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Abstract: Given the lack of accurate and reliable discrete element simulation parameters to study
the interactions between soft soil and soil casting components after ginseng land cultivation in
Northeast China and the design of ginseng land-specific borders, this paper calibrates the relevant
model parameters of ginseng soil using the Hertz—Mindlin with JKR contact model in EDEM to
standardize the contact parameters between soil particles and between soil and Q235 steel in soft
soil after cultivation in ginseng land. Taking the soil particle accumulation angle as the response
value, a Box-Behnken design (BBD) was introduced to establish a regression model for the soil
accumulation angle; the surface energy, static friction coefficient, rolling friction coefficient, and
coefficient of restoration parameters were obtained, respectively, through the optimization of the
model, at which time, the simulated value of the soil accumulation angle was 37°, which is a 4%
relative error to the actual measured accumulation angle of 35.5°. Taking the sliding friction angle
of the soil on the Q235 steel plate as the response value, the regression model of the soil sliding
friction angle was obtained based on the BBD. The static friction factor, rolling friction factor, and
coefficient of restitution between the soil particles and the Q235 steel were obtained, respectively.
Based on the combination of these parameters, the simulated value of the sliding friction angle was
32.2°, which is a 2% relative error to the measured accumulation angle of 31.5°. To verify the accuracy
of the optimized simulation parameters, field and simulation tests of soil-throwing components were
conducted. The results show that the maximum relative error between the measured value and
the simulation value is 5.6% and 3.4%. The error is within an acceptable range, and the simulation
test and field test soil-throwing effects are the same, which verifies the accuracy and reliability of
the reference soil parameter calibration. The results of the study can be used for discrete element
simulation analysis of the interaction between ginseng loam and touchdown components and their
structural optimization.

Keywords: ginseng soil; contact model; parameter selection; discrete element method; DEM

1. Introduction

Ginseng is known as the “king of all herbs” and the first of the famous “three treasures
of the Northeast” and has always been regarded as a tonic and valuable traditional Chinese
medicine; ginseng has been an important cash crop in the three northeastern provinces
for many years and will continue to be so in the foreseeable future [1,2]. Before sowing
ginseng, the soil needs to be tilled several times, with the stones removed. In addition, the
soil must be rotary-plowed several times until the soil is soft and then manually sprinkled
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with water until the technical standards for ginseng planting are achieved. Therefore,
the research and development of ginseng bedding and the special equipment used to
reduce soil erosion and facilitate moisture preservation are crucial for the development
of agriculture in the northeast region. In the design and development of ginseng border
components, the interaction relationship between soil and soil-touching components can
be analyzed via the discrete element method [3,4]. During the operation of a machine, the
soil-touching components are in direct contact with the soil, and for different types of soil,
their operating effects are significantly different. Therefore, to help provide a theoretical
basis for the design and optimization of the ginseng border walker based on the discrete
element method, it is necessary to study the simulation parameters of the ginseng soil
discrete element model comprehensively and systematically [5].

In recent years, the discrete element method has been widely used in mining, agri-
culture, soil-mechanism interactions, mixing and grinding, and geotechnical engineering
applications, and an increasing number of scholars are using discrete elements to design,
optimize, and analyze discrete material handling systems and equipment [6]. At present,
scholars worldwide have performed considerable research on the interaction aspects of
soil-touching components and soil using this method. Junwei Li et al. [7] calibrated the
parameters based on the Hertz-Mindlin with JKR cohesion model for clay-heavy black soils
with different moisture contents and verified the contact parameters using stacking angle
and slope test methods. Ma Shuai et al. [8] selected the hysteretic spring contact model
(HSCM) and linear cohesion model (LCM) as the contact model between soil particles
and calibrated the parameters of the discrete metamodel for cold-proof soils in northern
grape-producing areas using a combination of physical and simulation tests. Song Shao-
long et al. [9] chose the Hertz-Mindlin no-slip contact model as the contact model of soil
and used the stacking method and slope method to optimally calibrate the parameters
between the soil particles and between the layered fertilizer application devices to provide
a reference for the parameter setting for the discrete element simulation of the soil of a
post-tillage cotton field. Sun Jingbin et al. [5] chose the Hertz—Mindlin with JKR cohesion
model as the contact model to calibrate the contact parameters of typical sloping soils on the
Loess Plateau, as well as the contact parameters of soil particles and rotary knives. These
results, combined with sloping rotary plowing field tests and simulation tests, were used to
calibrate the discrete element parameters of sloping rotary plowing soils. Fangping Xie [10]
calibrated all the contact parameters of soils that are cohesive and susceptible to plastic
deformation based on the Edinburgh elasto-plastic adhesion (EEPA) model in response to
axial strain, unconfined compressive strength, and nonlinear stress—strain characteristics of
the soil in compression.

The above soils are mainly used for the calibration of the discrete elemental parameters
of pre-tillage and clay—plastic soils. Because ginseng soils have been tilled many times, the
degree of looseness has changed, and the soils are rich in humus and have a high water
content. Therefore, the results of the above studies do not apply to the study of post-tillage
soft soils of ginseng lands. Therefore, in this paper, the Hertz—Mindlin with JKR model
was chosen as the contact model between the soils for the post-tillage soft soil of ginseng
land with sandy loam texture in Northeast China. The contact parameters between the
soils were calibrated by combining simulation tests of the stacking angle and physical tests,
the contact parameters between the ginseng soils and the touching parts (Q235 steel) were
calibrated by using soil sliding simulation tests and physical experiments, and comparative
analysis of the field and simulation tests was conducted by a soil-throwing knife ridging
operation to verify the calibrated and optimized simulation parameters and to further
improve the accuracy of the rethrowing operation of the discrete element method. It is
helpful to provide a theoretical basis for designing and optimizing ginseng soil-throwing
parts based on discrete element method [8].
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2. Materials and Methods
2.1. Selection of the Contact Model

For different soil texture types, EDEM2018 software provides different contact models;
the most common models are the Hertz-Mindlin with bonding model, the Hertz—Mindlin
no-slip model, the EEPA model, and the Hertz—Mindlin with JKR cohesion model. Among
them, the Hertz—Mindlin with bonding model is suitable for simulating brittle materials,
such as cemented materials and rocks; the Hertz—Mindlin model is suitable for cohesionless
and incompressible materials; the EEPA model is appropriate for viscoelastic materials,
such as cohesive soils and wet sands; and the JKR model is suitable for simulating viscous
and wet soils with high moisture content [11-14]. The contact model is based on the discrete
unit method, which directly affects the analysis and calculation of the magnitude of the
forces and moments applied to the particles [15,16]. In this paper, ginseng soil in Jingyu
County, Baishan city, Jilin Province was selected as the research object. The soil texture
was sandy loam, and the soil was presented with a relatively high humidity and loose
state through a series of operations, such as artificial sprinkling and plowing. During
the machine operation process, the ginseng soil that interacts with the machine has a
certain moisture content. The action of water causes interactions between soil particles
due to forces such as Van der Waals forces and liquid bridge forces. The JKR model is a
contact model for cohesive particles, which can be used to simulate the bonding between
dry powders and wet particles and to characterize the bonding between particles based
on the Hertz-Mindlin model by surface energy. Four forces act between adjacent soil
particles during soil throwing and accumulation: normal elastic force, normal damping
force, tangential elastic force, and tangential damping force. Among them, the normal
elastic force can effectively characterize the viscoelastic properties between soil particles.
The JKR model is shown in Figure 1 [17,18].
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Figure 1. DEM contact model for Hertz-Mindlin elastic/dissipative contact. (a) Contact displacement
between particles. (b) Normal and tangential force-displacement DEM model.

Based on the theory of the Hertz—Mindlin model, the mechanical analysis between
soil particles is shown below:
(1) The normal elastic force of the JKR model is given as:

4E*
Fikr = —4v/ nyE*ad + IR o 1

where Fjgr is the normal elastic contact force and y is the surface energy.
(2) The normal phase damping force for the JKR model is given as:

Fd = _2\/§ﬁ\/snm*v,;f’ 2)

Among them,

S, = 2E*VR*a 3)
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where F,? denotes the normal damping force; S;, denotes the normal stiffness; v, denotes
the normal component of the relative velocity of the contact spheres; E* denotes the
equivalent modulus of elasticity; and E; and E; are the equivalent elastic modulus of the
two particles.

(3) Tangential elasticity of the JKR model:

F’f - ST5T (5)

where F; is the tangential elastic force and J is the tangential overlap.
The tangential force is related to friction; friction can be expressed by u, F,,, where y,
denotes the coefficient of static friction and F;, denotes the normal force among soil particles.
Rolling friction is an important parameter for discrete element simulation; this can be
explained in terms of torque on the contact surface as in the following equation:

Ti = —prFnRjw; (6)

where i, denotes the coefficient of rolling friction; R; is the distance from the center of mass
to the point of contact; and w; is the unit angular velocity vector at the point of contact.

(4) The tangential damping force F;? for the JKR model can be described by the
following equation:

Fd = _2\/2 B/ Sem* VI 7)
The damping factor 8 can be described by the following equation:

Ine
— ___ 8
p e 8)

The tangential stiffness S; can be described by the following equation:
St =8G"VR*u )
The equivalent shear modulus G* can be described by the following equation:

22 2-102
Ui ] (10)

G == Gi +T]

The equivalent particle radius R* can be described by the following equation:

11 1
R R K (D

The equivalent mass m* can be described by the following equation:

11 )
m* mi - m;j

In the above equation, V' is the tangential component of the relative velocity of the
contacting particles; e is the coefficient of restitution; o« is the normal overlap; G; and G; are
the shear moduli of the two soil particles; V; and V; are the Poisson’s ratios of the two soil
particles; R; and R; are the particle radii of the two soil particles; R* denotes the equivalent
particle radius; and m; and m; denote the masses of the two particles.
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2.2. Selection of Calibration Parameters

The discrete element simulation model parameters include material intrinsic param-
eters, contact parameters, and model parameters. Among them, the material intrinsic
parameters include particle shape and size, density, shear modulus, and Poisson’s ratio,
which are measured directly by experiments or obtained from the literature. The mate-
rial contact parameters include static friction between particles, rolling friction, and the
restitution coefficient, which can be directly determined experimentally or calibrated by
simulation. The contact model parameter is mainly the JKR surface energy, and for ginseng
soil with a high moisture content, the bond between particles is the main consideration,
so the surface energy is used to characterize the bond between particles in the EDEM JKR
model [7,16].

In situ soil samples were collected from the ginseng test field in Jingyu County, Baishan
city, Jilin Province (42°22" N, 126°47' E). Soil samples were taken from a 0 to 30 cm depth of
entry. The sieving method was used to measure the percentage of the grain size of ginseng
soil samples, and the results showed that the percentage of soil with grain sizes of 0~2 mm,
2~4 mm, and greater than 4mm were 21.49%, 38%, and 45.51%, respectively, and that the soil
texture belonged to sandy loam. In discrete element simulation, the multisphere method
and particle size amplification method are regarded as simple, efficient, and cost-effective
methods [19-21], so three-sphere and four-sphere particles are used to replace different
shapes of soil particles to generate straight-line three-sphere particles, which accounted
for 21.49% of the particles; triangular three-sphere particles accounted for 38%, and frontal
body four-sphere particles accounted for 45.51%. The average moisture content of the soil
layer from a 0 to 270 mm depth was measured as (23 £ 1%) by the oven drying method
(KH-35AS drying box); the density of the soil was measured using the pycnometer method
(volume 100 cm?) to extract the soil and an electronic balance (range 500 g, accuracy 0.01 g);
the test was repeated 6 times for the average value, and 1061.4 kg/m? was taken as the
final parameter of the simulation. Referring to the literature [22], the Poisson’s ratio and
shear modulus of the test soil samples were set to be 0.25 and 2.73 x 10°, respectively, the
shear modulus of the Q235 steel plate was 7.92 x 10'°, and Poisson’s ratio was 0.3.

2.3. Test Methods

In this paper, the contact parameters between soil and soil, and between soil and Q235
steel, are calibrated by combining physical test and EDEM simulation test. The simulation
test and physical test of the soil-soil stacking angle are carried out by cylinder lifting
method, and the optimal solution is obtained based on the principle of minimum error, to
determine the contact parameters between soil and soil. Similarly, the slip test is used to
carry out the simulation test and physical test of the sliding friction angle between soil and
Q235 steel, and the optimal solution is obtained based on the principle of minimum error
to determine the contact parameters between soil and Q235 steel.

(1) Soil accumulation test

The soil stacking angle simulation test was performed using EDEM2018 software
based on Solidworks2018 software to establish a three-dimensional model of the test bench,
as shown in Figure 2. The geometric dimensions and physical testing of the cylinder size
were used to maintain consistency. The Hertz—Mindlin JKR model was selected as the
contact model. The particle factory was used to randomly generate three kinds of spherical
soil particles above the cylinder, in which the radius of the particles was 1 mm, and the
total mass of the soil particles generated was 700 g. After waiting for the soil particles to
pile up and stabilize underneath the cylinder, the screen was cut off vertically, the angles
were determined from the X and Y directions of the stacking angle through the Protractor
with Clipping tool of the EDEM postprocessing, and the average value was taken as the
final simulation result.
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Velocity (m/s) [ Velocity (m/s)
0.500 0.500
0.400 0.400
0.300 0.300 \
0.200 0.200
0.100 0.100
0.000 ll | Ll

t=35s
Velocity (m/s) Velocity (m/s)
0.500 0.500
0.400 0.400 ‘
0.300 0.300 ' l
0.200 0.200
0.100 0.100
0.000 0.000 A
t=4.0s t=45s

Figure 2. Simulation test of stacking angle test.

(2) Soil slip test

The inclined plane drawn with the 3D software SolidWorks was imported into EDEM
software in STL format, and a soil particle factory was set up above the inclined plane.
After setting the particle factory to produce 200 g of soil particles, the plane was rotated
along the rotary axis with an angular velocity of 2°/s. When the soil particles just started
to slide down the inclined plane, the simulation was stopped, a vertical screenshot of the
inclined plane was taken, and the angle of the inclined plane at that moment was measured
by Screen Protractor V4.0, a screen angle software. The soil slip simulation test is shown in

Figure 3.
Velocity (m/s) Velocity (m/s) Velocity (m/s)
0.30 0.30 0.30
0.24 0.24 0.24
0.18 0.18 / 0.18
0.12 0.12 y 0.12
0.06 . 0.06 __ -~ 0.06
0.00 0.00 0.00
t=18s t=19s t=20s

Figure 3. Simulation test of soil sliding.

2.4. Experimental Design

According to the literature [5,7,22], the contact model parameters, namely the JKR
surface energy X (0.1~0.3), coefficient of static friction X, (0.32~1), coefficient of rolling
friction X3 (0.01~0.3), and restitution coefficient X4 (0.1~0.5) were selected for the contact
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model between soil particles to conduct four-factor and three-level tests. The static friction
coefficient ry (0.1~0.6), rolling friction r, (0.02~0.4), and restitution coefficient r3 (0.1~0.5)
were selected for the contact model between soil and Q235 steel plate to conduct three-
factor and three-level tests, and the soil-soil stacking angle Y1, and s0il-Q235 steel plate
sliding friction angle Y2 were selected as the evaluation indices. The design of the following
Box—Behnken design (BBD) simulation test factor level coding is shown in Tables 1 and 2.

Table 1. Coding of simulation test factors of soil accumulation angle.

Factor
JKR Surface Ener Soil-Soil Static Soil-Soil Rolling Soil-Soil Restitution
Code 8y Friction Coefficient Friction Coefficient Coefficient
X1/(]-m*2) Xz X3 X4
-1 0.1 0.32 0.01 0.1
0 0.2 0.66 0.155 0.3
1 0.3 1 0.3 0.5
Table 2. Coding of factors in soil sliding simulation test.
Factor
So0il-Q235 Steel So0il-Q235 Steel So0il-Q235 Steel
Code Static Friction Rolling Friction Restitution
Coefficient r; Coefficient rp Coefficient r3
-1 0.1 0.02 0.1
0 0.35 0.21 0.3
1 0.6 0.4 0.5
3. Simulation Results and Analysis
3.1. Soil Accumulation and Sliding Simulation Test Results
Design-Expert 10.0.4.0 was applied to process and analyze the experimental data, and the
results of the stacking angle and sliding simulation tests are shown in Tables 3 and 4, respectively.
Table 3. Design and results of simulation test scheme for soil repose angle.
Factor
. . . . . . . . Soil-Soil
JKR Surface Soil-Soil Static Soil-Soil Rolling Friction R Repose
Energy Friction Coefficient Coefficient Restitution AngleY1/
NO. Coefficient
X1/(]~m—2) Xz X3 X4 (O)
1 0.3 1 0.155 0.3 54.6
2 0.1 0.66 0.3 0.3 46.5
3 0.1 1 0.155 0.3 49.8
4 0.2 0.32 0.01 0.3 40
5 0.2 0.66 0.3 0.1 52.3
6 0.3 0.66 0.155 0.5 53.65
7 0.3 0.32 0.155 0.3 53.2
8 0.2 0.66 0.155 0.3 4473
9 0.2 0.32 0.3 0.3 49.7
10 0.1 0.66 0.155 0.5 50.34
11 0.1 0.32 0.155 0.3 55
12 0.3 0.66 0.3 0.3 50.65
13 0.2 0.66 0.01 0.1 39.7
14 0.2 1 0.3 0.3 494
15 0.1 0.66 0.155 0.1 55
16 0.2 0.66 0.155 0.3 45
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Table 3. Cont.

Factor
. . . . . . . .. Soil-Soil
JKR Surface Soil-Soil Static Soil-Soil Rolling Friction e Repose
Ener Friction Coefficient Coefficient Restitution AngleY1/
NO. 8y Coefficient &
X1/(J-m~2) Xz X3 Xq ©)
17 0.2 0.66 0.3 0.5 36.3
18 0.1 0.66 0.01 0.3 37.25
19 0.3 0.66 0.01 0.3 41.64
20 0.2 0.66 0.155 0.3 45
21 0.3 0.66 0.155 0.1 49.16
22 0.2 0.66 0.155 0.3 46.45
23 0.2 0.32 0.155 0.5 46.64
24 0.2 1 0.155 0.5 47.8
25 0.2 0.32 0.155 0.1 45
26 0.2 1 0.155 0.1 43.07
27 0.2 0.66 0.01 0.5 34.46
28 0.2 1 0.01 0.3 35.18
29 0.2 0.66 0.155 0.3 46.22

Table 4. Scheme and results of soil sliding simulation test.

Factor

S0il-Q235 Steel ~ So0il-Q235 Steel =~ So0il-Q235 Steel  Sliding Friction

NO. Static Friction  Rolling Friction Restitution Angle
Coefficient 1y Coefficient rp Coefficient r3 Y2/(°)
1 0.1 0.21 0.1 8.4
2 0.6 0.21 0.5 323
3 0.1 0.02 0.3 7.9
4 0.35 0.4 0.5 20.7
5 0.6 0.4 0.3 32
6 0.35 0.21 0.3 21
7 0.35 0.4 0.1 21
8 0.1 0.21 0.5 7.9
9 0.35 0.02 0.5 21.1
10 0.35 0.21 0.3 20.6
11 0.35 0.21 0.3 20.8
12 0.35 0.21 0.3 204
13 0.35 0.02 0.1 21.3
14 0.1 0.4 0.3 7.4
15 0.35 0.21 0.3 21
16 0.6 0.21 0.1 31.7
17 0.6 0.02 0.3 31.9

3.2. Analysis of Simulation Results

Design-Expert 10.0.4.0 software was applied to perform analysis of variance (ANOVA)
and multiple regression fitting on the stacking angle test data, and the ANOVA tables for
the stacking angle Y1 and sliding friction angle Y2 are shown in Table 5. Multiple regres-
sion models for the stacking angle and sliding friction angle were established and tested
for significance.
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Table 5. Variance analysis of regression model of soil accumulation angle and sliding friction angle.

Variance Sum of Degree of Mean F P
Source Squares Freedom Square
Model 832.42 14 59.46 4.80 0.0029
X1 6.77 1 6.77 0.5462 0.4721
Xz 7.82 1 7.82 0.6318 0.4400
X3 267.15 1 267.15 21.57 0.0004
Xy 18.85 1 18.85 1.52 0.2376
X1 Xz 10.89 1 10.89 0.8793 0.3643
X1 X3 0.0144 1 0.0144 0.0012 0.9733
X1Xy 20.93 1 20.93 1.69 0.2146
XoX3 511 1 5.11 0.4124 0.5311
XoXy 2.39 1 2.39 0.1927 0.6674
X3Xy 28.94 1 28.94 2.34 0.1486
X112 185.28 1 185.28 14.96 0.0017
Xp? 23.90 1 23.90 1.93 0.1865
X532 169.98 1 169.98 13.72 0.0024
X2 0.0381 1 0.0381 0.0031 0.9565
Pure Error 2.51 4 0.6280
Cor Total 1005.82 28
Model 1163.83 9 129.31 2107.57 <0.0001
51 1159.21 1 1159.21 18,892.85 <0.0001
o) 0.1513 1 0.1513 2.47 0.1604
13 0.0200 1 0.0200 0.3260 0.5859
r1; 0.0900 1 0.0900 1.47 0.2651
13 0.3025 1 0.3025 4.93 0.0618
1213 0.0025 1 0.0025 0.0407 0.8458
12 3.84 1 3.84 62.59 <0.0001
12 0.0001 1 0.0001 0.0017 0.9681
r3? 0.3069 1 0.3069 5.00 0.0604
Pure Error 0.2720 4 0.0680
Cor Total 1164.26 16

As shown in Table 5, the response surface regression models of the stacking angle and
sliding friction angle p < 0.01, indicating that the regression model is highly significant. The
coefficients of determination of the two models, R?, were 0.83 and 0.99, and the precision
was 8.03 and 87.3, which were greater than 4. This indicates that the accuracy of the two
regression models was satisfactory and that the prediction of the stacking angle and the
sliding friction angle could be carried out according to the regression model. The regression
term X3 has a highly significant effect on the stacking angle, the quadratic terms X;? and
X32 have a significant effect, and the remainder of the interaction terms and linear and
quadratic terms have a nonsignificant effect on the stacking angle. The static friction
factor ry has a highly significant effect on the sliding friction angle, the rolling friction r,
and the restitution coefficient r3 have a nonsignificant effect on the sliding friction angle,
the interaction terms have a nonsignificant effect, and the quadratic term 112 has a highly
significant effect. From the absolute magnitude of the coefficients of the regression equation,
the order of significance of the effect of each factor on the modeled stacking angle and
sliding friction angle was obtained: X3 > X4 > X3 > Xy, 11 > 12 > 13.

Y; = 45.48 + 0.7508X; — 0.8075X, + 4.72X3
—1.25X, +1.65X1 X, — 0.06X1 X3 + 2.29X1 Xy
+1.13X, X3 + 0.7725X, X, — 2.69X3X4
+5.34X7% 4+ 1.92X,% — 5.12X3% — 0.0767X 4>

(13)
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Y, = 20.76 + 12.04r; — 0.1375r, — 0.0573
+0.15r175 + 0.2757173 — 0.025r73 (14)
—0.955r12 — 0.005752 + 0.27r32

where X3, Xy, X3, and X4 are the level codes of the soil-soil surface energy, static friction,
rolling friction, and restitution coefficient, respectively; 11, 12, and r3 are the level codes of
the static friction, rolling friction, and restitution coefficient of the soil particles—Q235 steel
plate, respectively; Y1 is the soil-soil stacking angle; and Y2 is the s0il-(235 steel plate
sliding friction angle.

4. Calibration Parameter Determination and Experimental Verification
4.1. Optimal Calibration Parameter Determination

(1) Determination of the stacking angle

The calibration of contact parameters between soil particles is conducted via the soil
stacking test, and the actual stacking angle of the soil is determined by the cylinder lifting
method before calibration [23,24]. The soil has a moisture content of 23 & 1%, the test
device consists of a cylinder (diameter of 70 mm, height of 220 mm), as shown in Figure 4,
a soil accumulation steel plate, a steel plate ruler, a camera, and other components. The
test cylinder has an upward lifting speed of 0.1 m/s, the stacking plate is Q235 steel, the
cylinder lifting soil falls into the stacking steel plate, and the stacking angle is formed.
After all the soil flowed out and was still, photographs were taken of the pile shape shot
vertically from the five directions to measure the average value of the stacking angle as the
measurement value of one test. After 10 repetitions of each set of tests, the pile angle of soil
with a 23% moisture content was 35.5°.

Figure 4. Physical experiment of soil accumulation.

(2) Determination of the soil sliding friction angle

The calibration of s0il-Q235 steel contact parameters is based on the soil inclined plane
slip test [25,26], which mainly determines the sliding friction angle between soil and Q235
steel; it also provides a reference for contact parameter calibration. The test device mainly
consists of a homemade slope and inclinometer (resolution: 0.1°, accuracy: £0.2°), in which
the inclined material is Q235 steel. The soil samples in the field test area were placed on the
slope, and the inclination angle of the inclined plane was adjusted by the motor drive. The
soil on the inclined plane began to slide when a certain angle was reached, the motor drive
was stopped, the value of the inclination angle of the inclined plane at this time was read
out, and the angular value at this time was the sliding friction angle between the soil and
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the Q235 steel, as shown in Figure 5. The test was repeated 10 times, taking the average
value as the sliding friction angle between the soil and Q235 steel, that is, 31.5°.

Figure 5. Physical test of sliding friction angle.

The measured soil stacking angle and sliding friction angle results were inserted into
Equations (1) and (2), respectively, to obtain multiple sets of optimized solutions. The set of
soil parameters for which the simulation test stacking angle and sliding friction angle were
closest to the physical measurements were selected. Therefore, the soil model parameters
needed in the field simulation test are shown in Table 6.

Table 6. Calibration results of soil parameters.

Simulation Test Parameters Value
JKR surface energy 0.2
Soil-soil static friction coefficient 0.596
Soil-soil rolling friction coefficient 0.01
Soil-soil restitution coefficient 0.207
S0il-Q235 steel static friction coefficient 0.589
S0il-Q235 steel rolling friction coefficient 0.146
S0il-Q235 steel restitution coefficient 0.369

4.2. Physical Test Verification

To verify the accuracy of the calibrated soil contact parameters, the values of the soil
contact parameters after the test calibration were imported into EDEM software to simulate
the soil stacking test and sliding test, to measure the stacking angle of the soil and the
sliding friction angle between the soil and the Q235 steel, and to compare the results with
those of the physical tests of the stacking angle and the sliding friction angle, as shown in
Table 7.

Table 7. Comparison of test results.

Parameter Simulation Test Physical Test Relative Error/%
Soil angle of repose/(°) 37 35.5 4
soil sliding friction angle/(°) 322 31.5 2

As shown in Table 7, the errors of the simulated stacking angle and soil sliding friction
angle after calibration of the soil contact parameters and the actual physical test results are
4% and 2%, respectively, and the simulated stacking angle and sliding friction angle after
optimized calibration are very close to the actual test values.
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5. Field Trials
5.1. Preparation of Test Conditions

The main equipment used in the field test included the following: a Kubota M954(G4)
tractor, a ginseng seedbed ridger, a steel plate ruler, a tape measure, aluminum blocks,
a marker, and a soil firmness meter (model: TYD-2 Zhejiang Top Instrument Co., Ltd.,
Hangzhou, China), and flags. The experiment was carried out in a special test field in the
Agricultural Machinery Laboratory of Jilin Agricultural University. First, the water content
suitable for ginseng planting is shaped on the land where ginseng has been planted by
rotary tillage and where artificial watering and other processes have been carried out many
times; the soil firmness was determined by a firmness meter with a range of (38~51.8 kPa).

5.2. Field Trials

During the soil-throwing operation of the machine, the soil was displaced by the
disturbing action of the throwing knife, and this displacement was used to characterize
the interactions between soil particles and the soil and the touching parts [27]. Therefore,
in this study, aluminum blocks were used as soil tracers to track soil displacement, as
established in the literature [28]. First, each soil tracer was dyed cyan, blue, and purple and
numbered with a marker pen, and then the tracers were arranged in the three soil layers.
That is, 18 tracers were buried in each of the three layers, namely 0~50 mm in the surface
layer, 50~100 mm in the middle layer, and 100~150 mm in the deeper layer, and by using
the burial scheme of Figure 6a. Flags were placed at the initial 2D coordinates of the tracers.
Next, the soil-throwing operation was carried out using the team’s self-developed ginseng
seedbed ridger supporting tractor (Kubota M954(G4)). The working conditions of the
tractor were as follows: a knife shaft speed of 250 r/min, an operating speed of 1km/h, and
a depth of entry into the soil of 160 mm. Finally, all the tracers were tracked manually, the
final 2D coordinates were measured and recorded with a coordinate measuring frame, and
the absolute difference between the final 2D coordinates and the initial 2D coordinates of
each tracer was taken to obtain the displacement of the tracers in the vertical and horizontal
directions. The average of the absolute differences of the tracer displacements for each soil
layer was taken as the final result [29].

Figure 6. Field test. 1. Kubota M704 tractor 2. Soil-throwing device 3. Aluminum blocks 4. Steel
plate ruler. (a) Burying scheme of soil tracer. (b) Tractor border-making machine set. (c) Experimental
system of soil displacement.
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5.3. Simulation Test Verification

To further verify the accuracy of the soil contact parameters, EDEM software was
again used to simulate the soil-throwing operation process. The forward speed of the
soil-throwing device of the ginseng border walker was set to 1 km/h, the speed of the
soil-throwing knife shaft was set to 250 r/min, the depth of entry to the soil was set to
160 mm, the simulation time step was set to 1 X 1072, the simulation time was set to 20's,
the data saving interval was set to 0.01 in the EDEM solving module, and the simulated
operation state of the soil-throwing device in EDEM is shown in Figure 7.

Torque (Nm) Torque (Nm)
60.00 60.00
45.00 > 45.00
30.00 30.00

15.00
0.00

15.00
0.00

soil-throwing device
()

Figure 7. Trenching operation process of soil-throwing device. (a) Before the machine works.

(b) While the machine is working. (c) After the machine works.

Postprocessing analysis was based on the Analyst module. Within the width of the
ginseng seedbed ridger, different depths of soil layers were set up, namely the shallow layer
(the particles in the range of 0~50 mm were set as cyan), the middle layer (the particles in
the range of 50~100 mm were set as blue), and the deep layer (the particles in the range of
100~150 mm were set as purple). Based on the “Export Results Data”, the mean values of
the coordinates of the particles of each color in the vertical (X-axis) and horizontal (Y-axis)
directions before and after the simulation were exported, and the difference in the mean
values was used to obtain the displacement of the soil along the vertical and horizontal
directions in the three different depth ranges.

5.4. Test Results and Analysis

In the field test, according to the coordinate position of the soil tracer before and after
the completion of the soil-throwing operation, the average value of the tracer displacement
in the depth range of each soil layer is calculated. The displacement of the deep soil is larger
than that of the middle and shallow layers because of the stable work of the soil-throwing
knife, and the deeper the depth of the soil is, the greater the linear velocity, so the farther
the soil is thrown. The results obtained from the simulation test are the same as those
obtained from the test. In addition, no matter what the soil depth is, the soil displacement
along the machine direction (vertical direction) is always greater than the lateral (horizontal
direction) displacement; the lateral soil displacement is thrown on the border, a very small
amount of soil is thrown back to the soil or falls into the other side of the ditch, and the
lateral soil displacement meets the agronomic requirements.

To verify the feasibility of the calibrated discrete element simulation contact parame-
ters, the horizontal and vertical soil displacements of the three layers obtained from the
field test and simulation were compared (Figure 8).
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D2 physical test

simulation test

ph
B s

surface middle deep
soil position

surface middle deep
soil position

(a) (b)

Figure 8. Movement and displacement of soil in different positions. (a) Horizontal displacement of
soil particles. (b) Vertical displacement of soil particles.

According to Figure 8a, the relative errors of the horizontal displacement of soil
particles are 1.2% for surface soil, 5.6% for middle soil, and 2.8% for deep soil, and according
to Figure 8b, the relative errors of the vertical displacement of soil particles are 1.8% for
surface soil, 3.4% for middle soil, and 2.2% for deep soil.

6. Conclusions

(1) The surface energy, static friction coefficient, rolling friction coefficient, and restitu-
tion coefficient between soil particles are taken as test factors; the stacking angle is taken
as the evaluation index; the regression model of stacking angle is obtained according to
the Box-Behnken optimization method in Design-Expert; and the optimization is carried
out to obtain the surface energy, static friction coefficient, rolling friction coefficient, and
restitution coefficient of soil, which are 0.2 J/m?, 0.596, 0.01, and 0.207, respectively; the
simulation result of the stacking angle under the optimal combination is 37°, and the
relative error with the result of the physical test of 35° is 4%.

(2) Ginseng soil with 23% moisture content was used as the research object, and the
ranges of the static friction coefficient, rolling friction coefficient, and restitution coefficient
between soil and Q235 steel were obtained through pre-experiments and references. With
the above three factors as the test factors and the sliding friction angle of the soil as the
evaluation index, the regression model of the sliding friction angle of the soil was obtained
based on the Box-Behnken optimization method in Design-Expert, and the actual sliding
friction angle was used as the evaluation index for optimization, and the static friction
coefficient, rolling friction coefficient, and restitution coefficient between the soil particles
and the Q235 steel are 0.589, 0.146, and 0.369, respectively, and the sliding friction angle
under the optimal combination is simulated as 32.2°, with a relative error of 2% compared
with that of the physical test result of 31.5°.

(3) Through the comparative analysis of field tests and simulation tests, the maximum
errors of horizontal and vertical displacements of soil particles were obtained to be 5.6%
and 3.4%, respectively, which were within the permissible range of error, indicating that the
parameters of the calibrated discrete element simulation model were accurate and reliable.
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