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Abstract: To address the fact that existing studies may not be able to accurately describe the discrete
element parameters of the soil during the potato harvesting period and to improve the accuracy of
the potato harvesting equipment simulation studies, this study was conducted on the soil around
the harvested potato tubers in the field. The simulation parameters of the discrete element model
of soil were determined by the soil stacking angle test and soil block shear crushing test with the
actual test measurements as the target. Based on a series of experimental designs, the factors affecting
the stacking angle were the static friction coefficient and the rolling friction coefficient between soil
particles; and the rolling friction coefficient between soil and steel. The factors affecting the maximum
shear damage force were normal stiffness and shear stiffness per unit area. The quadratic regression
equations were established and solved to obtain the optimal discrete element simulation parameters.
The results can provide more realistic and reliable parameters for the construction of soil simulation
models of potato fields during harvesting and for the discrete element simulation of soil-touching
components of potato harvesting equipment. It can also further enrich the parameter data of soil
discrete element simulation models and provide a reference for related research

Keywords: DEM; soil properties; soil stacking angle; soil block shear crushing; parameter calibration

1. Introduction

With the development of computer technology and discrete element methods, more
and more scholars are conducting experimental studies with the help of discrete element
simulation. The discrete element method is widely used in the geotechnical, transportation,
and agricultural fields [1-4]. Especially in agricultural research, the materials are mostly
discrete particles such as seeds, soils, etc. The discrete element method can visually and
reliably reflect the interaction process between the object of study and the machine. It can
provide a great convenience for the design and optimization of agricultural machinery [5,6].
To ensure the accuracy and reliability of the simulation model, the selected discrete element
parameters need to be calibrated. The discrete element simulation parameters include basic
parameters such as intrinsic parameters, contact parameters, and additional parameters
for different contact models. It is important to select models and parameters according to
different material properties [7]. Therefore, several studies have also been conducted for
parameter calibration tests for material properties.

There are broadly two common methods of calibrating discrete element parameters.
The first one is to test for each needed parameter separately and then calibrate those param-
eters directly. Liu et al. [8] performed a simulation parameter calibration of the miniature
potato. They successively established the collision restitution coefficient measurement
model and the friction coefficient measurement model. The corresponding models were
built in EDEM 2018, and each parameter was calibrated one by one. Yu et al. [9] combined
bench tests and simulation tests to calibrate the discrete element parameters of Panax
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notoginseng seeds by crash drop test, slope slip test, and slope roll test. The second is to
calibrate multiple simulation parameters at once by one or several other response values.
Liu et al. [10] calibrated the discrete element parameters of wheat based on stacking tests.
They screened out several significant factors affecting the stacking angle and then obtained
the calibration results by the response surface method. Ma et al. [11] calibrated the parame-
ters through a series of experiments using the measured and simulated errors of the repose
angle and stacking angle of alfalfa seeds as response values. Horabik et al. [12] calibrated
parameters of discrete elements of wheat in grain storage systems based on experimental
data of loading and unloading cycles of individual wheat grain.

There are also more parameter calibration tests related to agricultural soil models,
and different contact models are selected for testing according to different soil types.
Bahrami et al. [13] performed calibration tests on soil based on a plate sinkage test using the
hysteretic spring-linear cohesion contact model and validated it in combination with direct
shear tests. Liu et al. [14] used the Hertz—Mindlin with EEPA contact model for discrete
element calibration of parameters related to clayey soil with the angle of repose as the
response value. Wu et al. [15] used the Hertz—Mindlin with JKR contact model for cohesive
soils. The effects of JKR surface energy, recovery coefficient, etc., on the stacking angle and
the results of parameter calibration were obtained. Research on soil discrete elements has
been relatively well established, mostly with a particular type of soil as the test subject. For
example, most of the studies on sandy soils and sandy loam soils were simulated using the
Hertz-Mindlin model because the adhesion between such soils is relatively small. While
there is a certain adhesion between clayey soil particles, most of them are studied by the
Hertz-Mindlin with JKR or EEPA models. The results have some reference significance
for the selection of simulation model parameters for different crops and different seasons.
However, there is still a slight impact on the accuracy of the simulation model. Although
some studies are focusing on the effect of different moisture contents on the characteristics
of soil parameters, the correspondence between the moisture content and the soil conditions
in the field is not clear. In addition, few calibrations of soil parameters have been seen for
different plants in different seasons. Few studies have been conducted on the parameters of
the soil during the potato harvest period. In order to ensure a more realistic discrete element
simulation model of potato harvesting equipment, a calibration of the soil parameters to
improve the accuracy of the parameters is of great interest.

In summary, in order to solve the problem that the results of existing studies may not
accurately simulate the soil during the potato harvesting period, we studied the soil during
the potato harvesting period and conducted parameter calibration tests to obtain discrete
element parameters that are more applicable to the soil during the potato harvesting
period. We used sandy loam soil in the potato growing region as the test object. The
actual measurements of the soil parameters were carried out. The Hertz—Mindlin model
and Hertz—Mindlin with the bond model were used to establish the soil grains stacking
angle and soil block shear crushing model in EDEM 2018 software, respectively. We
conducted a series of simulations targeting the actual measurements to obtain soil-related
discrete element parameters. It is expected that this study will provide reliable parameters
for discrete element simulation models for the design and optimization of soil touching
parts for potato harvesting machines. It can also enrich the data of soil discrete element
parameters and provide a reference for related research.

2. Materials and Methods
2.1. Soil for Testing and Its Sampling Method

The experiment was conducted on the soil around the potato tubers during the harvest
period. The soil type is sandy loam, and the sampling site is in Huining County, Gansu
Province. The potatoes are planted in mid-April, with machine seeding and mulching after
the machine ridging. The harvest time is from September to October each year. The ridge
shape of the field was measured during the harvest period, and a ridge height of 200 mm, a
ridge bottom width of 500 mm, and a plant spacing of 350 mm were obtained. Tubers were
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produced at 15-20 mm from the surface of the top of the ridge. Sampling was conducted in
the field by hand digging in a five-point sampling method to collect soil around the potato
tubers for a series of experiments, and the soil sampling location is shown in Figure 1. The
particle size distribution of the sample can be measured after sieving the soil: 54.66% of
the mass with a particle size less than 4 mm, 19.88% with a particle size between 4 and
7 mm, and 25.47% with a particle size greater than 7 mm. The density of the samples was
measured and calculated to be 1100 kg-m~3, with a coefficient of variation of 3.19%. The
measured water content of the soil was 15.38%, and its coefficient of variation was 4.60%.

Potato Tuber

Soil Sampling Locations

Figure 1. Sampling location for test soil.

2.2. The Parameter Calibration Method for the Soil Stacking Angle
2.2.1. Practical Experiments of Soil Stacking Angle

When performing the discrete element parameter calibration, the magnitude of the
stacking angle is often used as the response value for the material’s intrinsic parameters and
contact parameters [16-18]. In this experiment, the stacking angle of the soil was obtained
by using the cylinder lifting method. After sieving the soil samples, most of the fine-grained
soil grains with a size less than 7 mm were spherical. Those larger than 7 mm were mostly
large soil blocks. Therefore, soil grains less than 7 mm in diameter were put into a steel
cylinder with an inner diameter of 100 mm and a height of 160 mm as the test object. The
cylinder was fixed on the UTM6503 (SHENZHEN SUNS TECHNOLOGY STOCK Co., Ltd.,
Shenzhen, China) electronic universal testing machine (capacity: 5 kN, Grade: 0.5, power:
0.4 kW), and a square steel plate was placed on the bottom of the cylinder. During the test,
the cylinder filled with soil grains was lifted upwards, so that the grains of the sample were
stacked on the steel plate below and showed a certain stacking angle. The camera was kept
horizontal and photographed and recorded from the front view direction and the side view
direction, respectively. After processing the obtained images, the specific degree of each
stacking angle can be obtained. Two stacking angles can be obtained for each direction,
and the front view direction of the soil stacking angle after an experiment was shown in
Figure 2. The average value of four stacking angles can be obtained in one test as the result
of that test. The actually measured stacking angle of 25.73° with a coefficient of variation of
2.20% can be obtained by repeating the test 10 times.

2.2.2. Discrete Element Model of Soil Stacking Angle

The soil type used in this experiment was sandy loam, so the Hertz—Mindlin model
was selected for the simulation of soil stacking angle. The forces and motions of soil grains
in this model can be decomposed into normal motion between particles, tangential motion
between particles, and rolling motion between particles when performing simulation
calculations. The magnitude of the angle during stacking would be influenced by the
contact parameters between the particles. The range of parameters used in the simulation
experiments is shown in Table 1, where the soil density was the actual measurement and



Agriculture 2022, 12, 1475

40f16

the ranges of the other parameters were obtained by reviewing the literature [14,19,20].
The table can be used as the basis for subsequent parameter calibration tests.

Front view

The stacking angle
Figure 2. The front view direction of the soil stacking angle.

Table 1. Test factors and levels.

Parameter Value Parameter Value
Density of the soil/ kg~rn_3 1100 Density of the steel/ kg~m_3 7810
Poisson’s ratio of the soil 0.20~0.40 Poisson’s ratio of the steel 0.30
Shear modulus of the soil/Pa 0.80~1.20 x 10° Shear modulus of the steel/Pa 8.01 x 1010
Coefficient of Restlt.unon between 0.10~0.90 Coefficient of Restltutlpn between steel 0.08~0.24
the soil and soil
Coefficient of Static Erlctlon between 0.25~0.65 Coefficient of Static FrlcFlon between 0.40~0.80
the soil steel and soil
Coefficient of Rolling Frlctlon between 0.10~0.30 Coefficient of Rolling FrlFtlon between 0.25~0 45
the soil steel and soil

A square steel plate was created in EDEM software, and a cylinder with the same
inner diameter of 100 mm and height of 160 mm was created above the plate as the actual
test. The radius of the soil grains was set to 4 mm, and the same mass as the actual soil was
generated by the static factory. When the particles inside the cylinder had been stabilized,
the cylinder was lifted so that the soil grains flowed out of the cylinder to form a stacking
angle. The stacking angles obtained from the simulation were saved as pictures from both
+x and +y directions, as shown in Figure 3. As in the actual test, the degree of the stacking
angle can be derived after image processing, and the average value of the four angles was
used as the result of one test.

Figure 3. Simulation model of the soil stacking angle.

2.2.3. Measurement Method for Degree of Stacking Angle

The captured images were processed by MATLAB 9.0. The first step is to grayscale
the image. The matrix of pixel points in the image is assigned and calculated to change
the color of the pixel points to achieve grayscale. Then binarization is performed so that
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each pixel point in the image appears black or white. Finally, the X-Y coordinate points of
a set of image boundaries are derived by boundary extraction. The obtained coordinate
data are segmented according to the ascending and descending trends, and the linear fit is
performed for each of the two segments. The slope of the fitted line can be derived, and the
degree of the stacking angle can be calculated. Figure 4 showed a picture of the stacking
angle results obtained from an actual test and the process of image processing and curve
fitting to it.

(a) (b)
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Figure 4. Image processing and fitting process of stacking angle. (a) The result of the soil stacking
angle obtained from the test. (b) The result of the stacking angle after image processing. (c) The result
of curve fitting after boundary extraction.

2.3. The Parameter Calibration Method for the Soil Block Shear Crushing
2.3.1. Practical Test of Soil Block Shear Crushing

The maximum crushing force was obtained by shear crushing to the trimmed soil
block using an electronic universal testing machine. After sieving the soil samples obtained
from the field around potatoes, those larger than 7 mm were mostly irregularly shaped
soil blocks. To improve the reliability of the test results, the soil block needs to be trimmed
with a utility knife to allow for repeat tests. A set of rectangular soil blocks of 25 + 1 mm in
length, 15 £ 0.2 mm in width, and 10 &= 0.2 mm in thickness were obtained. The rectangular
soil block samples were sheared by the UITM6503 electronic universal testing machine. A
speed of 5 mm /min was selected for loading to derive the maximum crushing force during
shearing, as shown in Figure 5. After averaging the results of the five replicate tests, the
maximum crushing force of the soil block can be obtained as 3.61 N with a coefficient of
variation of 13.84%.

2.3.2. Discrete Element Model for Soil Block Shear

In the discrete element study related to potato harvesting machinery, digging, potato-
soil separation, and other links can break up large soil blocks. The Hertz—Mindlin model
does not allow for particle fragmentation. It is necessary to bond small soil grains by
attaching a bond model to form a large soil block with a certain strength. The bond is
removed when the parameter of the bond between the particles reaches the set value, and
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thus the block is broken. So, the Hertz-Mindlin with bonding model was used to perform
discrete element simulation of the soil block shear crushing process. A rectangular body of
25 mm in length and 15 mm in width and 10 mm in thickness was created in EDEM. The
interior was filled with small soil grains of 2 mm diameter with an additional bond between
the soil grains. The shear cutter was modeled by SolidWorks 2018 and imported into EDEM,
with the cutter position set directly above the middle of the soil block. Two support plates
were established symmetrically with the cutter as the center and their spacing was 5 mm.
The cutter speed was set vertically downward with a speed of 5 mm/min. The time step
was set to 1.7 x 102 s for simulation calculation. The maximum crushing force during soil
fragmentation was obtained. The discrete element simulation model built was shown in
Figure 6.

hear cutter

Soil Block Support plate

Figure 5. The soil block shear crushing test.

Time: 140 =

I

Lo

Figure 6. Discrete element simulation model of soil block shear crushing.

2.4. Experimental Design for Parameter Calibration
2.4.1. Calibration of Intrinsic Parameters and Contact Parameters—By Stacking Angle Test

(1) The screening test: The Regular Two-Level Factorial Design experiment was design by
the Design-Expert 12.0 software. The density of soil, the density of steel, and Poisson’s
ratio of steel for the simulation model were set according to Table 1. The remaining
8 factors with a certain range (X; to Xg) were screened for significance. According
to the range of the given parameters, the upper limit value of each parameter was
considered as the high level and the lower limit value was considered as the low level,
which was coded as shown in Table 2 below. Discrete element simulation calculations
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of soil grains stacking angle were performed for a total of 16 trials. The effects analysis
of the experimental results was performed.

Table 2. The Code table of Regular Two-Level Factorial Design experiment.

Value
Parameter —1 (Low Level) +1 (High Level)
Intrinsic parameters Poisson’s ratio of the soil X1 0.20 0.40
Shear modulus of the soil X2/Pa 8.00 x 10° 1.20 x 10°
Coefficient of Restitution between the soil X3 0.10 0.90
Coefficient of Static Friction between the soil X4 0.25 0.65
Contact parameters Coefficient of Rolling Friction between the soil X5 0.10 0.30
Coefficient of Restitution between steel and soil X6 0.08 0.24
Coefficient of Static Friction between steel and soil X7 0.40 0.80
Coefficient of Rolling Friction between steel and soil X8 0.25 0.45

(2) The steepest ascent test: Based on the results of the Regular Two-Level Factorial Design
test, the steepest ascent test was performed on the screened main factors to determine
the interval where the optimal values were located. Intermediate values were taken
for other parameters with the low significance of effects in the test. Parameters with
significant effects were gradually changed according to equal amounts, in five groups.
The simulation test of the soil stacking angle was conducted, and the relative error
values of the stacking angle obtained from the simulation test and the actual test
results were recorded. The interval with the smallest error range was determined
according to the trend of the error values, and the range where the optimal values of
the main influencing parameters are located was derived.

(3) The response surface test: Using the soil stacking angle as the response value Y7, the
Box—Behnken Design test was performed by Design-Expert software based on the
results of Regular Two-Level Factorial Design test and Steepest Ascent test. The inter-
actions between the factors were analyzed, and the corresponding regression models
were developed to derive the optimal set of parameters that satisfy the measured
degrees. The high level (+1), low level (—1), and center point (0) of the significant
parameters correspond to the upper and lower limits and median values of the range
where the optimal values are located in the climbing ascent test. The values of the
remaining insignificant factors were the same as those of the steepest ascent test. Anal-
yses of variance were performed on the experimental results, and the corresponding
regression equations could be derived.

2.4.2. Calibration of Bonding Parameters—By Shear Crushing Test

According to the simulation calculation principle of the additional bond model, the
four influencing factors that affect the fragmentation of the soil block are normal stiffness
per unit area between the soil, shear stiffness per unit area between the soil, critical normal
stress between the soil, and critical shear stress between the soil. Using the maximum force
of soil block shear crushing Y, as the response value, the four-factor, three-level response
surface experimental design based on Box-Behnken Design principles was conducted.
The range values of the four bonding parameters were determined concerning existing
literature [21,22], and the values of the high and low levels, the center point of each
parameter were coded as shown in Table 3 below. The intrinsic and contact parameters
required for the simulation model are adopted from the results of the stacking angle test.
Simulation calibration test of soil block crushing test was carried out. The design center
group was 5 groups, and the total was 30 groups. The results of the experiments were
analyzed by ANOVA and the corresponding regression equations could be derived.
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Table 3. The Code table of soil block shear crushing response surface test.

Value
The Bonding Parameters
-1 0 1

Normal stiffness per unit aftzea between the soil 200 % 106 250 x 105  3.00 x 10°
X9 /N-m

Shear stiffness per unit alreja2 between the soil 195 % 105 150 x 106 1.75 x 106
X10 / N-m

Critical normal stress between the soil X171 /Pa 2.00 x 10° 225 x10° 2.50 x 10°

Critical shear stress between the soil X1, /Pa 1.00 x 10° 150 x 10°  2.00 x 10°

3. Results
3.1. Results of Soil Stacking Angle Parameter Calibration Tests
3.1.1. Significance Screening Test for the Effect of Factors

Eight parameters affect the soil stacking angle: Poisson’s ratio of the soil X, shear
modulus of the soil X5, coefficient of restitution between the soil X3, coefficient of static
friction between the soil Xy, coefficient of rolling friction between the soil X5, coefficient
of restitution between steel and soil Xg, coefficient of static friction between steel and soil
X7, and coefficient of rolling friction between steel and soil Xg. These factors were used
for screening the significance of the effects. The experimental design and results obtained
according to the principle of Regular Two-Level Factorial Design are shown in Table 4.

Table 4. Regular Two-Level Factorial Design and Experiment Results.

No. X1 Xz X3 Xq X5 X¢ X7 Xs Stacking Angle/°
1 0.20 0.80 0.90 0.65 030  0.08 0.40 0.45 30.92
2 0.40 1.20 0.10 0.25 0.10 0.24 0.80 0.25 14.31
3 0.20 1.20 0.10 0.65 030  0.08 0.80 0.25 24.78
4 0.20 0.80 0.10 0.25 0.10  0.08 0.40 0.25 13.83
5 0.20 1.20 0.10 0.25 030 0.24 0.40 0.45 19.23
6 0.40 1.20 0.90 0.65 030 0.24 0.80 0.45 29.71
7 0.40 0.80 0.90 0.65 0.10  0.08 0.80 0.25 15.65
8 0.20 1.20 0.90 0.25 0.10  0.08 0.80 0.45 15.36
9 0.20 1.20 0.90 0.65 0.10 0.24 0.40 0.25 17.88
10 0.40 1.20 0.90 0.25 030  0.08 0.40 0.25 15.12
11 0.20 0.80 0.90 0.25 030 0.24 0.80 0.25 15.66
12 0.40 0.80 0.10 0.65 030 0.24 0.40 0.25 23.19
13 0.40 0.80 0.10 0.25 030  0.08 0.80 0.45 19.24
14 0.20 0.80 0.10 0.65 0.10 0.24 0.80 0.45 18.41
15 0.40 1.20 0.10 0.65 0.10  0.08 0.40 0.45 18.66
16 0.40 0.80 0.90 0.25 0.10 0.4 0.40 0.45 17.29

The effect of each parameter can be obtained after effects analysis of the experimental
results as shown in Table 5. The factors affecting the soil stacking angle in order of
significance were: Xy, X5, X3, X3, X7, X1, Xg, X2. Only X4, X5, Xg had a significant effect
on the stacking angle, while the other parameters had little effect. Only three significant
parameters were considered in the subsequent steepest ascent test, and the other five
non-significant parameters were taken at the intermediate level, which means X; was taken
as 0.30, X, was taken as 1.0 x 10° Pa, X3 was taken as 0.50, X, was taken as 0.16, and Xy
was taken as 0.60.

3.1.2. Significance Screening Test for the Effect of Factors

The steepest ascent test was performed for the significance parameters X4, X5, and
Xg screened by the Regular Two-Level Factorial Design test. The effects of all three on the
degree of stacking angle were positive. So, the parameter values were designed as equal
increments, and the stacking angle simulation tests were conducted separately. The degree
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of the stacking angle and error values of each experiment were obtained. The designed test
and results are shown in Table 6.

Table 5. The effects analysis of the experimental results.

Term Stdized Effect = Sum of Squares Contribution Order of the Significance

X1 —0.36 0.53 0.13% 6

Xp 0.11 0.05 0.01% 8

X3 0.74 2.21 0.54% 4

Xy 6.15 151.04 36.82% 1

X5 5.81 134.91 32.89% 2

Xe 0.27 0.28 0.07% 7

Xy —0.38 0.56 0.14% 5

Xg 3.55 50.41 12.29% 3

Table 6. The steepest ascent test and the results.

No. Xq X5 Xs Stacking Angle/° Relative Error
1 0.25 0.10 0.25 15.99 37.87%
2 0.35 0.15 0.30 20.67 19.68%
3 0.45 0.20 0.35 23.80 7.49%
4 0.55 0.25 0.40 28.89 12.25%
5 0.65 0.30 0.45 33.15 28.84%

As the values of coefficient of static friction between the soil X4, coefficient of rolling
friction between the soil X5, and coefficient of rolling friction between steel and soil Xg
simultaneously increased, the degree of stacking angles for the simulation test also in-
creased, gradually reaching the real measured value and exceeding it. The relative error
values between the simulation test and the actual test results showed a decreasing and then
increasing trend. The third group of tests had the smallest relative error values. Therefore,
the data from the third group of tests were used as the center point, and the data from
the second and fourth groups were used as the low and high levels, respectively, for the
subsequent response surface tests.

3.1.3. Three-Factor Response Surface Test

A total of 17 groups of Box-Behnken Design tests were conducted with the response
value of stacking angle Y; and the three obtained significant influencing factors X4, X5, and
Xg as factors in the range of their high and low level, and the results are shown in Table 7.
The experimental results were analyzed and fitted by Design-Expert software to establish
a quadratic regression model of soil particle accumulation angle with three significant
parameters. The quadratic polynomial equation was obtained as Equation (1):

Y, = 139.67Xy + 28.73X5 + 169.79Xg — 71.00X, X5 — 170.00X,Xs

+332.00X5Xg — 64.80X42 — 119.20X52 — 209.20Xg> — 49.70 @

The R? of this model is 0.975 and the adjusted R? is 0.944, both of which are close to
1, indicating the reliability of the fit of this quadratic model is high. The adeq precision
of 19.76 is greater than 4, indicating that the model has good accuracy. The results of the
analysis of variance (ANOVA) performed on the test are shown in Table 8. The p value
for this model is less than 0.01 based on the results of the analysis, indicating that the
relationship between the stacking angle Y; and X4, X5, and Xg expressed by the model is
highly significant. The p value of the Lack of Fit is 0.5247 greater than 0.05, which is not
significant, indicating a good model fit. All of the coefficients of static friction between the
soil Xy, the coefficient of rolling friction between the soil X5, and the coefficient of rolling
friction between steel and soil Xg have significant effects on the degree of the stacking angle.
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The effects of X4 and X5 are highly significant. The effects of the interaction terms X4 Xg and
X5Xg are significant.

Table 7. The stacking angle response surface test and results.

No. X4 X5 Xg Yl/o
1 0.55 0.20 0.30 2498
2 0.45 0.20 0.35 24.88
3 0.45 0.20 0.35 24.42
4 0.55 0.20 0.40 24.66
5 0.35 0.15 0.35 20.01
6 0.55 0.15 0.35 21.57
7 0.45 0.15 0.40 20.49
8 0.45 0.20 0.35 24.59
9 0.45 0.15 0.30 20.88
10 0.55 0.25 0.35 27.16
11 0.45 0.25 0.30 25.98
12 0.45 0.25 0.40 28.91
13 0.35 0.20 0.40 24.15
14 0.35 0.20 0.30 21.07
15 0.35 0.25 0.35 27.02
16 0.45 0.20 0.35 25.97
17 0.45 0.20 0.35 24.57

Table 8. Variance analysis of the stacking angle test regression model.

Source Sum of Squares df  Mean Square  F-Value  p-Value Significant
Model 103.26 9 11.47 30.70 <0.0001 **
Xy 4.68 1 4.68 12.53 0.0095 **
X5 85.28 1 85.28 228.17 <0.0001 **
Xs 3.51 1 3.51 9.39 0.0182 *
Xy X5 0.50 1 0.5041 1.35 0.2836
XyXg 2.89 1 2.89 7.73 0.0273 *
X5Xg 2.76 1 2.76 7.37 0.0300 *
X42 1.77 1 1.77 4.73 0.0661
X52 0.37 1 0.37 1.00 0.3505
Xg? 1.15 1 1.15 3.08 0.1226
Residual 2.62 7 0.37
Lack of Fit 1.04 3 0.35 0.88 0.5247
Pure Error 1.58 4 0.39
Cor Total 105.88 16

Note: p < 0.01 (highly significant, **), p < 0.05 (significant, *).

The significant effects of the interaction between different factors on the stacking angle
are shown in Figure 7. The value of the stacking angle is smallest when both coefficient
of static friction between the soil X and coefficient of rolling friction between the soil X5
decrease. When the coefficient of rolling friction between steel and soil Xg is larger, the
stacking angle is more significantly influenced by the coefficient of rolling friction between
the soil X5. The actually measured degree of the stacking angle was used as the target, and
the quadratic full model Equation (1) was solved by the constraint solver tool. The values
of X4, X5, and Xg were 0.542, 0.213, and 0.336, respectively. The results were substituted
into the discrete element model of the stacking angle, and simulation tests were conducted
to verify the reliability and accuracy. The average value of the stacking angle of the soil
grains was 25.75° obtained by repeating the test three times. The relative error of the result
to the actual measured value is 0.98%. The results of the simulation test were close to the
actual result, indicating that the calibration results of the intrinsic parameters and contact
parameters between soil grains, using the soil stacking angle number as the test index,
were reliable.
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Figure 7. Effect of the interaction between factors on the degree of stacking angles: (a) response
surface under factors X4 and Xg; (b) response surface under factors X5 and Xg.

3.2. Results of Soil Blocks Shear Crushing Parameter Calibration Tests

The results of the stacking angle calibration test were used as the parameters of
the Hertz—Mindlin model for the block shearing test. The four bond parameters normal
stiffness per unit area Xy, shear stiffness per unit area Xy, critical normal stress X;1, and
critical shear stress Xj, of the additional bond model were parameter calibrated using the
maximum crushing force in shear Y as the response value. Response surface tests were
performed according to Box-Behnken Design, and the results were obtained as in Table 9.
The test results were fitted analytically to establish a quadratic regression model of the
maximum crushing force and four parameters, and the quadratic polynomial equation was
obtained as in Equation (2):

Y, = 3.79 — 0.02Xg — 3.60X1 — 0.72X11 + 1.79X12 + 0.13X9X10 + 0.19X9X11 — 0.03X9X12

+0.90X19X11 — 0.55X10X12 — 0.44X11 X712 + 0.03X02 + 1.00X19% — 0.10X112 + 0.04X1,2

2

The R? of this model is 0.974, and the adjusted R? is 0.949, both of which are close
to 1. The adeq precision of 24.53 is greater than 4, indicating that the model is fitted with
high reliability and good accuracy. The results of the analysis of variance performed on the
test are shown in Table 10. The p value of this model is less than 0.01, indicating that the
relationship between the maximum crushing force Y, expressed by this model and X, X,
Xi1, and Xj; is highly significant. The p value of Lack of Fit is 0.1418 greater than 0.05, which
is not significant, and the model fits well. It can be used for analysis and optimization. The
effects of normal stiffness per unit area Xg and shear stiffness per unit area X;y between soil
grains on the maximum crushing force Y, were highly significant. In addition, the critical
normal stress X;;1 and critical shear stress X1, between the particles were not significant
for Y,. The interaction terms X;9X11, X10X12, and X171 X1 had a significant effect on Y5, and
the squared term X2 also had a significant effect. The effects of the other terms were
not significant.

The significant effect of the interaction term on the maximum shear crushing force
Y, is shown in Figure 8. The maximum crushing force Y, is more significantly influenced
by the shear stiffness per unit area X;y when the critical normal stress Xj; is larger. When
the critical shear stress Xj; is small, the maximum crushing force Y, is more significantly
influenced by the shear stiffness per unit area X;g. Although the critical normal stress Xj;
and the critical shear stress X;, by themselves have no significant effect on Y5, there is a sig-
nificant interaction between the two. The actual measured value of the maximum crushing
force in shear was used as the target for solving the quadratic full model. The values of
Xo, X109, X11, and X1, were obtained as 2.86 x 10 N-m~2,1.64 x 10° N-m~2,2.42 x 10° Pa,
and 1.47 x 10° Pa, respectively, by solving Equation (2) with the constraint solver tool. The
values of the bonding parameters obtained from the solution were substituted into the
discrete element model of soil block shear for simulation tests to verify the reliability and
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accuracy of the results. The maximum crushing force of soil block shear can be obtained
after repeating the test three times as 3.56 N, and the relative error with the result of the
actual test is 1.37%. The simulation test result was close to the actual measured value,
indicating that the bond parameters obtained from the calibration were more reliable.

Table 9. The soil blocks shear response surface test and results.

No. Xo/106 N-m—2 X10/10® N-m—2 X11/10° Pa X12/10° Pa Y,/N
1 3.00 1.75 2.50 1.00 418
2 2.50 1.50 2.25 1.50 3.10
3 2.00 1.75 2.50 2.00 3.07
4 2.50 1.50 2.25 1.50 3.15
5 2.00 1.25 2.50 1.00 2.61
6 2.50 1.50 2.25 0.50 3.11
7 2.50 1.00 2.25 1.50 3.01
8 3.00 1.25 2.00 2.00 3.57
9 2.00 1.25 2.00 2.00 2.78
10 2.50 1.50 2.25 1.50 3.12
11 2.50 1.50 2.75 1.50 3.13
12 3.00 1.75 2.00 2.00 3.71
13 2.00 1.25 2.50 2.00 2.63
14 3.00 1.25 2.50 2.00 3.23
15 2.00 1.75 2.00 2.00 3.07
16 2.50 1.50 2.25 1.50 3.15
17 3.00 1.25 2.00 1.00 3.23
18 2.00 1.25 2.00 1.00 2.63
19 2.50 1.50 1.75 1.50 3.12
20 2.50 2.00 2.25 1.50 3.78
21 2.00 1.75 2.00 1.00 3.18
22 3.00 1.25 2.50 1.00 3.33
23 3.00 1.75 2.00 1.00 3.80
24 2.50 1.50 2.25 1.50 3.26
25 3.00 1.75 2.50 2.00 3.80
26 2.00 1.75 2.50 1.00 3.20
27 2.50 1.50 2.25 2.50 3.27
28 1.50 1.50 2.25 1.50 2.55
29 3.50 1.50 2.25 1.50 3.80
30 2.50 1.50 2.25 1.50 3.22

Table 10. Variance analysis of the soil block shear test regression model.

Source df Mean Square F-Value p-Value Significant
Model 14 0.31 39.85 <0.0001 **
Xo 1 2.80 356.60 <0.0001 **
X10 1 1.27 162.50 <0.0001 *
X11 1 0.00 0.05 0.8314
X12 1 0.00 0.00 0.9494
Xo9X10 1 0.00 0.55 0.4709
XoX11 1 0.01 1.18 0.2954
XoX12 1 0.00 0.21 0.6500
X10X11 1 0.05 6.48 0.0223 *
X10X12 1 0.08 9.75 0.0070 o
X11X12 1 0.05 6.17 0.0253 *
Xo2 1 0.00 0.15 0.7034
X102 1 0.11 13.58 0.0022 ot
X112 1 0.00 0.13 0.7249
X102 1 0.00 0.43 0.5228
Residual 15 0.01
Lack of Fit 10 0.01 2.71 0.1418
Pure Error 5 0.00
Cor Total 29

Note: p < 0.01 (highly significant, **).
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Figure 8. Effect of the interaction between factors on the maximum crushing force: (a) response

surface under factors X1; and Xjg; (b) response surface under factors Xy and Xy; and (c) response
surface under factors Xq7 and Xj;.

4. Discussion

The stacking angle was used for the calibration of the parameters of the discrete el-
ement simulation. The coefficient of static friction and rolling friction between soil were
the main parameters affecting the stacking angle. This result is similar to the experimental
study conducted by Wang et al. [23]. Hao et al. [24] conducted experiments on the calibra-
tion of simulation parameters for sandy loam soil planted for Ma yam, and they found
that the static and rolling friction coefficients between the particles had the greatest effect
after screening tests and developed a dual objective calibration. Fan [20] found that the
rolling friction coefficient between soil and steel had a more significant effect on the degree
of the soil stacking angle during the calibration of the soil discrete element parameters.
Combined with the results of the above literature, it can be concluded that this test is
more reliable with the static friction and rolling friction coefficient between soil and the
rolling friction coefficient between soil and steel as the influencing parameters. When
the coefficient of friction between the soil particles is larger, it will be subject to greater
resistance when sliding down during the formation of the stacking angle, and it is not easy
to fall and produce a downward trend. The increased rolling friction coefficient between
soil and steel plate will impede the movement of the soil particles which are in contact with
the plate. Therefore, the combined effect of the three would significantly change the soil
stacking angle.

In recent years, many scholars have performed discrete element calibrations for ad-
hesion between soil particles [25,26]. Bahrami et al. [13] used the hysteretic spring-linear
cohesion contact model to investigate the plate sinkage test in cohesive soils, and the most
affecting parameters governing the stress-sinkage behavior of the plate sinkage test were
derived. Wu et al. [27] used uniaxial confined compression and unconfined for compressive
strength tests to calibrate the DEM parameters. In addition, a penetration test and sweep
cultivation test were used for verification. Xie et al. [28] also used the same test principle
of unconfined compressive strength for the calibration of soil parameters. Most of the
available studies were conducted using cylindrical specimens for compression to obtain
the test results. In order to make the discrete element parameters of the soil blocks closer
to the actual situation and to make the calibrated results a better guide for the discrete
element simulation of soil-mechanical action during potato harvesting, the soil blocks
obtained from field sampling were selected for shearing. The actual measurement should
be repeated to ensure the accuracy of the test. Uniformity in the shape and size of the soil
blocks is required. While the trimmed blocks were smaller in size, it was finally decided to
calibrate with the maximum shear crushing force. The coefficient of variation of the shear
crushing force was larger in the actual test. There might have been still some differences
in the internal structure of the soil blocks. The internal pores and the water molecules
in the soil [29] influence the adhesive attraction between soil particles. The test results
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found that the normal stiffness and tangential stiffness have a significant effect on the shear
crushing force. Discrete element parameter calibration of soil mechanical properties by
uniaxial compression was performed by Shi [30]. Both tangential stiffness and normal
phase stiffness have an effect on the peak of the axial pressure curve, and both are positively
correlated with the peak of the pressure curve. The results of their single-factor simulation
tests are similar to those of this test.

It is important to know how to effectively remove the soil during mechanical potato
harvesting. Research on soil for the harvest period is of interest for the design and optimiza-
tion of digging mechanisms and potato—soil separation devices and other soil-touching
components of harvesting machines. The key to ensuring the accuracy of the discrete
element simulation test is that each parameter of the selected model is accurate and reliable.
The soil stacking angle test can accurately obtain the soil intrinsic parameters and contact
parameters, while the soil block shear crushing test can accurately obtain the parameters
required for the bond model. This paper combined results of previous studies with actual
measurements of basic physical properties of soil in the field during potato harvest. The
parameters were calibrated by discrete element simulation. The results can provide effec-
tive support for discrete element simulation of potato harvesting equipment. The accuracy
of the simulation model can be improved, but there are still some limitations. This test was
conducted by hand excavation for soil sampling, which could be crushing the firmness of
the soil in the field. Soil samples were relatively loose. The soil discrete element parameters
obtained from the tests conducted in this way have little effect on the simulation model
of the potato—soil separation and other mechanisms, but may have some effect on the
excavation components. In addition, there is a wide range of soil types where potatoes
can be grown. There are significant differences in soil viscosity and friction coefficient
for different soil types. Soil properties in the field also vary somewhat for different water
contents. Due to the limitations of the test conditions, this experiment was conducted only
for sandy loam soil with a water content of 15.38%, and further studies will be conducted
subsequently. In future research related to soil parameter calibration, it may be possible
to consider launching relevant parameter calibration and research for multiple soil types
which different crops are grown in and calibrate different periods such as sowing and
harvesting periods separately to achieve accurate discrete element soil parameters for
different applications scenarios. The database of discrete element soil parameters can be
further enriched.

5. Conclusions

(1) The distribution of soil grain size around potato tubers at the harvest period measured
in the test was 54.66% for the size less than 4 mm, 19.88% between 4 and 7 mm, and
25.47% greater than 7 mm. The density of the soil was 1100 kg-m 3, and the moisture
content was 15.38%. The mean value of the soil stacking angle was 25.73°. The mean
value of the maximum shear crushing force of the block was 3.61 N.

(2) Based on the discrete element simulation tests, it was determined that the Poisson’s
ratio of the soil, shear modulus of the soil, coefficient of restitution between soil
particles, coefficient of restitution between steel and soil, and coefficient of static
friction between steel and soil had a small effect on the stacking angle. The values of
each parameter were 0.3, 1 x 10° Pa, 0.5, 0.16, and 0.6, respectively. The coefficient
of static friction between the soil, coefficient of rolling friction between the soil, and
coefficient of rolling friction between steel and soil had significant effects on the
stacking angle. The response surface test was carried out, and the quadratic regression
model was solved by using the actual test-measured stacking angle number as the
target value. The coefficient of static friction between soil particles of 0.542, the
coefficient of rolling friction between the soil of 0.213, and the coefficient of rolling
friction between soil and steel of 0.336 were solved. Simulation tests were conducted
with the optimized parameters, and the relative error between the simulation results
and the actual measured values was 0.98%.
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(38) A simulation test of soil block shear crushing was established based on the additional
Bond model. Simulation tests were performed for four bonding parameters: normal
stiffness per unit area, shear stiffness per unit area, critical normal stress, and critical
shear stress according to the response surface method. A quadratic regression model
was developed with the actual measured values of shear crushing force as the target
and optimized for a solution. The values of the four parameters were 2.86 x 10° N-m 2,
1.64 x 10 N-m~2, 2.42 x 10° Pa, and 1.47 x 10° Pa, respectively. The optimized
parameters were tested in simulation, and the relative error between the simulation
results and the actual measured values was 1.37%.

The test results can provide important support for the simulation test of discrete
elements of soil-touching components such as the digging mechanism and the potato—soil
separation mechanism in potato harvesting equipment, which can improve the accuracy
and reliability of the simulation model. It can also provide some reference for the cali-
bration of discrete elements of soil-related parameters. The results can further enrich the
calibration methods and soil-related physical parameters and provide some reference for
other research.
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