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Abstract: The EDEM software (Altair EDEM 2022.0 professional version 8.0.0) was used to create
a discrete element model of silage to address the lack of silage evidence parameters and contact
parameters between silage and conveying equipment when using the discrete element method to
simulate and analyze crucial aspects of silage conveying and feeding. Physical tests and simulations
were used to calibrate the significant parameters, and the silage stacking angle obtained from
simulation and tests was then validated. The response value of the stacking angle (38.65°) obtained
from the physical examination was used as the response value. The response surface (RSM) finding
and the GA finding based on the genetic algorithm (GA) artificial neural network (BP) model were
used to compare the significance parameters. The PB and steepest climb tests were used to screen
the significant factors. Results indicate that the static friction coefficient between silage and silage,
the rolling friction coefficient between silage and silage, and the static friction coefficient between
silage and the steel body are significant factors affecting the stacking angle of numerical simulation;
the parameter optimization effect of GA-BP-GA is superior to that of RSM; the optimal parameter
combinations are as follows: 0.495, 0.194, and 0.420, respectively, and the simulated stacking angle
is 39.1510°, which matches the empirical test result. The relative error between the simulated and
stacking angles derived from the physical test was 1.3%. The results demonstrate that the silage model
is reliable within the parameters derived from the calibration, and that the calibrated parameters can
be used in other discrete element simulation studies of silage.

Keywords: silage; discrete element method; response surface method; genetic algorithm; BP neural
network; parameter calibration

1. Introduction

China’s agricultural production structure has been adjusted, transformed from a
binary agricultural planting structure to a ternary structure. The favorable characteristics
of silage straw, such as low cost and an extended storage cycle, make it a significant
raw material in animal husbandry for ruminants like cattle and sheep [1-3]. The animal
husbandry sector is moving towards standardized scale farming at an accelerated pace, with
a constant improvement in mechanization [4]. Automatic feeding facilities and batching can
significantly boost the degree of automation and management efficiency, while studying
the characteristic parameters of silage is highly relevant to understanding its conveyor
mechanism and simulation experiments.

In recent years, the discrete element (EDEM) technique has been utilized extensively
to provide a new method for analyzing the force, collision, and stacking angle of bulk
feed and investigating the mechanism of bulk feed conveyance [5-7]. Liu Peng et al. [8]
analyzed the motion process and force changes of the crushed rods in the crushing chamber
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at various crushing knife shaft speeds for the problem of the motion mechanism of the
crushed corn rods after the crushing of the straw returning machine using CFD-DEM
coupling. The findings indicate that the crushing knife shaft speed adversely affects the
uniformity of tossing. Zhang Tao et al. [9] used the contact parameters in the straw kneading
process as factors, the relative error value of the stacking angle as an evaluation index,
and an orthogonal method for the discrete element parameter calibration of maize straw
to determine the optimal combination of contact parameters. Zhang Fengwei et al. [10]
selected four distinct lengths and widths of corn straw to establish a BPM bonding model
for crushing simulation and verification; the results demonstrated that the simulation
and test results were consistent and that the discrete element simulation to simulate the
corn straw kneading and the crushing process was feasible. Wu Hong-arrow et al. [11]
investigated the forward inclination angles of the blades used in the silage harvester
throwing mechanism, created a 3D model using CATIA, imported it into EDEM to simulate
motion, and determined the ideal forward inclination angle. Coetzee C.J. et al. [12] used
EDEM to simulate the testing of machinery and granular materials, determined the internal
friction angle and stiffness of the materials, and more accurately predicted the discharge
container’s flow rate and flow pattern. Wang L J et al. [13] determined the rolling friction
coefficient of irregularly shaped maize particles via a combination of the discrete element
method and physical experiments. The simulation results were compared to the physical
test results to ascertain the rolling friction coefficients between the maize particles and the
galvanized plate.

Currently, the majority of research on contact parameters of silage consists of physical
test measurements, while numerical simulation research is limited. To investigate the perti-
nent contact parameters of silage, physical, mechanical, and simulation tests of Xinjiang
corn silage fed to beef cattle were conducted to calibrate its defining parameters. The sig-
nificant contact parameters of silage were optimized through the stacking angle simulation
test and combined with the response surface model and the BP neural network model
based on the genetic algorithm; the test results were compared and analyzed to determine
the optimal parameter combination to improve the accuracy of the contact parameters
required for the discrete element silage model. This provided a basis for the simulation of
essential links, such as feeding.

2. Material and Methods
2.1. Test Samples

Fresh silage from the Xinjiang Academy of Agricultural Sciences” An Ning Qu Live-
stock Experimental Field Station was used in the test because it was loose, separated,
similar in shape, and a bulk material [14], as shown in Figure 1. The exterior dimensions,
moisture content, bulk density, and other fundamental parameters of silage are listed here.
Depending on the aim of the determination, it may also be necessary to determine the
silage’s coefficient of friction, shear modulus, and Poisson’s ratio to establish a foundation
for the calibration study of the discrete element approach [15].

Figure 1. Silage.
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2.2. Determination of Characteristic Parameters
2.2.1. Geometrical Characteristics

A random silage sample is taken from the silage kiln at the test site, and it is sieved and
determined using a sieving machine, along with a chosen set of sieve bodies, an electronic
balance, calipers, and other instruments. The sieving, size, and mass determination should
be carried out at least ten times, concurrently, during the determination process, and the
measurement results are displayed in Table 1.

Table 1. Silage size and mass distribution.

Sieve Bodies Upper Sieve Body Middle Sieve Body Lower Sieve Body
Size/mm >19 8 < particle size < 19 <8
Percentage of mass 13.86% 47.53% 38.61%

2.2.2. Water Content

Dry-based and wet-based methods are used to determine the moisture content of bulk
materials, respectively. Dry-based methods are based on the mass of the material’s dry com-
ponents, whereas wet-based methods are based on the amount of water it contains [16,17].
The following equation is used in this paper to express the wet-based moisture content:

My o
My = - x 100% 1)
where M, is the moisture content on a wet basis, %; m1,, is the mass of moisture contained,
kg; and m;, is the mass of the dry substance contained, kg.

For information on the silage moisture content determination test, see standard
NY/T1881.2-2010 [18]. A 101-type electric constant temperature blast drying oven (Beijing
Yong Guangming, high-precision display instrumentation, accuracy of 0.1 degrees), and a
BSA3202S-type electronic balance (maximum weighing capacity of 3200 g, resolution of
0.01 g, Sartorius Scientific Instruments (Beijing) Co., Ltd., Beijing, China, were used. The
results are detailed in Table 2, and the calculated water content of the silage is 69.16%.

Table 2. Silage moisture content.

Serial Number 1 2 3 4 5 6 7 8 9 10
Moisture content/% 69.23 70.12 67.36 68.23 69.56 72.33 70.28 67.36 66.72 70.36

2.2.3. Bulk Density

The material’s bulk density is the unit mass of the substance packed beneath the
designated container’s filling volume. Its mathematical equation is:
_ My —m

Ppr = T ()

where py is the stacking density, kg/m3; m is the mass of the container, kg; 1, is the mass
of filler material, kg; and V; is the filled volume of the container, mS.

The silage’s bulk density was measured per standard NY/T1881.6-2010 [19]. Electronic
scales, measuring cups, and other tools were the primary equipment. At least ten parallel
tests were conducted to assess the material component stacking density, and the findings

are displayed in Table 3. The silage’s stacking density was 491.68 kg/m?.

Table 3. Silage stacking density.

Serial Number 1 2 3 4 5 6 7 8 9 10
Bulkdensity/kg/m3 484.7 4815 5123 4753 496.5 4875 490.7 483.6 508.2 496.5
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2.2.4. Friction Coefficient

The static and dynamic friction coefficients are two categories of silage friction coeffi-
cients. The rolling coefficient describes the ratio of resistance to gravity when the object is
rolling, and the static coefficient describes the maximum amount of static friction required
when the thing is at rest. It is proportional to the positive pressure between the contacting
surfaces. Both of these constant values represent the amount of friction. The forces acting
on the material’s inclined surface are depicted in Figure 2, and show results for after the
coefficient of friction between silage and silage and silage and steel bodies was calculated,
using an inclinometer and the hydrostatics principle [20,21].

Fn

Figure 2. Schematic representation of the principle.

As the slope’s inclination gradually increases, the silage will incline to slide if the
slope’s preference corresponds to the maximum static friction angle of the silage, as defined
by the following equation:

G =mg

F, = mgcos6

F=mgsin® @)
f=uk

where G is the material gravity, N; m is the material mass, kg; m/ s%: F, is the support force,
N; f is the friction force, N; u is the friction factor; and 0 is the inclination angle of the
inclinometer, (°).

The inclinometer utilized during the test is depicted in Figure 3. To determine the
coefficient of static friction between the silage and the steel plate, first lay the silage flat on a
table and compact it slightly. Then, position the silage on the steel plate so it is in complete
contact with its surface. Slowly turn the nut to increase the angle of inclination of the flat
plate. If the silage suddenly slips and does not fall, the force applied exceeds the minimum
force required to set the object in motion (i.e., static friction). Stop increasing the angle of
inclination and record the angle of inclination at this point. To determine the coefficient of
static friction between silage and silage, the silage must be glued flat to a flat plate to form
a silage plate surface. The test procedure is the same as described above, and the silage’s
angle of static friction and coefficient of static friction are measured and calculated. Each set
of experiments was conducted ten times, and the average coefficient of static friction was
estimated to be 0.465 between silage and silage and 0.367 between silage and steel plates.

To determine the silage-silage rolling friction and the silage—steel plate rolling friction,
the test procedure is identical to that described above, except that the silage is lifted
continuously and slowly by the flat plate when the applied force has exceeded the static
friction to which the object is subjected and which causes the object to start moving; if
the applied force is maintained, the object will slide at a constant speed and a uniform
rate. When a uniform descent occurs, the elevation of the flat plate ceases, and the angle of
inclination at this point is the silage’s rolling friction angle. The two tests were replicated
ten times each, and the average coefficient of rolling friction was calculated. The average
rolling friction coefficient between silage and silage was 0.176, whereas it was 0.138 between
silage and the steel plate.
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Figure 3. Home-made inclined plane instrument.

2.2.5. Stacking Angle

The angle in which bulk materials are stacked significantly impacts their harvesting,
transport, and storage. Different measurement methods, such as the angling method,
funnel method, cylinder lifting method, injection method, etc., can be selected based on
the characteristics of the bulk material [22,23]. The results of a preliminary comparison of
several methods indicate that the cylinder lifting method in the pile angle dispersal state
is superior; therefore, this paper employs the cylinder lifting method for silage pile angle
testing; the test apparatus is depicted in Figure 4.

o

4

Figure 4. Stacking angle physical test. Note: 1. Computer; 2. Universal material tension and pressure
testing machine; 3. Fixture; 4. Cylinder; 5. Stacking angle; 6. High-definition camera.

The silage is placed in a steel body cylinder of 90 mm in diameter and 180 mm in
height; the cylinder is clamped and raised by the CMT-6103 microcomputer-controlled
electronic universal testing machine (which has high precision and sensitivity for the
measurement and control of load, deformation, and displacement, and can also perform the
automatic control test of isochronous loading, isochronous deformation, and isochronous
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displacement). The slope of the silage pile was simpler to stabilize when the lifting speed
was set to 0.6 m/s, so the uniform lifting speed was set to 0.6 m/s, and the lifting time was
set to 0.5 s. When the hoisting was complete, all silage pellets were stationary, and the slope
was stable; a video camera was used to photograph the silage pile vertically. To reduce the
problem of manual measurement error using a protractor, the pile angle images obtained
from the test were processed with MATLAB R2020b V9.9.0 software. The camera image
(Figure 5a) was first grayscaled (Figure 5b), then binarized using an iterative method to
select an appropriate threshold (Figure 5c), the bwperim function was used to extract the
image outline, and the imfill function was used to eliminate and fill the internal white dots
when extracting the image outline to obtain a complete and clear outline (Figure 5d). The
digitizer tool in the Origin 2019b (64-bit 9.6.5.169) software tools was then used to process
the contour image to acquire the pixel coordinates of the contour image, which were then
linearly fitted to the data. Table 4 displays the results of 10 repetitions of the above test
procedure. The average of the 10 data sets yielded a stacking angle of 38.65 degrees for the
silage physical stacking test.

(c) (d)

(e)

Figure 5. Stacking-angle image processing. (a) Original image; (b) Grayscale processing; (c) Binariza-

tion; (d) Edge profile extraction; (e) Contour pixel point coordinates.

Table 4. Silage stacking-angle measurement results.

Serial Number 1 2 3 4 5 6 7 8 9 10
Stacking angle/° 39.35 36,50 38.65 35.75 37.55 4035 4225 39.65 36.25 40.20

2.3. Creation of the Simulation Model
2.3.1. Creation of the Particle Model

The discrete element method employs particle units with particular masses and shapes.
The non-spherical particle model of each material component of the test diets was con-
structed using the multi-sphere superposition method to achieve moderate computational
complexity and simulation accuracy [24]. Based on the material particle geometry char-
acteristics of the measured test material fractions and combined with the agricultural
material discrete element simulation parameters [25], a simplified model of silage particles
of various shapes and sizes was developed, as depicted in Figure 6.
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>19 mm 8 mm < particle size <19 mm <8 mm

Figure 6. Discrete element model.

2.3.2. Steel Plate and Bottomless Steel Cylinder Model

Using Solid Works (R Premium 2020 SP0.0) software, a three-dimensional model of
the identical steel plate and bottomless steel cylinder as the test set-up was made, saved as
an STP file, and imported into EDEM software (EDEM 2022 professional version 8.0.0). The
steel’s Poisson ratio was taken from references [26,27] as 0.28, the density as 7.85 g/cm?,
and the shear modulus as 75 GPa.

2.3.3. Contact Model

During the test, there are forces between the particles and the steel body in addition
to particle-to-particle contact. The Hertz—Mindlin with JKR cohesion contact model [28]
was selected for this simulation because there is hardly any adhesion force between the
silage and the steel body surface in the actual test. However, there is some adhesion
phenomenon for granules with particle sizes less than 8§ mm. The effect of cohesion forces
on the movement of particles during transport is generally pertinent to modeling materials
with substantial adhesion and agglomeration between particles due to factors such as
moisture [29]. Small silage granules may bind during the compaction and form due to
internal friction between the pellets. The discrete element parameters for silage were
calibrated using the Hertz-Mindlin with JKR cohesion contact model, with the JKR surface
energy set to 0.2735 J/m? [30].

2.3.4. Simulation Parameter Settings

The particle model size and scale of Figure 6 were utilized to construct the simulation
tests to guarantee the stability and continuity of the simulation process. To mimic the
stacking-angle test illustrated in Figure 7, the simulation tests were created with a Rayleigh
time step of about 25%, a total simulation period of 10 s, a data save interval of 0.1 s, and a
grid size of 3 times the lowest particle radius.

‘ A
(a) (b)

Figure 7. Stacking-angle simulation test. (a) Feed dispersal process; (b) Feed dispersal process.
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3. RSM Tests
3.1. PB Tests

Not all factors significantly affect the stacking angle, and some canot be calibrated in
terms of stacking angle since doing so would result in inaccurately calibrated parameters.
For the screening (Plackett-Burman) experimental design and analysis of the intrinsic silage
parameters (Poisson’s ratio, shear modulus and density) and contact parameters (silage—
silage static friction coefficient, static-silage—steel static friction coefficient), static-silage-
silage rolling friction coefficient, and silage-silage static friction coefficient), Design-Expert
11 1.0.1 software was used. According to references [31,32], silage has a shear modulus and
Poisson’s ratio of 29 MPa and 0.31, and its collision recovery coefficients for silage-silage
and silage-steel collisions are 0.35 and 0.3, respectively. Table 5 lists the eight calibration
parameters, whereas Table 6 lists the Plackett-Burman test technique and results.

Table 5. Table of values for the screening parameters.

Test Parameters Low Level (—1) High Level (1)
Poisson’s ratio A 0.3 0.5
Shear modulus B/MPa 10 35
Silage-silage collision recovery coefficient C 0.25 0.4
The static friction coefficient between silage and silage D 04 0.55
Rolling friction coefficient between silage and silage E 0.1 0.25
Silage-steel inter-body collision recovery factor F 0.15 0.35
The static friction coefficient between silage and steel body G 0.3 05
Rolling friction coefficient between silage and steel body H 0.1 0.25

Table 6. Plackett-Burman test protocol and results.

Test Parameters

Serial Number Stacking Angle/(°)
B C D E F G H
1 1 -1 1 1 1 -1 -1 38.74
2 -1 1 1 -1 1 1 1 -1 38.32
3 1 -1 1 1 -1 1 1 1 36.52
4 -1 1 -1 1 1 -1 1 1 42.12
5 -1 -1 1 -1 1 1 -1 1 39.02
6 -1 -1 -1 1 -1 1 1 -1 37.36
7 1 -1 -1 -1 1 -1 1 1 40.39
8 1 1 -1 -1 -1 1 -1 1 34.34
9 1 1 1 -1 -1 -1 1 -1 35.32
10 -1 1 1 1 -1 -1 -1 1 36.53
11 1 -1 1 1 1 -1 -1 -1 39.34
12 -1 -1 -1 -1 -1 -1 -1 -1 34.13
13 0 0 0 0 0 0 0 0 38.21

The importance of the simulation test parameters was determined using an analysis
of variance on the Design Expert 11 1.0.1 software test results, as shown in Table 7.

According to the table, the simulation test is significantly impacted by the p-value
of the rolling friction coefficient between silage and silage below 0.01, the p-value of the
static friction coefficient between silage and between silage and steel body below 0.05,
and the p-value of other simulation test parameters above 0.05. Since the coefficient of
variation for this test was 1.72 percent or less than 15%, it may be concluded that the
results are analytically significant and normal. A satisfactory fit of the regression model is
shown by the calculated correction coefficient of determination R? adj, which was 0.9291,
greater than 0.8. This test has high reliability, since the better the signal-to-noise ratio of the
measurement, the more reliable the test. A ratio of more than four is preferred, and a ratio
of 13.809 denotes an adequate signal.
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Table 7. Significance analysis of the Plackett-Burman test.

Parameters Sum of Squares Degrees of Freedom Mean Square F-Value p-Value
Models 63.98 8 8.00 19.03 0.0170 *
A 0.6674 1 0.6674 1.59 0.2967
B 0.1610 1 0.1610 0.3831 0.5798
C 0.3434 1 0.3434 0.8171 0.4327
D 6.89 1 6.89 16.38 0.0272 *
E 46.93 1 46.93 111.66 0.0018 **
F 1.04 1 1.04 2.47 0.2140
G 5.24 1 5.24 12.47 0.0386 *
H 2.72 1 2.72 6.46 0.0845
Discrepancy 1.26 3 0.4203
Total 65.50 12

Note: ** indicates an extremely significant effect (p < 0.01), and * indicates a significant effect (p < 0.05).

3.2. Steepest Climb Test Design

Based on the Plackett-Burman test, the steepest climb test was conducted on the three
significant factors screened out (static friction coefficient between silage and silage, rolling
friction coefficient, and static friction coefficient between silage and the steel body), which
can determine the optimal value of the factors and the relative error between the discrete
element simulation analysis stacking angle and the actual stacking angle more quickly. The
optimal range and relative error are computed using the following formula:

= Wy_‘Z' % 100% @)

where e is the relative error, %; y is the measured silage pile angle, (°); and z is the simulated
silage pile angle, (°).

In the simulation test, the factors with insignificant effects on the stacking angle were
selected at the middle level of their values, so the Poisson’s ratio of silage was set to 0.4, and
the shear modulus was set to 22.5 MPa; the collision recovery coefficient between silage
and silage was set to 0.325, the collision recovery coefficient between silage and the steel
body was set to 0.35, and the rolling friction coefficient between silage and the steel body
was set to 0.175. According to the results, the steepest climb test was conducted using the
table values for the PB test factor level. The design scheme and results of the steepest climb
test are shown in Table 8.

Table 8. Steepest climb test design and results.

Factors
Serial Number b E p Stacking Angle/(°)  Relative Error/%

1 0.4 0.1 0.3 29.16 24.61
2 0.43 0.13 0.34 36.61 5.35
3 0.46 0.16 0.38 33.86 12.46
4 0.49 0.19 0.42 37.33 3.49
5 0.52 0.22 0.46 41.08 6.2

6 0.55 0.25 0.5 47.18 21.98

The results demonstrated that the stacking angle of the silage simulation results tended
to increase as the selected values of the three significant factors increased, whereas the
relative error value of the calculated stacking angle tended to decrease and then increase.
The minimum relative error value for the fourth group of test results was 3.49 percent, so
the fourth group near groups 3, 5, and 4 was chosen as the selected level for the test, and
the RSM test was conducted to establish the regression model.
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3.3. Central Combination Response Surface Test

The test analysis was performed using the Central Composite Design (CCD) test in
the RSM test design, based on the results of the steepest ascent test. Table 9 displays the
coding table for significance parameters and simulation factors.

Table 9. CCD simulation factor coding table.

Factors
Coding
D E G

—1.682 0.464773 0.164773 0.386364

-1 0.475 0.175 0.40

0 0.49 0.19 0.42

1 0.505 0.205 0.44
1.682 0.515227 0.215227 0.453636

The CCD test methodology was used, which included a total of 23 test measurement
points, 9 zero-estimation errors, and 14 analysis components. Table 10 below displays the
CCD test technique and the associated response values. The table’s coded values D/, E/,
and F’ correspond to factors D, E, and F.

Table 10. CCD scheme and results.

Factors
Serial Number o 5 Y Stacking Angle/(°)
1 1 -1 1 46.65
2 0 0 0 40.32
3 1.68179 0 0 48.35
4 0 0 1.68179 50.02
5 0 0 0 36.83
6 -1 -1 1 43.72
7 1 -1 -1 38.78
8 0 0 0 39.87
9 -1 1 -1 36.96
10 -1 1 1 43.78
11 —1.68179 0 0 32.56
12 1 1 -1 45.84
13 0 0 0 39.52
14 0 0 0 38.51
15 0 0 0 38.12
16 0 1.68179 0 43.12
17 0 0 0 38.35
18 0 0 0 40.98
19 -1 -1 -1 32.06
20 0 0 —1.68179 33.36
21 0 —1.68179 0 34.44
22 0 0 0 37.56
23 1 1 1 50.86

As shown in Table 11, the CCD test was analyzed, and the quadratic regression model
was derived. On the silage stacking angle, the effects of the static friction coefficient
between silage and silage (D), the rolling friction between silage and silage (E), the static
friction coefficient between silage and the steel body (G), and the squared term of the
static friction coefficient between silage and the steel body (G?) were extremely significant
(p < 0.01). The squared term of the static friction coefficient between silage and silage (D?)
was significant (p < 0.05). The p value of this quadratic regression model was less than
0.0001, indicating that the relationship between the simulated silage piling angle and the
regression equation was highly significant. The misfit term p = 0.1073 was greater than
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0.05, indicating that the regression model fits well and no misfit occurred. Its coefficient
of variation was 4.29 percent, which was less than 15 percent, so the reliability of the test
was high; the coefficient of determination of the regression model R? was 0.9377, and the
corrected coefficient of determination Rzadj was 0.8945, so the reliability of the regression
equation was high. The precision was 18.2051, so the precision of this regression model
was high.

Table 11. CCD quadratic regression analysis of variance.

Source of Sum of Degrees of Mean

Variance Squares Freedom Square F-Value p-Value
Model 590.10 9 65.57 21.73 <0.0001 **
D 199.26 1 199.26 66.04 <0.0001 **
E 69.59 1 69.59 23.06 0.0003 **
G 258.26 1 258.26 85.59 <0.0001 **
DE 498 1 498 1.65 0.2214
DG 3.91 1 391 1.29 0.2757
EG 7.39 1 7.39 2.45 0.1415
D? 14.43 1 14.43 4.78 0.0476 *
E2 2.07 1 2.07 0.6857 0.4226
G? 30.69 1 30.69 10.17 0.0071 **
Residuals 39.22 13 3.02
Misfit 24.41 5 4.88 2.64 0.1073
Error 14.81 8 1.85
Total 629.32 22

Note: ** indicates an extremely significant effect (p < 0.01), and * indicates a significant effect (p < 0.05).

The optimized regression model’s ANOVA is displayed in Table 12, with a misfit
term of 1.74 and an accuracy of 22.1848 after several inconsequential factors present in the
original regression model were eliminated. The dependability and accuracy of the resulting
regression equation are better than before optimization. The ideal regression formula is:

6 = 39.07 4 3.82A +2.26B + 4.35C + 0.9505A, + 1.39C,/ b? — 4ac )
where 0 is the stacking angle, (°).

Table 12. Analysis of variance for CCD-optimized regression models.

Source of Sum of Degrees of Mean F-Value Value
Variance Squares Freedom Square P
Model 571.76 5 114.35 33.77 <0.0001 **
D 199.26 1 199.26 58.84 <0.0001 **
E 69.59 1 69.59 20.55 0.0003 **
G 258.26 1 258.26 76.26 <0.0001 **
D? 14.36 1 14.36 4.24 0.0551
G? 30.58 1 30.58 9.03 0.0080 **
Residuals 57.57 17 3.39
Misfit 42.76 9 4.75 2.57 0.0996
Error 14.81 8 1.85
Total 629.32 22

Note: ** indicates an extremely significant effect (p < 0.01).

3.4. Effect of Interaction Factors on Stacking Angle

Figure 8 displays contour and surface plots for each interaction. Figure 8a shows that
when the coefficient of static friction between silage and silage (D) is constant, increasing
the coefficient of rolling friction between silage and silage (E) and the coefficient of static
friction between silage and steel (G) leads to a gradual increase in the stacking angle. When
the coefficient of rolling friction between silage and silage (E) is held constant, as illustrated
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in Figure 8b, the stacking angle increases gradually alongside the coefficient of static friction
between silage and silage (D) and that between silage and steel (G), and the rate of increase
is similar. When the coefficient of static friction between the silage and silage body (G)
is kept constant, as shown in Figure 8c, the stacking angle gradually increases with an
increase in the coefficient of static friction between silage and silage contacts (D) and the
silage and steel (G). The change in the stacking angle demonstrates a clear trend according
to the changing coefficient of static friction between the silage and silage contacts (D).

] o)

(a)D =049

(b)E=0.19

() G=042

Figure 8. Contour and surface maps of the interaction factors.
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The interaction between the silage and silage static friction coefficient (D), the silage
and silage rolling friction coefficient (E), and the silage and steel static friction coefficient
(G) influence the silage stacking angle, which is determined by the static friction between
the lower silage and the steel plate and the pressure exerted by the silage above on the
silage below when the silage is stacked. In contrast, the rolling friction coefficient influences
the pressure exerted by the upper object. As the upper silage slides or rolls, the pressure
exerted on the lower silage decreases, causing the stacking angle to decrease. This is due
to the fact that during the rolling or sliding process the contact area between the top and
bottom silage becomes smaller, and the contact point changes, thereby reducing friction
between them.

3.5. Optimization of RSM Result Parameters

The Numerical module of Design-Expert 11 1.0.1 software was used to optimally solve
the regression model using the mean value of the actual silage stacking angle (38.65°) as
the objective, and the optimization constraints were:

6 — 38.65°
046 <D <0.52 ©)
s.t.¢ 016 <E <0.22

038 <G <046

The simulated silage stacking angle was obtained in multiple sets, and the closest
location to the actual physical test was as follows: the static friction coefficient between
silage and silage was 0.498, the rolling friction coefficient between silage and silage was
0.196, and the static friction coefficient between silage and the steel body was 0.404. The
measured simulated silage stacking angle was 40.0526°, with a relative error of 3.6%
compared to the actual physical silage stacking angle.

4. GA Optimization Based on the GA-BP Model
4.1. GA-BP Model

The BP neural network algorithm uses gradient descent to continuously correct net-
work weights and thresholds by training the network until convergence yields an output
value near the desired value [33]. Nevertheless, BP neural networks converge slowly, are
sensitive to initial network weights and thresholds, and are susceptible to local search and
other issues [34]. The initial weights and thresholds of the BP neural network are refined
using the genetic algorithm (GA), thereby enhancing the convergence speed and accuracy
of the neural network’s output values [35]. The initial weights and thresholds of the BP
neural network are optimized using the GA algorithm, and the non-linear mapping rela-
tionship between the significant influencing factors and the stacking angle is determined
through network training. Subsequently, three optimization objectives are converted into
evaluation indices using the linear weighting method and hierarchical analysis, and an
optimization search is conducted for the significant influencing parameters of the stacking
angle using the genetic algorithm.

The parameters of the neural network were set as follows: the maximum number
of iterations was 1000, the training target error was 0.001, the learning rate was set to
0.01, the input features (training set) were set to three neurons, which were the coefficient
of static friction between silage and silage (D), the coefficient of rolling friction between
silage and silage (E), and the coefficient of static friction between silage and the steel body
(G), and the output features (test set) were set to silage-simulation stacking angle. There
is a mapping relationship between the influence factor and the objective function. The
network design training uses a three-layer network structure, in which the transport layer
is three neurons (transport features); for the input layer neurons n; between the number of
neurons and the number of neurons in the implied layer n; there is a certain approximation,
ny =2n; + 1 =7, so the number of neurons in the hidden layer is set at 7, and the output
neuron (target value) is 1 [36], which is the selection of the GA-BP. The optimal network
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topology is shown in Figure 9. The parameters of the genetic algorithm are set as follows:
the number of genetic iterations is 200, the population size is 100, the selection function is
(norm Geom Select), the parameter of the function is taken as 0.09, the crossover coefficient
is taken as 1, and the coefficient of variation is taken as 0.2. The schematic diagram of the
GA-BP neural network is shown in Figure 10.

‘ Input layer ‘ ‘ Hidden layer ‘ ‘ Output layer

Next iteration

Variation - Overlapping

Figure 9. Optimal topology of GA-BP network.

GA l
Model

BP neural network trained to get
mean square error as fitness value

l

Determine network topology

l Model

—»‘ Selection ‘
l *v—" Obtain the optimal weight threshold ‘
‘ Crossover ‘ l
‘ Calculate Error
‘ Mutation ‘ l

‘ Weight threshold update

i

‘ Calculate the fitness value ‘

atisfy the terminatiol
condition

atisfy the terminatiol
condition

Optimal value prediction

i

Figure 10. Schematic diagram of GA-BP neural network.

The mean square error (MSE) measures the average error of the data based on the
degree of data variation; the smaller its value, the more accurately the built model de-
scribes the experimental results. As depicted in Figure 11, the model achieved optimal
validation performance in the second training phase, with an MSE of 0.0016583, indicating
that the GA-BP network model converges rapidly and consistently and can better meet
experimental requirements.
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Figure 11. Performance.

4.2. GA-BP-GA Parameter Optimization

The unknown nonlinear function’s optimization search for function extrema was
conducted using the genetic algorithm. The fitness function of the genetic algorithm was
the established neural network model, and the values of silage—silage static friction coeffi-
cient (D), silage—silage rolling friction coefficient (E), and silage-steel-body static friction
coefficient (G) were searched with the silage stacking angle (38.65°) as the optimization
objective. The number of genetic algorithm iterations was set to 100, the population size
was 100, the selection function was Norm Geom Select, the parameters were set to 0.8, the
crossover coefficient was set to 2, and the mutation coefficient was set to 0.2 [37,38]. The
GA-BP-GA parameter optimization flowchart is shown in Figure 12.

EDEM simulation test data collection

population initialization
) '
Establishment of GA-BP neural
network between silage GA-BP neural network predicted and
process (input) and evaluation calculated the fitness value
indexes(output) ¢
Choose
‘ Cross ‘
‘ Variation ‘

atisfy the terminatiol
condition?

Figure 12. Flowchart of GA-BP-GA parameter seeking optimization.
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According to Figure 13, after training and analysis, the optimized GA-BP neural
network model had a training coefficient R-value of 0.98719, a validation coefficient R-value
of 0.99802, a testing coefficient R-value of 0.98556, and an overall correlation coefficient
R-value of 0.98889. The findings show a strong correlation between the anticipated and
observed data, and the model is appropriate for experimental study [38].

Training: R=0.98719
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Figure 13. Regression analysis.

Figure 14 depicts the change curve of the population’s fitness value throughout the
optimization iteration using the relevant model established earlier as the fitness function of
the GA genetic algorithm. The figure shows that the GA optimization uses the population
search function, multiple crossovers, and a selection process to cause the fitness value of
the chosen individuals to decrease abruptly two times and then gradually level off; when
the 40th iteration is reached, the population’s fitness curve slowly converges to around 0.05,
indicating that the difference between the predicted value and the target value is minimal;
at 200 iterations, the GA ceases the merit search and determines the individual fitness value
that is closest. The simulation yielded the following optimal parameters: static friction
factor between silage and silage of 0.49, rolling friction factor between silage and silage
of 0.19, and static friction factor between silage and the steel body of 0.42. The simulated
silage stacking angle was determined to be 39.151°, with a relative error of 1.3% compared
to the actual silage stacking angle.
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Figure 14. Variation curve of the adaptation degree of the GA optimization process.

4.3. Validation Test

The error between the simulated stacking angle and the actual stacking angle obtained
after optimization by the above RSM model and GA-BP model is less than 5%, indicating
that the values of the three significant parameters obtained above are accurate and reliable
and that both models are suitable for stacking-angle prediction. The prediction accuracy
after GA-BP-GA optimization is greater than that after RSM optimization, and the error
values of stacking and actual stacking angles after GA-BP-GA optimization are smaller
than those of RSM. After GA-BP-GA optimization, the error values of the stacking angle
and actual stacking angle are less than those of RSM, indicating that the predicted values
of GA-BP-GA are closer to the actual true values.

The optimized solution is simulated, and the results of the simulation test are com-
pared with the results of the physical stacking test to identify the set of optimized solutions
with the size and shape of the stacking angle most closely resembling the physical stacking
test. Figure 15 illustrates the contrast between the simulation exam and the physical test.
The results indicate that there is no significant difference between the simulation test results
of the stacking angle and the physical test results of the stacking angle under the optimized
simulation parameters, and that the shape profile and angle of the stacking angle of the
two are similar, indicating that the simulation parameters of this group are set accurately
and that the model and parameter calibration results constructed for the study of silage
are reliable.

Figure 15. Comparison of physical and simulation tests. (a) Physical test; (b) Simulation test.

5. Conclusions

(1) Experiments determined the physical- and mechanical-property parameters of silage.
In three layers, the geometric size distribution of the silage was >19 mm,
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8 mm < particle size < 19 mm, and <8 mm in three layers, representing 13.86%,
47.53%, and 38.61% of the bulk, respectively. The bulk density and moisture content
were 69.16% and 491.68 kg/m?3, respectively. The average static friction coefficient be-
tween silage and silage was 0.465, while the average static friction coefficient between
silage and steel was 0.367. The average rolling friction coefficient between silage and
silage was 0.176, and the average rolling friction coefficient between silage and steel
was 0.138.

(2) The physical stacking angle test was conducted on silage using a universal material
tension tester and the cylinder hoisting method. The derived stacking-angle images
were processed using MATLAB and Origin software, the contour pixel point coor-
dinates were extracted, and linear fitting was used to determine a stacking angle of
38.65°.

(3) Establishing a discrete element simulation model based on the Hertz-Mindlin with
JKR Cohesion contact model, the PB test and steepest climb test were used to screen
the significant factors affecting the stacking angle, and the CCD test was used to
optimize the values of the significant parameters further. The static friction coefficient
between silage and silage was 0.498, the rolling friction coefficient between silage and
silage was 0.196, and the static friction coefficient between silage and steel was 0.404.
The measured simulated silage stacking angle was 40.0526°, with a relative error of
3.6% compared to the actual physical silage stacking angle.

(4) The topology of the GA-BP regression prediction model was 3-7-1, and the GA heritage
algorithm was used to discover the inverse function for the GA-BP regression model.
The simulation yielded the optimal parameters: the static friction factor between
silage and silage was 0.495, the rolling friction factor was 0.194, and the static friction
factor between silage and steel was 0.42. The measured simulated stacking angle
of silage was 39.151°, and the relative error with the actual stacking angle of silage
was 1.3%, which was better than the relative error of RSM (3.6%). This indicates
that GA-BP-GA is superior to RSM for parameter optimization in silage parameter
calibration.

(5) The study demonstrates that the discrete element method is a scientific and reasonable
approach for the parameter calibration of silage. Furthermore, GA-BP-GA’s parameter
optimization effect is better than RSM’s. The results of this study provide scientific
data to support the simulation and analysis of silage. Building on these findings,
the discrete element model of silage-related conveyors offers a theoretical basis for
revealing the conveyor’s silage mechanism and optimizing the design of conveyor
machinery and equipment.
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