactive processes for the design and optimization of equipment [1]. Because of
the continuous development and improvement in the theory of discrete elements, it has
been commonly applied to studying the interactions between the contact parts of soil
with related equipment and the mobility of bulk particles [2-4]. The study of black soil—-
equipment interaction processes using discrete element systems can improve the efficiency
of agricultural equipment [5] and is important for soil protection in black soil areas. The
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overall particle size of black soil particles is small, and tens of millions or even billions of soil
quantities need to be set in the process of the design and optimization of related agricultural
equipment, which cannot be effectively simulated due to the limited capacity of ordinary
computers. The particle scaling method is currently a more feasible treatment method
and has been widely used in engineering research. The method scales up the particles
in the original system and reduces the number of discrete units in the model so that the
original physical model problem can be solved in a reasonable and effective time. However,
different scaling ratios are set due to the different purposes and needs of the researcher and
different soil scaling can lead to errors between simulation results, which in turn affects the
design and optimization of agricultural equipment. The construction of a simulation model
for black soil requires the setting of the intrinsic and contact parameters of the particles.
The intrinsic parameters of black soil particles can be obtained experimentally, while some
of the discrete elemental simulation parameters are not easily obtained. Therefore, the
discrete element contact parameters of black soil were optimized for different particle sizes
of black soil particles by using the multi-indicator total evaluation normalization method
and response surface method [6-9].

At present, a great deal of research has been carried out by scholars both nationally and
internationally on the calibration of bulk particle parameters. In discrete element simulation
parameter calibration, computational efficiency is an essential consideration in engineering
applications. For example, Guo et al. [10] used a central integrated design to evaluate the
extraction process of the normalized ethanol formulation using the ethanol concentration,
solvent amount, extraction time, and the number of extractions as the investigating factors
to determine the optimal ethanol extraction process of dulcimer and to predict its extraction
parameters. Based on the discrete element method and response surface method (RSM),
Li et al. [11] used the uniformity evaluation index to determine the effect of uniformity
among the parameters. Shi et al. [12] established models for discrete elements of deciduous
date fruits and conducted Plackett-Burman tests and steepest climb tests with response
surface optimization for the optimal discrete element contact parameters for deciduous
date fruits. Hu et al. [13] showed that the amplified particle size can be used to simulate
the original particle size in uniaxial compression experiments based on a particle bed.
Lommen et al. [14] verified the validity of the particle scaling theory within a certain
range based on penetration tests and rest angle experiments. Hu et al. [15] calibrated and
validated the cotton seed contact parameters using the cotton seed stacking angle as a
target, combined with practical and simulated tests. Chen et al. [16,17] verified that the
filling effect of the scaled particles was not significantly different from the original particles
based on simulation experiments. Sakai et al. [18] performed numerical simulations and
found that the coarse-grained model had similar results to the original model. Dai et al. [19]
performed a calibration of their simulated parameters using the difference between the
physical and simulated values for lily bulb stacking angles as a response. Ma et al. [20]
calibrated the contact parameters of shotcrete wet blocks with a combination of physical
as well as simulated tests. Finally, Xia et al. [21] performed a calibration of parameters for
the discrete elements of wet bulk coal simulation with the goal of determining the stacking
angles for wet bulk coal.

There are few studies on the calibration system of particle simulation tests in black soil
areas using discrete element theory, and there are almost no studies on the calibration of
discrete element contact parameters in black soil using the multi-indicator total assessment
normalization method combined with the response surface method. Thus, the black soil
discrete element parameters require recalibration.

In this study, the parameters of the discrete element contact parameters of black
soil were optimized by combining the black soil solid and simulated stacking tests with
the multi-indicator total evaluation normalization method combined with the response
surface method. The simulated black soil particle contact parameters were optimized for
different particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8§ mm, and 10 mm) using the Plackett—
Burman test, the steepest climb test, and the Box-Behnken test to obtain the optimal contact
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parameters for different particle sizes. The angle of repose of the black soil particles was
used as the target. The discrete elemental contact parameters of black soils were optimized
for different particle sizes by using a multi-indicator general evaluation normalization
method. The optimum mix of discrete element parameters for black soils was determined
and their accuracy was verified.

2. Materials and Methods
2.1. Definition of the Intrinsic Characteristics of Black Soil

(1) Size distribution of black soil

Black soil samples were selected from the Dalian region in northeast China. The
sampling area was Dalian City (39°0'10.58" N, 121°27'17.02" E), which has a temperate
monsoon climate with an annual rainfall of 550-950 mm, and the soil type is brown loam,
black in color, and rich in humus. The five-point method was used to obtain soil samples
from 0 to 400 mm of the soil layer in the park, with a sample mass of 500 g per sampling
point, and the soil was allowed to dry naturally after sampling. It is relatively common
and convenient to apply the sieving method to measure the particle size and particle size
distribution of black soils. Thus, the black soil samples were sieved using standard sieves
with different apertures. During the test, 300 g of black soil was weighed and placed in
the top sieve, the sieve was shaken horizontally and tapped from time to time, and the
mass of lime powder in each layer of the sieve was finally weighed. The results are shown
in Figure 1. Sample sizes for the black soil particles after sieving were <1 mm, 1-2 mm,
2-3 mm, 34 mm, 4-5 mm, and >5 mm. The mass ratios corresponding to the various
particle sizes are 51.4%, 23%, 5.4%, 8%, 5.2% 0.7%, and 7%, respectively. They are provided
for the subsequent establishment of the discrete meta-model of black soil particles.
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Figure 1. The size distribution of black soil.

(2) Black soil density, Poisson’s ratio, and shear modulus

Density is an important simulation base parameter for modeling the discrete elements
of black soil. In this paper, the density of the black soil was averaged over five replicates
using the hydrometer method, and the density of the black soil was measured to be
2000 kg/m?>. The Poisson’s ratio and shear modulus of the black soil particles were chosen
to be 0.46 and 1 x 10° pa, taking into account the properties of the black soil [22,23].

(3) Black soil stacking angle

The accumulation angle for black soil particles was measured by the injection method
regarding the GB/T 16913.5-1997 national standard and combined with the relevant stud-
ies on the rest angle in the existing literature [24]. The black soil particle accumulation
experimental setup is shown in Figure 2. The lower end of the funnel has an inner diameter
of 50 mm and the cylindrical sump has a diameter of 130 mm, with a distance of 100 mm



Processes 2023, 11, 2422

40f18

between them. Before starting the measurement, a sample of black soil particles that were
prepared in advance was slowly poured into the center of the funnel from the top center of
the funnel.

|

Figure 2. Black soil particle accumulation experimental setup.

The black soil was no longer added to the funnel when the spillage of black soil
particles began to occur at the edge of the sump. Until there was no change in the pile
height of black soil particles, the pile height, H, of the black soil particles was measured
using a steel ruler. The resting angle of the black soil particles was calculated according to
Equation (1) and averaged by repeating the experiment five times. The stacking angle of
the black soil particles was measured as 36.99°.

2H
0 = tan — 1
arcanD 1)

2.2. Black Soil Simulation Contact Model

At present, the object of discrete element studies is generally bulk particles, and,
therefore, particle contact models are extremely valuable. In this work, black soil particles
were taken from the heavy metal contaminated site and the cohesive force between the
particles is small, so the Hertz Mindlin no-slip contact model is used for simulation. It is
accurate and efficient in calculating forces. It can accurately calculate the forces between
particles and is easy to use. When the granules with a particle radius of R! and R? are
elastically connected, the interparticle nuclear force, F;, is expressed as [25-27]:

éE*(R*)l/ZDﬁ/Z (2)

Fn:3

where « is the normal overlap quantity; E* is the modulus; R* is an equivalentradius, and
E"and R" can be expressed as [28]:

2 2
1 :1—01 1—02

E* E; E,

1 1 1
RFORTR @)
E; and E, are the moduli of elasticity of particles 1 and 2; v; and v; are the Poisson’s
ratios; and R' and R? are the equivalent particle radiuses.

®)
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The normal damping force F¢ can be expressed as:

Fnd =2 gﬁmvn”l @)

where v,,"! is the normal component speed; 8 is the effect for restitution; k,, is the normal

stiffness; and m* is the equivalent weight.
B, kn, and m* are defined as:

Ine
— — 6
p et (6)

ky = 2E*\/1*6, @)

x _ Mg ®)
mq + mp

where e is the coefficient of restitution; and m; and m; are the masses of particles 1 and 2.
The normal damping force, F,’, is expressed as:

Fr =-S5 )

S; = 8G*VR*« (10)

where § is tangent overlap quantity; S; is the tangent stiffness; R is the equivalent shear
modulus, and G* is equivalent to the shear modulus.
The normal damping force, Ftd , can be expressed as:

Fd = —2\/§ﬁ\/ktm*vt”l (11)

where v,/ is the relative tangential velocity.
The rolling friction in the simulation can be expressed based on the moment on the
particle surface:
Ti = —yanRiwi (12)

where y, is the coefficient of rolling friction; R; is a center point and contact point spacing;
and w; is the vector of unit angular velocity.

2.3. Black Soil Discrete Element Parameters

The simulation parameter for black soil particles and stainless steel were set concerning
the relevant domestic and international references and the built-in database of the software.
The black soil discrete element parameter used in this paper is shown in Table 1 [29] and
was used due to the need for the different scaling of particle sizes and setting different
particle sizes for different demand simulations. To minimize the negative effects of the
simplified particles and to meet different simulation purposes, the particle size range was
enlarged to a maximum of 10 mm. The representative particle sizes were selected for the
simulation and were set to 0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm.

The particle density is 2000 kg/m3, the black soil Poisson’s ratio is 0.46, and the
black soil shear modulus is 1 MPa. The simulated contact parameters of the materials are
relatively different in terms of particle size, density, etc., and cannot be obtained from the
relevant references and manuals. In addition, the particle simulation parameters of a single
particle size cannot meet the current research needs. Therefore, virtual simulation tests
were used for the calibration of discrete element model parameters for black soil.
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Table 1. Discrete element simulation parameter table.

Parameter Value
Density of black soil (kg/m3) 2000
Poisson’s ratio of black soil 0.46
Shear modulus of black soil/Pa 1 x 10°
Density of stainless steel/ (kg/ m?) 7800
Poisson’s ratio of stainless steel 0.3
Shear modulus of stainless steel /Pa 7 x 1010
Black soil-black soil restitution coefficient 0.2-0.6
Black soil-black soil static friction coefficient 0.2-1.16
Black soil-black soil rolling friction coefficient 0.01-0.7
Black soil-stainless steel restitution coefficient 0.2-0.5
Black soil-stainless steel coefficient of static friction 0.4-0.8
Black soil-stainless steel coefficient of rolling friction 0.05-0.25

2.4. Black Soil Discrete Element Model

The overall particle size of black soil particles is small, and tens of millions or even
billions of soil quantities need to be set in the process of the design and optimization of
related agricultural equipment, which cannot be effectively simulated due to the limited
capacity of ordinary computers. The particle scaling method scales the black soil particle
size in the original system and reduces the number of discrete units in the model, thus
solving the original physical modeling problem in a reasonably efficient time. Due to the
different purposes and needs of researchers, different soil scaling ratios are set, resulting
in some errors in the simulation results, which in turn affect the design and optimization
of agricultural equipment. Therefore, the discrete elemental contact parameters of black
soil particles with different grain sizes were optimized using the normalized method of
the overall evaluation of multiple indicators and the response surface method. Based on
the measured particle size parameters, considering the usual maximum simulated particle
size of 10 mm for black soil, combined with the computer’s minimum simulated particle
size of 0.75 mm for black soil, the range of simulated particle sizes for black soil was finally
determined to be 0.75-10 mm. The particle size range was uniformly set to six groups in
preparation for the multi-objective total evaluation normalization method. The discrete
element model of black soil particles is illustrated in Figure 3. The black soil creation
process was then set to Dynamic. The simulation model of black soil particle accumulation
is shown in Figure 4. The lower end of the funnel has an inner diameter of 50 mm, the
cylindrical sump diameter is 130 mm, the distance between them is 100 mm and the
0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm particle generation rates were adjusted to
50,000 particles/s, 10,000 particles/s, 10,000 particles/s, 5000 particles/s, 1000 particles/s,
and 40 particles/s, respectively. The particle generation quantity was adjusted to infinite.
The particle simulation time varied depending on particle size; the fixed time step was set
to 22% and the analysis data were saved every 0.01 s. When the particles received at the
bottom of the cylinder below the funnel reached the complete overflow state, the particle
generation rate was set to 0 particles/s until the end of the complete drop of black soil.

The simulation process for the accumulation of black soil particles of different particle
sizes is depicted in Figure 5. The post-processing measurement angles of the black soil
accumulation model are shown in Figure 6.
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Figure 3. The discrete element model of black soil particles. (a) D = 0.75 mm, (b) D = 2 mm,
() D=4mm, (d) D=6 mm, () D=8 mm, and (f) D = 10 mm.

/ cylindrical sump

Figure 4. The simulation model of black soil particle accumulation.
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Figure 5. The simulation process of black soil particle accumulation.

0.75 mm post-processing 2 mm post-processing 4 mm post-processing
angle measurement angle measurement angle measurement
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6 mm post-processing 8 mm post-processing 10 mm post-processing
angle measurement angle measurement angle measurement

Figure 6. The post-processing measurement angles of the black soil accumulation model.
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2.5. The Calibration Method of the Simulation Parameter

In this study, the contact parameter for black soil was calculated by applying the
discrete element and response surface method in combination with the black soil physical
and simulated accumulation tests. The simulation process for the accumulation of different
black soil particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) is shown below:

(1) The Design-Expert software-based black soil rest angle Plackett-Burman experi-
mental design was repeated for each particle size according to the experimental design
steps. The Plackett-Burman test was conducted a total of six times. The parameters of the
Plackett-Burman test for different particle sizes are given in Table 2. The experiment was
designed with the black soil stacking angle as a target as well as six real variables, A-F,
and five virtual parameters, V1-V5. Each simulated contact characteristic had a minimum
and maximum value following a certain scale of values, denoted as numbers (—1) and (+1),
to filter out the important parameters in the simulated contact parameters of black soil
particles [30]. At the same time, a center spot was created for thirteen groups within the
simulation trials and each group of trials had five repetitions.

Table 2. Parameters of the Plackett-Burman test for different particle sizes.

Symbol Parameter Low Level (—1) High Level (+1)
A Black soil-black soil restitution coefficient 0.2 0.4
B Black soil-black soil static friction coefficient 0.2 0.4

Black soil-black soil rolling
friction coefficient
D Black. 501.1—sta1n1e'ss. steel 02 04
restitution coefficient
E Black sml—staml.ess ?,te.el coefficient of 04 0.8
static friction

Black soil-stainless steel coefficient of

C 0.05 0.1

F . . 0.05 0.1
rolling friction
A% Virtual parameter -1 1
V2 Virtual parameter -1 1
V3 Virtual parameter —1 1
V4 Virtual parameter -1 1
V5 Virtual parameter -1 1

(2) Based on the findings of the Plackett-Burman test, three simulated parameters
of high importance for different particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and
10 mm) were screened and the steepest climbing test was developed. The steepest climbing
experiment was conducted six times in total. Every steepest climbing test allows for the
error in modeling and practical accumulation of black soil to be calculated. The steepest
climb test quickly enter enters the range of meaningful parameters and reaches the target
optimum value, and the number of climbing steps is usually taken to be large. The relative
error of the black soil particle accumulation angle is calculated as:

(0 —61)

o (13)

(=
where 6—physical of stacking angle, (°) and 6;—simulation of stacking angle, (°).

(3) From the findings in the steepest climb test and the principle of response surface
optimization, the Box-Behnken for black soil rest angle test was developed. Tests were
conducted for all (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) particle sizes. A total
of six Box-Behnken tests were performed and the test ranked the screened significance
parameters into three classes of low, medium, and high and expressed them in the form
of codes (—1), (0), and (+1), using these three classes to carry out the experimental design,
while three centroids were chosen for assessing the judgment bias.
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(4) After conducting the Plackett-Burman test, steepest climb test, and Box-Behnken
test for various black soil grain sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm), the
optimum contact parameters for each grain size were obtained. Since the optimal choice of
the stacking angle index was not the same for each grain size (0.75 mm, 2 mm, 4 mm, 6 mm,
8 mm, and 10 mm), Hassan’s method was chosen to find the best contact parameters for
any black soil grain size from the optimal contact parameters for each grain size normalized
by Hassan’s method. The formula for OD is:

OD = (D; x Dy x Dy....)"/™ (14)

D; = (Yi - Ymin)/(Ymax - Ymin) (15)

where Ynax is the maximum value of the stacking angle for each particle size and Yiin, is
the minimum value of the stacking angle for each particle size.

(5) The Box—Behnken test was designed again based on the discrete meta-stacking
angle of the normalized black soil. The test ranked the screened significance parameters
into three classes of low, medium, and high, and expressed them in the form of codes (—1),
(0), and (+1) and used these three classes to carry out the experimental design, while three
centroids were selected to evaluate the judgment error.

3. Results and Discussion
3.1. Plackett—Burman Test

The experimental design and results of the Plackett-Burman test for each black soil
particle size (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) are shown in Table 3. As
can be seen from Table 3, in the range of (0.75-6 mm), the black soil accumulation angle
becomes larger as the black soil particle size becomes larger; in the range of (6-10 mm),
the black soil accumulation angle decreases as the black soil particle size becomes larger.
The black soil accumulation angle is maximized at a 6 mm particle size and minimized at a
10 mm particle size. For the same set of contact parameters, the average error of the black
soil accumulation angle is in the range of 2-4.5°.

Table 3. Design and results of the Plackett-Burman experiments with different particle sizes.

0.75mm 2mm 4mm 6mm Smm 10 mm

Number A B C b E F vioovz o vs o va Vs Angle  Angle Angle Angle Angle Angle
1 -1 1 1 -1 1 1 1 -1 -1 -1 1 21.38 26.9 27.71 2747 2403 22.39
2 0 0 0 0 0 0 0 0 0 0 0 20.6 2472 2581  25.64  23.88 22.51
3 1 -1 -1 -1 1 -1 1 1 -1 1 1 17.11 2156 2231 2095  20.89 19.68
4 1 1 1 -1 -1 -1 1 -1 1 1 -1 21.85 25.1 27.14 27.1 24.47 23.57
5 1 -1 1 1 1 -1 -1 -1 1 -1 1 19.09 2238 2403 2423 2256 21.39
6 -1 -1 -1 1 -1 1 1 -1 1 1 1 20.35 2218  23.03 2278 21.8 20.75
7 1 -1 1 1 -1 1 1 1 -1 -1 -1 21.4 2349 2452 25.3 23.35 2227
8 -1 1 1 1 -1 -1 -1 1 -1 1 1 22.92 2416 2599 26.2 25.64 24.52
9 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 17.1 20.52 21.8 2131 2041 20.2
10 1 1 -1 -1 -1 1 -1 1 1 -1 1 204 2435 2541 2612 2423 22.28
11 1 1 -1 1 1 1 -1 -1 -1 1 -1 21.5 25.8 2599 2679 2533 23.16
12 -1 1 -1 1 1 -1 1 1 1 -1 -1 18.1 2358 2423 2375 2235 21.06
13 -1 -1 1 -1 1 1 -1 1 1 1 -1 19.1 2412 2452 24.7 23.99 22.24

Note: Variables A-F and V1-V5 have the same meaning as in Table 2.

The significance of each simulation parameter is presented in Table 4, and the test
results for each particle size (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) were
analyzed comparatively using Design-Expert software 11.

As can be seen in Table 4, all particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and
10 mm) differed in their P-ranking for their significant contribution to the black soil particle
accumulation angle. Among them, the contribution of contact parameters corresponding
to the stacking angle was ranked equally for the 4 mm and 6 mm particle sizes.
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Table 4. Significance analysis of Plackett-Burman test parameters for different particle sizes.

0.75 mm 2 mm 4 mm 6 mm 8§ mm 10 mm
Parameters Contribution/ Contribution/ Contribution/ Contribution/ Contribution/ Contribution/
Significance  Significance  Significance  Significance Significance  Significance

A 1.1807% 0.33% 0.99% 2.85% 1.83% 0.28%
(6) ©) S @ ©) (6)

B 29.52% 54.77% 58.64% 51.31% 45.72% 2.31%
@ @) @) @ @) ©)

C 25.62% 14.90% 27.52% 25.72% 21.89% 14.05%
@ ®) @ @ @) @

D 8.45% 0.21% 0.27% 0.30% 2.43% 1.08%
©) ®) ®) ®) ) *)

g 12.28% 4.61% 0.18% 0.13% 0.15% 0.58%
“) @) (6) (6) (6) ©)

B 12.99% 20.38% 7.16% 14.4% 11.03% 42.13%

®) 2 ®3) ®3) ©) )

The three factors that contribute significantly to the black soil particle accumulation
angle for all particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) are the black
soil-black soil static friction coefficient, black soil-black soil rolling friction coefficient,
and black soil-stainless steel rolling friction coefficient. The influence of the above three
parameters on the angle of repose of the black soil is extremely significant. The remaining
parameters with less influence were taken according to other relevant refs. [25,26] as black
soil-black soil restitution coefficient of 0.6, black soil-stainless steel restitution coefficient
of 0.38, and black soil-stainless coefficient of 0.8. Therefore, the steepest climbing test
and response surface test design for the black soil accumulation angle were carried out,
depending on the magnitude and order of contributions from the significance tests, in
conjunction with the remaining simulated contact parameters.

3.2. The Steepest Climb Test

Using results from the Plackett-Burman test, three simulated contact parameters of
high importance were selected for all particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm,
and 10 mm) and the steepest climbing test was designed. Each important black soil stacking
angle parameter was gradually increased from a low level according to the respective step
size to determine whether the black soil particle stacking angle was reached. The results
of the steepest climb test for different grain sizes are presented in Table 5. From Table 5, it
can be seen that the black soil accumulation angle becomes larger with increasing black
soil grain size in the range of (0.75-4 mm) and smaller with increasing black soil grain size
in the range of (4-10 mm). The black soil accumulation angle is maximized at the 4 mm
particle size and minimized at the 10 mm particle size. The angle of repose produces the
smallest relative error at level 4, and the trend of deviation generated by the rest angle
is from large-to-small to large-to-small in the interval from level 1 to 5. Therefore, the
response surface is designed with level 4 as the central location point.

Table 5. Results of the steepest climb test for different grain sizes.

Black Black Black
. . . . 0.75 mm 2 mm 4 mm 6 mm 8 mm 10 mm
. Soil-Black Soil-Black Soil-Stainless
Serial . . . . . . Repose Repose Repose Repose Repose Repose
Soil Static Soil Rolling  Steel Coefficient
Number . . . Angle Angle Angle Angle Angle Angle
Friction Friction of Rolling /() 0/C) /() /() /() /()
Coefficient Coefficient Friction
1 0.2 0.01 0.05 14.86 15.2 15.6 153 16.6 15.64
2 0.55 0.13 0.13 26.5 29.28 31.49 28.37 27.82 27.47
3 0.9 0.25 0.21 33.05 36.03 36.11 35.75 34.12 33.42
4 1.25 0.37 0.29 36.7 37.63 37.69 374 37.23 36.63
5 1.6 0.49 0.37 38.69 39.5 39.83 39.01 38.92 38.75
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3.3. Box—Behnken-Test Response Surface Methodology to Optimize the Optimal Contact
Parameters for Different Particle Sizes

For each particle size (0.75 mm, 2 mm, 4 mm, 6 mm, 8§ mm, and 10 mm), the Box—
Behnken test was designed based on the first two tests. Every experiment ranked the
screening significance parameters at three levels each and selects three central points. A
total of 15 experiments were designed for each total particle size (0.75 mm, 2 mm, 4 mm,
6 mm, 8 mm, and 10 mm), each with five replicates, and averaged. The Box-Behnken
test protocol and results after multi-objective normalization for different particle sizes
are presented in Table 6. As shown in Table 6, the stacking angles for different particle
sizes were obtained after the Box—Behnken test. As can be seen from Table 6, the black
soil accumulation angle became larger with increasing black soil grain size in the range
(0.75-4 mm) and smaller with increasing black soil grain size in the range (4-10 mm). The
black soil accumulation angle was the greatest at the 4 mm grain size and smallest at the
10 mm grain size. For the same set of contact parameters, the average error in the black soil
accumulation angle is between 0.5 and 2.5°.

Table 6. Box-Behnken test protocol and results after multi-objective normalization for different
particle sizes.

0.75 mm 2 mm 4 mm 6 mm 8 mm 10 mm
Serial B C F Repose Repose  Repose  Repose Repose Repose oD
Number Angle Angle Angle Angle Angle Angle Value
6/(°) 0/(°) e/(°) e/(°) e/(°) e/(°)
1 0 0 0 36.35 37.45 37.69 37.58 37.23 36.45 0.47
2 1 0 1 37.47 38.56 40.25 39.98 37.85 37.65 0.89
3 1 -1 0 36.15 38.1 39.55 38.93 36.67 36.22 0.6
4 0o -1 1 35.9 37.64 39.08 38.12 36.61 36.01 0.51
5 1 0 -1 37.33 38.16 39.96 39.81 37.85 37.43 0.83
6 -1 0 1 35.5 36.96 38.11 37.91 36.23 35.75 0.38
7 -1 0 -1 34.12 35.61 37.51 37.01 35.48 34.52 0.06
8 0 1 1 37.85 38.85 39.93 39.55 38.1 38.05 0.92
9 0 0 0 36.75 37.96 38.19 37.98 37.63 36.85 0.512
10 0o -1 -1 35.8 36.51 38.23 38.13 36.88 36.01 0.43
11 0 0 0 36.88 38.15 38.44 38.18 37.83 36.96 0.54
12 1 1 0 38.09 38.85 40.33 40.13 38.62 38.11 1
13 0 1 -1 36.52 37.8 39.9 38.62 37.55 36.87 0.69
14 -1 -1 0 34.02 35.55 36.72 36.13 35.31 34.35 0
15 -1 1 0 34.86 36.95 38.055 37.35 36.13 35.26 0.28

Based on the final results of the Box-Behnken experiments, the optimum contact
parameters for different grain sizes were found. The multi-objective normalized value OD
was obtained using the multi-indicator total assessment normalization method and the
response surface method to optimize the discrete element parameters for black soils of
different grain sizes.

3.3.1. Regression Model Interaction Effect

The Box-Behnken test optimization regression model results are shown in Table 7. Based
on the above experimental results, the second-order regression equation of stacking angles for
black soil particles and significant factor were developed using Design-Expert software:

0= —-084+271A—-217B—6.54C +0.71AB—

16
2.32AC 4+ 3.91BC — 0.55A2 + 2.09B% + 15.64C2 (16)

The results of the Box-Behnken test model ANOVA are presented in Table 7. The fitted
model with p < 0.0001 shows that regression analysis of black soil particle stacking angle
is extremely significant. The effects of the black soil-black soil static friction coefficient
(B), black soil-black soil rolling friction coefficient (C), and black soil-stainless steel rolling
friction coefficient (F) on the black soil stacking angle are extremely significant.
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Table 7. Box-Behnken test optimization regression model results.

Source of Variation Mean Freedom Quadratic F Value p Value
Square Sum
Model 1.22 9 0.1355 204.79 <0.0001
B 0.8450 1 0.8450 1277.34 <0.0001
C 0.2278 1 0.2278 344.37 <0.0001
F 0.0595 1 0.0595 89.96 0.0002
BC 0.0036 1 0.0036 5.44 0.0670
CF 0.0169 1 0.0169 25.55 0.0039
B? 0.0056 1 0.0056 8.50 0.0332
F? 0.0168 1 0.0168 25.37 0.0040
Residual 0.0033 1 0.0033 5.05 0.0745
Lack of fit 0.0370 1 0.0370 55.91 0.0007
Pure error 0.0033 5 0.0007
Sum 0.0008 3 0.0003 0.2215 0.8754

Note: (p < 0.01) indicates that the item is extremely significant and (p < 0.05) indicates that the item is significant.

The coefficient of determination R? = 0.9973, adjusted R? = 0.9924, and the predicted
R? = 0.9846, values are all >0.9, indicating that the model is closer to the actual situation.
The adept precision = 47.0226, indicating a relatively high precision of the model.

3.3.2. Regression Model Interaction Effect Analysis

The influence both interaction terms have upon the angle of the rest of the black soil
can be visualized in Figures 7 and 8. It is observed that the interaction effect of (BF) and
(CF) have an important influence on the black soil stacking angle. The Design-Expert
software was used to draw two interactive 3D response surfaces with a significant effect of
accumulation angle. From the (BF) surface in Figure 7, it can be seen that the effect surface
curve of the black soil-black soil rolling friction coefficient (B) is steeper than that of the
black soil-black soil static friction coefficient (F), suggesting that it exerts a greater influence
upon the angle of rest. From the (CF) surface in Figure 8, it is evident that the influence
surface profile for the black soil-stainless steel coefficient of friction (C) is steeper than
that for the black soil-black soil coefficient of friction (F), indicating that it has a greater
influence on the angle of rest.

Stacking angle(°)

S

SIS
S

SR

L7

Stacking angle(®)

025

1
021 09

B:B
B: black soil-black soil static F: black soil-stainless steel rolling
friction coefficient friction coefficient

Figure 7. Interaction effect of BE.

3.3.3. Determination and Validation of Optimal Parameter Combinations

The best choice of the stacking angle index for the grain sizes (0.75 mm, 2 mm, 4 mm,
6 mm, 8 mm, and 10 mm) is not the same. Therefore, to obtain more accurate discrete meta-
simulation parameters for black soil, the best contact parameter for any black soil grain
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size needs to be found from the best contact parameter for each grain size. The regression
equation for the normalized black soil particle accumulation angle OD was optimized
using software with a target black soil particle accumulation angle of 36.95°. To reduce
the deviation between the normalized black soil particle accumulation angle OD and the
accumulation angle obtained from physical tests, the optimal parameters of the black soil
accumulation angle were optimized again. The optimal contact parameters for the black
soil normalized accumulation angle OD are a black earth-black earth static friction of 1.045,
black earth-black earth rolling friction coefficient of 0.464, and black earth—stainless steel
rolling friction coefficient of 0.215.

Stacking angle(®)

029

F:F
Stacking angle(®)

025

021 025

(e
C: black soil-black soil rolling F: black soil-stainless steel rolling
friction coefficient friction coefficient

Figure 8. Interaction effect of CF.

The optimal contact parameters of the black soil normalized stacking angle OD were
analyzed with different particle sizes (0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm) to
observe the stacking results and errors before and after the optimization of each particle
size. The comparison of the stacking angle before and after normalization for each grain
size of black soil is shown in Figure 9. The errors of the simulation test and physical
experiment before and after normalization for each particle size of black soil were 2.92%,
2.35%, 1.84%, 1.27, 2.6%, and 2% and 2.03%, 1.65%, 1%, 0.7%, 1.89%, and 1.24%, respectively.
The errors of the simulation and physics experiments before and after normalization were
reduced by 0.89%, 0.7%, 0.84%, 0.57%, 0.71%, and 0.76% for each particle size of 0.75 mm,
2 mm, 4 mm, 6 mm, 8 mm, and 10 mm of black soil, respectively, with an average error
reduction of 0.745%.

38

—#— Stacking angle of each particle size before normalization
—®— Normalized accumulation angle of each particle size

S

35 L 1 1

[
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T

Stacking angle (°)

Group

Figure 9. Comparison of the stacking angle before and after normalization for each grain size of black soil.
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A comparison of the stacking angles before and after the normalization of each particle
size of black soil is shown in Figure 10. After the normalized-response surface optimization,
the stacking angle profile of each particle size improved, which is closer to the physical
experimental stacking type. Among them, the effect of the stacking angle of the black soil
particles sized 4 mm and 6 mm is the closest to the actual physical effect.

Normalization to optimize the stacking angle of the 0.75 Stacking angle of the 0.75 mm grain size after
mm grain size before the stacking tests. normalization to optimize the stacking tests.

Normalization to optimize the stacking angle of the 2 mm Stacking angle of the 2 mm grain size after normalization
grain size before the stacking tests. to optimize the stacking tests.

- . 5

Normalization to-optimize the stacking angle of the 4 mm Stacking angle of the 4 mm grain size after normalization
grain size before the stacking tests. to optimize the stacking tests.

e £

Normalization to optimize the stacking angle of the 6 mm Stacking angle of the 6 mm grain size after normalization
grain size before the stacking tests. to optimize the stacking tests.

E- A

Normalization to optimize the stacking angle of the 8 mm Stacking angle of the 8 mm grain size after normalization
grain size before the stacking tests. to optimize the stacking tests.

Normalization to optimize the stacking angle of the 10 mm Stacking angle of the 10 mm grain size after
grain size before the stacking tests. normalization to optimize stacking tests.

Figure 10. Comparison of the stacking angles before and after the normalization of each particle size
of black soil.
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A comparison of the simulated and actual physical experiments for the optimal
particle size of 6 mm is shown in Figure 11. Combining the normalized treatment stacking
angle effect and error comparison, the 6 mm particle size is most suitable for the best
discrete element contact parameter after normalization. The results show that the calibrated
parameter could be a good guide to selecting the parameters for the simulation of discrete
elements in black soils and the design and optimization of related equipment.

(@) (b)
Figure 11. A comparison of the simulated and actual physical experiments for the optimal particle
size of 6 mm. (a) Optimal particle size 6 mm simulation test and (b) physical test.

4. Conclusions

In this study, to improve the reliability of the discrete element contact parameters of
black soils, the best discrete element contact parameters were selected by combining the
black soil solids and simulated stacking tests using the multi-indicator total assessment
normalization method combined with the response surface method.

For different particle sizes (0.75-10 mm) of black soil particles, the Plackett-Burman
test, the steepest climb test, and the Box-Behnken test were sequentially applied to obtain
the optimal contact parameters of black soil with different particle sizes, targeting the
stacking angle of black soil particles. Based on the optimal contact parameters for different
black soil grain sizes, a set of optimal contact parameter combinations of black soil that can
comprehensively represent different grain sizes and minimize error was determined using
a multi-objective comprehensive evaluation normalization method; then, its accuracy was
verified. The following conclusions were drawn:

(1) The Plackett-Burman experiments with different particle sizes showed that the vari-
ables affecting the accumulation angle of black soil particles were the black soil-black
soil static friction coefficient, black soil-black soil rolling friction coefficient, and black
soil-stainless steel rolling friction coefficient.

(2) The optimum parameters for the black earth contact parameters were 1.045 for the
black soil-black soil static friction coefficient, 0.464 for the black soil-black soil rolling
friction coefficient, and 0.215 for the black soil-stainless steel rolling friction coefficient.

(8) The errors of the simulation test and physical experiment before and after normaliza-
tion for each particle size of 0.75 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm of black
soil were 2.92%, 2.35%, 1.84%, 1.27, 2.6%, and 2%, and 2.03%, 1.65%, 1%, 0.7%, 1.89%,
and 1.24%, respectively. The errors of the simulation and physics experiments before
and after normalization were reduced by 0.89%, 0.7%, 0.84%, 0.57%, 0.71%, and 0.76%
for each particle size of black soil, with an average error reduction of 0.745%.

(4) The 6 mm particle size is most suitable for the best discrete element contact parameter
after normalization. The simulation results did not differ significantly from the
physical measurements. Thus, it can give a guide value to the design and improvement
of related agricultural equipment.
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