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ABSTRACT

Aiming at the lack of accurate and reliable discrete element simulation parameters in the study of the soil-
machine interaction mechanism and the design of machinery in the planting areas of rhizomes in hilly
mountainous areas, EDEM software was used to calibrate the parameters. The soil angle of repose test was
used to calibrate the contact parameters between soil particles, and the soil sliding test was used to calibrate
the contact parameters between soil and machinery. The Box-Behnken optimization method was used to
establish the multiple regression model of the angle of repose and the sliding angle, and the optimal contact
parameters between soil particles were obtained by solving the model. The optimal combination of contact
parameters was used to conduct tests on the angle of repose and soil sliding angle and the errors between
the simulation and physical tests were 3.94% and 3.66%, respectively. In order to further verify the accuracy
of the calibrated and optimized discrete element model parameters, the rotary tillage ridge field test and the
simulation test were used for comparative analysis, and the relative errors of the simulated test results and the
field test results for ridge height, ridge top width, and ditch bottom width were obtained, respectively. 4.45%,
6.96%, 8.56%, the error is within the acceptable range. The rotary tillage and ridging effects are consistent in
simulation and field tests, confirming the accuracy and reliability of the calibration of soil parameters.
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INTRODUCTION

Chinese medicinal materials are a characteristic economic crop. In recent years, Chinese medicinal
materials planting has become a pillar industry for rural revitalization. In China, the planting area of Chinese
medicinal materials is about 5,864 thousand hectares (Chen et al., 2021). However, the comprehensive
mechanization rate of Chinese medicinal materials is only 16.87% (Huang Lugi, 2021). Among them, rhizome
medicinal materials have the most diverse varieties and highest production, while their production is also most
labor-intensive and has the least mechanization rate (Zhao et al., 2012). In order to improve the mechanization
level of rhizome medicinal materials production, it is necessary to study the soil-machine interaction
mechanism in planting area.
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The discrete element method (DEM) has become an important means to study the mechanism of soil-
machine interaction (Ucgul et al., 2020). Different types of soil lead to differences in the performance of soil-
mechanical interactions (Chen et al., 2013). When modeling different types of salil, it is necessary to select an
appropriate soil contact model and accurately calibrate the relevant model parameters according to the specific
conditions of the soil to ensure the authenticity of the simulation test. Aitkins et al. explored DEM contact
parameters of highly viscous soil particles by combining hysteretic spring and linear cohesion models,
calibrated the coefficients of static friction and rolling friction, and verified accuracy of parameter calibration
through field tests and simulation of ditching (Aikins. et al., 2021). Xing et al. used the Hertz-Mindlin with JKR
contact model in the simulation software extended discrete element model (EDEM) to calibrate key model
parameters of lateritic soils in Hainan Province, China and obtained contact parameters between lateritic solil
particles and between the soil and 28MnB5 plates. They also verified these parameters through tests of soil
breakage resistance (Xing et al., 2020). Taking soil around tubers during potato harvesting period as research
objects, Li et al. calibrated the soil discrete element contact parameters through accumulation test and shear
crushing test. The relative error between the simulation results and the actual measured values was 1.37% (Li
et al., 2022). Meanwhile, some scholars calibrated DEM parameters of specific soil according to research
demands, including ploughed soil in a cotton field (Song et al., 2021), no-till soil in a winter wheat-corn rotation
system (Tian et al., 2021), grapevine anti-freezing soil (Ma et al., 2020), covering soil on whole plastic film with
mulching on double ridges (Dai et al., 2019), and wet clayey paddy soil (Ding et al., 2017). However, there is
no research into the calibration of soil discrete element parameters in the planting area of rhizome medicinal
materials in hilly region.

By combining simulation and physical tests, the discrete element parameters between soil and
machine were calibrated. The angle of repose tests of soil could be conducted to calibrate contact parameters
between soil particles and sliding tests of soil were conducted to calibrate contact parameters between soil
and machinery. Furthermore, multivariate regression models of the contact parameters with the angles of
repose and sliding were established, thus obtaining the optimal combination of contact parameters. Moreover,
field tests and simulation were performed based on the self-developed rotary tillage and ridging machine to
determine accurate and reliable DEM parameters of soil.

MATERIALS AND METHODS
Test materials

The test soil samples were collected from a planting area of Fritillaria thunbergii (Xinfeng Town,
Dafeng District, Yancheng City, Jiangsu Province, China) (120°47'48" N, 33°28'88" E). The soil samples were
collected in late May 2022, which was consistent with the harvesting period of Fritillaria thunbergii. Because
Fritillaria thunbergii is a shallow-rooted crop, soils at the depth of 0~20 cm were taken as the research object.
The field soil was sampled using the five-point sampling method, and test instruments were utilized to
determine measure intrinsic parameters including the density, hardness, and moisture content. Afterwards, a
cutting ring (100 cm?) and an electronic balance (NS-3200A, measurement range of 0 to 3200 g, and precision
of 0.001 g) were used to measure the soil density. A hardness meter of soil (TYD-2, measurement range of
100 kg, and precision of 0.5%) was employed to measure soil hardness in the plough layer. An electro-
thermostatic blast oven (DHG-9076A, measurement range of 50 to 300 °C) was adopted to measure the
average soil moisture content. The simulation parameters including shear modulus and Poisson’s ratios of soil
and steel components were derived from relevant literature (Xing et al., 2020; Dai et al., 2019). The specific
parameters are listed in Table 1.

Table 1
Intrinsic physical parameters in DEM simulation of soil

Parameter Value
Soil hardness [kPa] 1263.5
Soil moisture content 18.65%
Soil density [kg-m-9] 1250
Soil Poisson’s ratio 0.4
Soil shear modulus [Pa] 1x108
Steel density [kg-m-] 7.85 x 103
Steel Poisson’s ratio 0.3
Steel shear modulus [Pa] 7 x 107
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Physical tests of soil

The physical testing apparatus for the angle of repose of soil is shown in figure 1a. The apparatus
consisted of a lifting test bench, a steel cylinder, and a steel plate. The steel cylinder had a height of 240 mm,
a diameter of 80 mm, and a length-diameter ratio of 3:1, and its bottom was in contact with the steel plate (500
mm x 400 mm). The steel cylinder was filled with soil. Then, a KD-2768 hoisting machine was used to lift the
cylinder at a constant rate of 0.02 m/s, which allowed soil particles to fall from the bottom of the cylinder and
accumulate on the steel plate. After finishing each test, a digital display angle ruler (Kapro992, with a
measurement range of 0° to + 225°, and a precision of 0.05°) was used to measure the angle of repose 6 from
four directions (figure 1b) and the mean value in all four directions was taken as the value of the angle of
repose of soil in the test. The test was repeated five times and the mean value was calculated. In this way, the
angle of repose 8 of soil was found to be 35.77°, with a standard deviation of 1.23° and a coefficient of variation
(CV) of 3.44%.

(a) Test bench for measuring the angle of repose of soil (b) Measurement of the angle of repose

Fig. 1 - Physical test of soil repose angle
1-Lifting test bench; 2 - Steel cylinder; 3 - Soil mound; 4 - Steel plate; 5 - Digital display angle ruler

The sliding tests of soil are shown in figure 2a. The test equipment comprised an inclined test bench, a
steel box, a steel ring (® 154 mm x 30 mm), and a digital display angle ruler. The steel box was placed on the
inclined test bench and leveled using the digital display angle ruler. The steel ring was put in the middle at the
top of the steel box. Then, the electronic balance was used to weigh 100 g of soil, which were uniformly
distributed around the steel ring. Afterwards, the steel ring was removed, and the inclined test bench was
rotated around the y-axis at 2 °/s. The rotation was stopped when the soil began to slide. Under the condition,
the digital display level ruler was used to measure the angle between the x-axis of the inclined test bench and
the horizontal plane, that is, the sliding angle y (Figure 2b). The test was repeated five times and the mean
value was taken as the test result. In this way, the sliding angle y of soil was found to be 22.4°, with a standard
deviation of 0.41° and a CV of 1.35%.

(a) Test bench for measuring the sliding angle of soil (b) Measurement of the sliding angle

Fig. 2 - Physical test of soil sliding angle
1- Inclined test bench; 2 - Steel box; 3 - Steel ring

DEM simulation of soil

(1) Determination of value ranges of parameters to be calibrated
The intrinsic parameters and simulation scale of soil and steel components were input to the EDEM
software. Test factors and their value ranges in simulation were determined based on the GEMM (generic
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EDEM material model) database and the literature (Aikins. et al., 2021; Tian et al., 2021; Song et al., 2021).
The value ranges of factors A (the coefficient of restitution of soil particles), B (coefficient of static friction of
soil particles), C (the coefficient of rolling friction of soil particles), D (JKR surface energy), E (coefficient of
restitution between soil and steel), F (the coefficient of static friction between soil and steel), and G ( the
coefficient of rolling friction between soil and steel) are 0.15 to 0.75, 0.2 to 1.16, 0.05 to 0.25, 0.01 to 2.8 J/m?,
0.05 to 0.65, 0.3 to 0.9, and 0.05 to 0.25, respectively.

(2) Establishment of the simulation model

According to the simulation scale, the built-in spherical particle elements of EDEM were used to
establish the soil model and set the radius of soil particles and the magnifying power of spherical diameter as
5 mm and 0.95 to 1.05, respectively (Shi et al., 2017). The three-dimensional (3-d) models of the test benches
for the angle of repose tests and sliding tests of soil were built using SolidWorks, saved as .x_t format, and
imported in EDEM. As shown in Figure 3 and Figure 4, the simulation models were simplified: only the cylinder
and steel plate were reserved in the angle of repose tests of soil and only the steel box was reserved in the
sliding tests, whose sizes were same as those of the cylinder, steel plate, and steel box in the physical tests
of soil. The cylinder in the angle of repose tests was lifted at 0.02 m/s and the steel box in the sliding tests was
rotated at 2 °/s, all consistent with those in the physical tests of soil. The intrinsic parameters of soil and steel
components were set as Table 1. The Hertz-Mindlin with JKR contact model was selected for soil particles,
and the Hertz-Mindlin non-sliding contact model was selected for soil particles and steel components. The time step
in Rayleigh analysis was set to 20%. In addition, the interval for data storage, gravitational acceleration, and grid
cell size were 0.01 s, 9.81 m/s?, and 2.5 times the average radius of particles, respectively.

After completing the simulation, the model was adjusted to the front view and images were captured. In
order to avoid the result error caused by human measurement, the repose angle measurement adopts the
method of image processing (Figure 4). The image was captured as 804x804 pixels and imported into
MATLAB. Firstly, the RGB original image was converted into a binary image, and the left half of the binary
image was obtained by image segmentation. Then the boundary curve was extracted by edge detection, and
the fitting line was further obtained. The angle between the fitting line and the horizontal plane is the repose
angle. The slip angle was obtained by measuring the angle between the flat plate and the horizontal plane by
CAD software.

o 7 i 4{____

(a) Simulation model of the angle of repose test of soil (b) Simulation results of the angle of repose

(c) RGB original image (d) binary image (e) half of the binary image  (f) boundary curve and fitting line
Fig. 3 - Simulation of the angle of repose of sail

orll

(a) Simulation model of the sliding angle test of soil (b) Simulation results of the sliding angle
Fig. 4 - Simulation of the sliding angle of soil

L 7 L

(3) Arrangement of simulation

The contact parameters (A, B, C, and D) of soil particles were calibrated by conducting simulation on
the angle of repose of soil, and those between soil and steel (E, F, and G) were calibrated through simulation
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of the sliding angle. At first, the steepest ascent experiments were designed to shrink the ranges of values of
parameters, to approach the optimal values with greatest accuracy. In the simulation, the parameter values
were increased at the designed steps and the corresponding angles of repose and sliding of soil in the
simulation were recorded and analyzed.

Parameters were set to three levels (high, intermediate, and low which were separately expressed as
+1, 0, and —1) according to results of the steepest ascent experiments and the Box-Behnken test design. The
error was estimated using five central points in the tests, in which 29 and 17 groups of simulation were
separately conducted on the angles of repose and sliding of soil, during which these were measured for
specimens in each group and were recorded. Then, analysis of variance (ANOVA) was applied to the
simulation results and the multivariate regression analysis was used to obtain regression models. By using the
parameter optimization module in Design-Expert, the established models were optimized taking the repose
and sliding angles of soil as the objectives, so as to determine the optimal solutions. Thereafter, the simulation
results were verified.

Test verification of rotary tillage and ridging work

(1) Field tests of rotary tillage and ridging work

The rotary tillage and ridging machine mainly consisted of a caterpillar chassis, a suspension system, a
gear reducer, a chain driving system, a rotary tillage and ditching device, a ditch-cleaning shovel, a ridge roller,
and a rack. The whole machine is shown in Figure 5a and the main technical parameters are listed in Table 2.
The tests were conducted in the planting area of Fritillaria thunbergii (Xinfeng Town, Dafeng District, Yancheng
City, Jiangsu Province) after harvest.

Main technical parameters of the whole machine Table 2
Parameter Value
Overall machine size [mm x mm x mm] 4950 x 2030 x 2020
Total mass [kg] 2618
Matched power [kW] 36.8
Knife-cylinder speed [rpm] 230
Rotational speed of ridge roller [rpm] 85

According to the test method stipulated in the Rototill combine equipment Part 2: Rototill scarifying-
paring-ridging machine (JB/T8401.2-2017), the machine was driven in a field. This formed three complete
ridges and two half ridges. The forward speed, rotational speed of rotary blades, tillage depth of the machine,
and rotational speed of the ridge roller were 0.5 m/s, 230 rpm, 220 mm, and 85 rpm, respectively. Field tests
are shown in Figure 5b. The measurement devices included a leather measuring tape, a steel measuring tape,
and a digital display level ruler (KAPRO-985D with a measurement range of 0 to 180°, and a precision of 0.1°).
The sections with the length of 20 m in the middle of the three complete ridges were taken as the data
measurement ranges. The ridge height, top width of ridges, and bottom width of ditches were measured by
using the five-point sampling method and then they were recorded.

(a) Test prototype (b) Operation effect
B “.\__gN ——

. xz . B
(c) Measurement of ridge height (d) Measurement of top width of ridges nd bottom width of ditches

Fig. 5 - Field tests of rotary tillage and ridging work
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(2) Simulation of rotary tillage and ridging work

The geometries module in EDEM was used to establish the soil-bin model measuring 2100 mm x
2100 mm x 400 mm, and SolidWorks was adopted to build the 3D model of the rotary tillage and ridging
machine. The models were simplified and then imported in EDEM (figure 6). Soil particles were set using the
calibrated and optimized parameters, and the Hertz-Mindlin non-sliding contact model was applied between
the soil and rotary tillage ridging parts. Based on relevant research results and combining with the simulation
scale, the radius of soil particles was magnified to 10 mm, which can effectively save simulation resources and
improve the simulation efficiency (Dai et al., 2019).

EDEM
(a)3-d model of the rotary tillage and ridging machine  (b)DEM model of rotary tillage and ridging work

Fig. 6 - Simulation models of rotary tillage and ridging machine and work
1- Cover plate; 2 - Rack; 3 - Rotary blade; 3 - Small front plough; 3 - Trenching shovel

The rotational speed of rotary blades, forward speed of the machine, tillage depth, and rotational
speed of the ridge roller were the same as those in the field tests. After simulation, the ridge height (h), top
width of ridges (l1), bottom width of ditches (I,) was measured at five points in the stable working stage and
their averages were calculated, as shown in figure 7. The deviations were calculated using equation 1.

g

%

I-, o i : E

Fig. 7 - Measurement in the simulation of rotary tillage and ridging work
527 10006 )
n

where ” and n represent the simulation and field test results of the ridge height, top width of ridges, and bottom
width of ditches, respectively.

RESULTS
Results of the steepest ascent experiments

The steepest ascent experiments were conducted taking the JKR surface energy, contact parameters
of soil particles, and contact parameters between soil and steel as test factors. The relative errors of the actual
repose and sliding angles with the simulation results were calculated. Simulation results of the angle of repose
are listed in Table 3.

Table 3
Results of steepest ascent experiments of the angle of repose
Serial Parameter A Parameter B Parameter C Parame_tzer D Angle Ofo Relative
Number [J-m—] repose 6[°] error
1 0.15 0.2 0.05 0.01 9.83 -72.52%
2 0.3 0.44 0.1 0.7 33.93 -5.14%
3 0.45 0.68 0.15 14 37.52 4.89%
4 0.6 0.92 0.2 2.1 40.05 11.97%
5 0.75 1.16 0.25 2.8 90 151.61%

In the third group of tests, the relative error of the angle of repose is the minimum of 4.89%, so it is
determined that the optimal interval is approximated to the third group of parameters.
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Therefore, the subsequent Box-Behnken tests were conducted by taking the parameter values in the
third group as the intermediate level, and those in the second and fourth groups as the low and high levels.
Simulation results of the sliding angle are listed in Table 4. In the second group of tests, the relative error of
the sliding angle is minimized, so the optimal interval is found to be approximated to the second group of
parameters. Hence, the subsequent Box-Behnken tests were conducted by taking the parameter values in the
second group as the intermediate level, and those in the first and third groups as the low and high levels.

Table 4
Results of steepest ascent experiments of the sliding angle
Serial Number Parameter E Parameter F Parameter G Sliding angle y [°] Relative error

1 0.05 0.3 0.05 16.88 -24.64%
2 0.2 0.45 0.1 23.77 6.12%

3 0.35 0.6 0.15 27.15 21.21%
4 05 0.75 0.2 32.12 43.39%
5 0.65 0.9 0.25 37.35 66.74%

Box-Behnken test results of the angle of repose

Table 5 lists the Box-Behnken test results of the angle of repose. The multivariate regression model
between the angle of repose 6 of soil particles and various contact parameters was constructed using Design-
Expert based on the test results and the polynomial equation is shown as equation 2.

Table 5
Box-Behnken test results of the angle of repose
Serial Number Parameter A Parameter B | Parameter C Par["’J‘f“n‘f,t;]“ D Angle oHepose 0
1 -1 (0.3) -1 (0.44) 0 (0.15) 0(1.4) 32.15
2 1(0.6) -1 0 0 36.1
3 -1 1(0.92) 0 0 36.85
4 1 1 0 0 36.99
5 0 (0.45) 0 (0.68) -1(0.1) -1(0.7) 32.16
6 0 0 1(0.2) -1 39.65
7 0 0 -1 1(2.1) 41.27
8 0 0 1 1 37.6
9 -1 0 0 -1 34.73
10 1 0 0 -1 35.7
11 -1 0 0 1 37.45
12 1 0 0 1 39.78
13 0 -1 -1 0 37.12
14 0 1 -1 0 38.56
15 0 -1 1 0 37.83
16 0 1 1 0 39.65
17 -1 0 -1 0 35.08
18 1 0 -1 0 38.97
19 -1 0 1 0 37.98
20 1 0 1 0 38.82
21 0 -1 0 -1 32.92
22 0 1 0 -1 35.8
23 0 -1 0 1 37.81
24 0 1 0 1 39.2
25 0 0 0 0 36.16
26 0 0 0 0 36.86
27 0 0 0 0 36.24
28 0 0 0 0 36.43
29 0 0 0 0 36.01

0=36.34+1.01A+1.09B+0.7C +1.85D -0.95AB +-0.76 AC +0.34 AD
+0.095BC —0.37BD —2.79CD - 0.19A* —0.14B* +1.58C* +0.25D”

The coefficient of determination R?, corrected determination coefficient Ag R?, and CV of the regression
equation are 0.9541, 0.9083, and 1.81%, respectively. The result implies that the regression model has a high
degree of fitting and favorable correlations, so it can be used for further analysis. By ANOVA in regression of
test results (Table 6), the regression model is found to have P < 0.0001, which indicates that the model is very
significant and can be used to estimate the angle of repose of sail.

527

)



Vol. 68, No. 3 / 2022 INMATEH - Agricultural Engineering

Among these four test factors, A, B, C, and D all have significant influences on the angle of repose of
soil, and they are listed (in ascending order) as B, D, A and C according to their significance. AB and AC have
a significant effect on the angle of repose, CD has an extremely significant effect on the angle of repose, and
the interaction of other factors is not significant. Except for C2 that has extremely significant influences of the
angle of repose, quadratic items of other factors have insignificant influences.

Table 6
ANOVA of the regression equation of the angle of repose of soil
Sources of variation Sum of squares Degree of freedom Mean square F P
Model 130.07 14 9.29 20.81 < 0.0001
A 12.24 1 12.24 27.42 0.0001
B 14.34 1 14.34 32.13 < 0.0001
C 5.84 1 5.84 13.08 0.0028
D 40.89 1 40.89 91.58 < 0.0001
AB 3.63 1 3.63 8.13 0.0128
AC 2.33 1 2.33 5.21 0.0386
AD 0.46 1 0.46 1.04 0.3261
BC 0.036 1 0.036 0.081 0.7803
BD 0.56 1 0.56 1.24 0.2836
CD 31.14 1 31.14 69.74 < 0.0001
A2 0.22 1 0.22 0.5 0.4913
B2 0.12 1 0.12 0.28 0.6073
Cc2 16.11 1 16.11 36.08 < 0.0001
D2 0.4 1 0.4 0.9 0.3599
Residual 6.25 14 0.45
Lack of Fit 5.82 10 0.58 5.42 0.0589
Pure Error 0.43 4 0.11
Cor Total 136.32 28

The regression model of the angle of repose was optimized using the parameter optimization module in
Design-Expert and taking the angle of repose of 35.77° as the objective. The resulting sets of solutions were
used to simulate and verify the angle of repose. By doing so, a set of optimal solutions enabling a shape similar
to that in physical tests was obtained, including A (coefficient of restitution of soil particles) of 0.57, B
(coefficient of static friction of soil particles) of 0.85, C (the coefficient of rolling friction of soil particles) of 0.15,
and D (JKR surface energy) of 1.05 J/m>.

Box-Behnken test results of the sliding angle

Table 7 lists the Box-Behnken test results of the sliding angle. According to the test results, Design-
Expert was used to establish the multivariate regression model of the sliding angle y with various contact
parameters of soil particles and the polynomial equation is expressed as equation 3.

Table 7
Box-Behnken test results of the sliding angle

Serial Number Parameter E Parameter F Parameter G Sliding angle y [°]
1 -1 (0.05) -1 (0.3) 0(0.1) 18.66
2 1 (0.35) -1 0 18.56
3 -1 1(0.6) 0 23.16
4 1 1 0 23.13
5 -1 0 (0.45) -1 (0.05) 14.95
6 1 0 -1 14.23
7 -1 0 1 (0.15) 23.62
8 1 0 1 23.89
9 0(0.2) -1 -1 10.15
10 0 1 -1 18.11
11 0 -1 1 24.37
12 0 1 1 23.89
13 0 0 0 22.04
14 0 0 0 21.7
15 0 0 0 21.63
16 0 0 0 22.06
17 0 0 0 22.29
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y=21.94-0.072E+2.07F +4.79G +

3
0.017EF +0.25EG —2.11FG —0.51E? —0.55F 2 — 2.26G? )

The coefficient of determination R?, corrected determination coefficient Ag R?, and CV of the regression
equation are 0.9963, 0.9915, and 1.83%, respectively, indicative of a high goodness of fit and close
correlations in the regression model, so it can be used in subsequent analysis. Through ANOVA in regression
of test results (Table 8), the regression model is found to have P < 0.0001, which indicates that the model is
very significant and can be used to estimate the sliding angle of soil. Among the above three test factors, F
and G have extremely significant influences while E exerts no significant influences on the sliding angle of soil;
FG has extremely significant influences on the sliding angle, while the interaction of other factors exerts
insignificant influences. E2 and F2 have significant influences while G2 has extremely significant influences on
the sliding angle of sail.

ANOVA of the regression equation of the sliding angle of soil on steel components Teble 8
Sour_ces of Sum of squares Degree of freedom Mean square F P
variation
Model 261.29 9 29.03 207.81 < 0.0001
E 0.042 1 0.042 0.3 0.6003
F 34.24 1 34.24 245.07 < 0.0001
G 183.65 1 183.65 1314.53 < 0.0001
EF 0.00123 1 0.00123 0.00877 0.928
EG 0.25 1 0.25 1.75 0.227
FG 17.81 1 17.81 127.47 < 0.0001
E2 11 1 1.1 7.9 0.0261
F2 1.29 1 1.29 9.27 0.0187
G2 215 1 215 153.87 < 0.0001
Residual 0.98 7 0.14
Lack of Fit 0.68 3 0.23 3.01 0.1577
Pure Error 0.3 4 0.075
Cor Total 262.26 16

By using the parameter optimization module in Design-Expert, the regression model of the sliding angle
was optimized taking the sliding angle of 22.4° as the objective. The resulting sets of solutions were used to
simulate and verify the sliding angle. In this way, a set of optimal solutions enabling a shape similar to that in
physical tests could be obtained, including E (coefficient of restitution between soil and steel) of 0.09, F
(coefficient of static friction between soil and steel) of 0.5, and G (coefficient of rolling friction between soil and
steel) of 0.09.

Test verification results of the repose and sliding angles

To verify the accuracy of the contact model of soil and the calibration results of contact parameters,
DEM simulation was carried out on the repose and sliding angles and the test results are shown in Figure 8
and Figure 10. Each test was repeated for five times.

The angle of repose of soil was 37.18° and the sliding angle of soil on the steel was 23.22°. Compared
with the physical tests, the errors were separately 3.94% and 3.66%, indicating the accuracy and reliability of
the calibrated parameters.

(f?ﬁ‘(.{ﬁ
TS
(7 1,/”17’"
L L LDL

(a) Physical test of the angle of repose of soll
Fig. 8 - Comparison of physical tests and simulation of the angle of repose of soil

(b) Simulation of the angle of repose of soll
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(a) Initial sliding state (b) Complete sliding state
Fig. 9 - Physical tests of the sliding angle of soil. (a) Initial sliding state; (b) Complete sliding state

(a)lInitial sliding state; (b)Complete sliding state
Fig. 10 - Simulation of the sliding angle of soil. (a) Initial sliding state; (b) Complete sliding state

Simulation of rotary tillage and ridging work

Figure 11 shows the rotary tillage and ridging process of the rotary tillage and ridging machine under
the optimal combination of calibrated contact parameters between soil particles and geometries. The 0.4 s
before simulation covered the contact process between rotary tillage and ridging components and soil, and
soil particles migrated under action of rotary blades at 0.4 s; from 0.4 to 1.6 s, soil particles were cut and
smashed under the action of rotary blades and thrown to the bonnets and soil-retaining boards in both sides
with the high-speed rotation of the shaft of rotary blades; at 2.8 s, the rotary tillage and ridging machine was
in complete contact with the soil particles, and the soil particles below the soil-retaining boards were extruded
to ridges under the action of the ridge roller; from 2.8 to 4.0 s, the rotary tillage and ridging machine tended to
work steadily and obvious ridges were formed on the soil surface.
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(c)2.8s (d)4.0s

Fig. 11 - Simulation of rotary tillage and ridging work

Field test and simulation results of rotary tillage and ridging work are displayed in Table 9. The ridge
height, top width of ridges, and bottom width of ditches in the field tests are 334.6, 326.3, and 158.8 mm,
respectively; while those in simulation are 319.7, 303.6, and 145.2 mm. The two have relative errors of 4.45%,
6.96%, and 8.56% (all less than 10%), indicative of the accuracy of the simulation. The test results show that
after calibrating and optimizing DEM model parameters using the multivariate regression model based on the
JKR contact model and combining with value ranges of physical parameters recommended by the GEMM
database of EDEM, rotary tillage ridging parts move in a same way in the simulated soil model as that in the
field tests. The result indicates that the calibration and optimization of relevant contact parameters are reliable
and effective.
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Comparison of simulation and field test results of rotary tillage and ridging work Teble s
Parameter Field test result Simulation result Relative error
Ridge height [mm] 334.6 319.7 4.45%
Top width of ridges [mm] 326.3 303.6 6.96%
Bottom width of ditches [mm] 158.8 145.2 8.56%

CONCLUSIONS

The soil in the planting area of Fritillaria thunbergii was taken as the research object. The Hertz-Mindlin
with JKR model was selected as the contact model to calibrate contact parameters between soil particles and
between soil and steel through the combination of physical tests and simulation. The optimal combination of
parameters was determined, which was verified by comparing field tests and simulation of rotary tillage and
ridging work. The main conclusions obtained are as follows:

The multivariate regression model of the angle of repose was established using the Box-Behnken
optimization method taking the coefficient of restitution of soil particles, the coefficient of static friction and the
coefficient of rolling friction, and JKR surface energy of soil particles as test factors and the simulated angle of
repose as the evaluation index of tests. Through optimization, the coefficients of restitution of soil particles,
static friction and rolling friction, and JKR surface energy of soil particles were 0.57, 0.85, 0.15, and 1.05 J/m?,
respectively. Under the optimal solution, the simulated angle of repose is 37.18°, which has a relative error of
3.94% with the physical tests.

Soil sliding tests were conducted to calibrate and optimize the coefficients of restitution, static friction
and rolling friction between soil and steel. Taking the sliding angle of soil as the evaluation index of tests, the
multivariate regression model of the sliding angle was established using the Box-Behnken optimization
method. Through optimization, the coefficients of restitution, static friction and rolling friction between soil and
steel were obtained as 0.09, 0.5, and 0.09, respectively. The simulation result of the static sliding friction angle
in the optimal solution is 23.22°, which has a relative error of 3.66% with the physical tests.

To verify the accuracy of the calibrated and optimized DEM model parameters, field tests and simulation
of rotary tillage and ridging work were conducted and compared. The simulation can characterize soil migration
in the rotary tillage and ridging process. The measurement results of the ridge height, top width of ridges, and
bottom width of ditches in the simulation show errors of 4.45%, 6.96%, and 8.56% compared to those in field
tests, that is, all relative errors are below 10%, within an acceptable range. The result indicates that simulation
model of soil shares consistent physico-mechanical properties with the actual soil, verifying the accuracy and
reliability of calibration results of DEM simulation parameters and the research method on planting area soil of
rhizome medicinal materials. The research explored the method for systematic calibration and optimization of
physical parameters of soil in DEM simulation and established the accurate DEM simulation model for planting
area soil of rhizome medicinal materials in hilly region. It can provide theoretical basis and technical support
for soil - machine interaction research and machine design.
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