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Abstract: Currently, friction characteristics obtained from empirical parameters or soil direct shear tests are widely applied in
the resistance calculation and operational parameter optimization of soil tillage components. However, the operation of soil-
touching components is a dynamic process, and there are few reports on the dynamic friction characteristics of soil-contacting
components in agricultural tillage based on factors such as different moisture content, pressure, and relative velocity. Herein, a
test device to measure the friction characteristics of compressible bulk materials was developed: the interface friction between
the soil and 65Mn plate and the internal friction characteristics of soil were tested using this device, and the dynamic changes of
interface friction coefficient and internal friction coefficient with moisture content, pressure, and relative velocity were
obtained. Based on the dynamic friction parameters of soil, the ditching resistance model of a typical ploughshare opener was
established, the ditching resistance value was predicted, and field experiments were performed under different operating speeds
(0.5 m/s, 0.7 m/s, and 0.9 m/s) and ditching depths (60 mm, 100 mm, and 140 mm). The results indicated that the calculated
values of the ditching resistance model based on the dynamic friction parameters of soil reduced the error by 15% compared
with the calculated values based on the friction characteristics of the soil direct shear test, which verified the accuracy of the
ditching resistance model and the validity of the parameters obtained from the test device for the friction characteristics of
compressible bulk materials. In addition, the minimum ditching resistance can be obtained when the ditching speed is 0.7 m/s at
the same ditching depths, which is consistent with the dynamic friction characteristics of soil. It can be found that the dynamic
friction characteristics of bulk materials have basic theoretical support for the optimization of operational component structures

and operational parameters.
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1 Introduction

In recent years, with the development of modern agriculture,
the operational efficiency of agricultural equipment has been
enhanced, and soil tillage components are the main energy
consumption link during agricultural production. As the key soil-
contacting component of sowing and irrigation, the opener should
optimize the operational parameters, reduce its operational
resistance as much as possible, and enhance the operational
efficiency on the premise of ensuring operational quality!*. The
technical methods for reducing the resistance of the soil-contacting
components include gas or liquid filling, the vibration method, the
electro-osmosis method, surface modification, and the bionic
method. Most of the above methods reduce the farming resistance
by changing the structural

parameters of soil-contacting
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components. When the structural parameters of the soil-contacting
components are determined, it is of great significance to accurately
predict the operational resistance and optimize the operational
parameters to further reduce the operational resistance for
enhancing the working efficiency™”.

Currently, domestic and foreign scholars’ research on the
opener’s operational resistance is mostly based on the empirical
parameters of the opener—soil interaction and the calibration
parameters obtained by discrete element simulation, thereby
Wang et al.l'd
established the interaction model between the soil and wing-shaped

realizing the resistance reduction effect!*".

subsoiler and analyzed the influence of the wing-shaped subsoiler
on soil disturbance behavior by applying discrete element method
(DEM) simulation and an indoor soil tank test, which provided a
reference for optimizing the wing-shaped subsoiler as a method for
enhancing the soil loosening effect and reducing traction. Through
theoretical calculation and kinematic analysis, Wang et al.l'”
designed a seed furrow compaction device with an opener to
compact and reshape the original seed furrow, and finally formed a
smooth and flat V-shaped seed furrow, which provided a reference
for the design of an opener and corn precision seeder. Ahmad et
al.' performed discrete element simulation with EDEM software
and established three-dimensional DEM models for a notched
opener, toothed opener, and double-disk opener. By comparing the
simulation data with the field test data, the applicability of this
method under different conditions was determined. Zhang et al."”
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designed a sharp-toothed opener with different structural parameters
(blade thickness, blade curve, clearance angle, and front rake), and
performed experiments under no-tillage conditions. The effects of
different structural parameters were analyzed using the orthogonal
test and single factor test. Zhang et al.*” summarized the biological
structure of burrowing animals including beetles, crickets, and
carthworms, as well as their anti-sticking and resistance-reducing
mechanisms, and introduced the application of biodynamic bionic
technology in Northeast China, which provided a method for
developing new bionic agricultural machinery systems and meeting
the conservation-tillage requirements in North China. Song et al.”"
established the discrete element model of the opener—soil
interaction and analyzed the disturbance behavior of the opener to
the soil at different positions, different speeds, and different
operational depths. Singh et al.* analyzed the effects of different
types of openers on soil impermeability, ridge height, soil
disturbance, and germination rate at different operational depths and
speeds, and selected the most effective openers for the
establishment of sugarcane crops. Ucgul et al.”! constructed a
discrete element model in the tillage process, which was applied to
predict the soil movement, the percentage of buried surface soil, and
the forward movement of soil in the process, and it was verified
using a soil box. Zeng et al.* designed a standard ditching blade
with a self-excited vibration device and operated it in sandy clay
with a 30 cm tilling depth. To perform the self-excited vibration
ditching test, a simulation model of the interaction between the soil
and ditching mechanism was established by coupling the ADAMS
and EDEM software. Aikins et al.”! introduced the application of
DEM in various aspects of tool-design optimization in simulating
tillage and ditching. Different contact models, particle sizes and
shapes, and calibration techniques utilized to determine input
parameters of tillage and ditching research are expounded. Kim et
al.t* applied DEM software to model the agricultural soil,
simulated the traction force as a function of tilling depth, and
verified the accuracy of the prediction by comparing it with the field
test results.

Because soil is a compressible bulk material, its behavior is
apparently inconsistent with the assumption of discrete element
simulation; it is, therefore, difficult to realize the accurate prediction
of operational resistance. Currently, most design parameters applied
in openers are obtained using the soil-direct shear test or soil-
accumulation angle test, which is apparently different from the
actual operational condition. However, the operation of soil-
touching components is a dynamic process characterized by a
change of speed, and there are few reports on the dynamic friction
characteristics of compressible bulk materials such as soil and
livestock manure based on pressure, relative velocity, and moisture
content. Therefore, it is necessary to explore the dynamic friction
characteristics between the soil and soil-touching components and
the dynamic internal friction characteristics of soil as a method of
optimizing the opener’s structural parameters and operational
parameters.

Therefore, this study developed a test device to measure the
friction characteristics of compressible bulk materials to reveal the
dynamic friction characteristics of the interface between the soil and
operational components and the dynamic internal friction
characteristics of soil. Based on the obtained friction characteristics
parameters, the ditching resistance was predicted by establishing a
ditching resistance calculation model. Additionally, the correctness
of the ditching resistance model and the effectiveness of the
dynamic friction characteristics parameters were verified using field

experiments, which provided basic theoretical support for the
research and development of soil-contacting components and the
optimization of operational parameters.

2 Materials and methods

2.1 Test device

To obtain the dynamic friction characteristics of the interface
between the soil and different material plates and the dynamic
internal friction parameters of soil, a test device to measure the
friction characteristics of compressible bulk materials was
developed. As depicted in Figure 1, the test device comprises a
mechanical system, a control system, and a test system. The
mechanical system comprises the following: underframe, pulley,
slide rail assembly mechanism, test plate, fixed cylinder, and
moving cylinder. Among them, the test plate is a plate of different
materials, and the test plate of 65Mn steel is used in this study. The
control system controls the servo-motor parameters, such as
rotational speed, relative motion speed, and cylinder pressure.
Cylinder pressure is used to control the vertical pressure of the bulk
material. The test system accurately measures and stores parameters
such as relative motion speed, cylinder pressure, and the
synchronous belt tension. By changing the charging cylinder’s
installation mode, the test device can test the dynamic friction
characteristic parameters between the soil and plate interface and
the dynamic internal friction characteristic parameters that
characterize soil.

11 10

1. Underframe 2. Air compressor 3. Control box 4. Test system 5. Servo motor 6.
Slide rail assembly 7. Pulley 8. Tension sensor 9. Test plate 10. Moving cylinder
11. Fixed cylinder 12. Air cylinder 13. Pneumatic control valve
Figure 1 Test device for dynamic friction characteristics of
compressible bulk materials

The test principle is shown in Figure 2. During the dynamic
friction characteristic test between the soil and plate interface, as
shown in Figure 2a, soil with certain moisture content is loaded into
the cylinder 3, a certain pressure value is set for the cylinder, and
the cylinder applies constant pressure to the material in the cylinder
through the pressure plate. Thus, the soil in the cylinder is in close
contact with the plate, the stress is uniform, and the servo motor is
set with different rotating speeds through the control system to drive
the synchronous belt and the test plate 1 to move horizontally at a
uniform speed. Therefore, the test plate and the soil generate
dynamic friction. When the tension F is in a stable state, the moving
speed of the plate is detected by the speed sensor, and the plate’s
transverse pulling force is detected by the pulling force sensor.
According to the cylinder pressure, the plate’s pulling force and the
relative moving speed, the variation law between the maximum
static friction coefficient of soil and the plate, the interface friction
coefficient and the relative moving speed, the soil moisture content,
and the positive pressure can be obtained.
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b. Internal friction
characteristics test of soil

a. Friction characteristic test
of soil-65 Mn plate
1. Steel plate of 65Mn 2. Soil 3. Fixed cylinder 4. Pressure plate 5. Moving
cylinder
Figure 2 Test principle of dynamic friction characteristics

As shown in Figure 2b, for soil shear, when the dynamic
internal friction characteristic test is performed, the fixed cylinder 3
is raised, the moving cylinder 5 is installed below it, and cylinder 3
is ensured to be coaxial with cylinder 5. When the cylinder is filled,
different pressures and speeds are set, the cylinder piston drives the
plate to press the material downwards, and the servo motor drives
the moving cylinder through the synchronous belt to perform the
dynamic internal friction characteristic test of the materials.

2.2 Test materials

The experimental soil was sandy cohesive soil in the southwest
mountainous area of China, which was obtained from an
agricultural experimental field in Jiulongpo District, Chongqing.
The test soil was naturally air-dried, placed on a rubber board, and
ground with wood to fully disperse the soil structure. Meanwhile,
impurities such as large-particle plant roots and gravel were
removed, the ground soil sample was put into a 110°C oven to dry,
the sample was bagged and sealed at room temperature to cool, and
test soil samples with 10%, 20%, and 30% moisture contents were
prepared, each with 1 kg. The thickness, width, and surface
roughness of the 65Mn plate are 2 mm, 110 mm, and 6.3 um,
respectively.

2.3 Test method
2.3.1 Interface dynamic friction test between the soil and the
65Mn plate

As illustrated in Figure 2a, when the soil in the fixed cylinder is
filled, the pressure plate exerts a certain downward-acting pressure
on the soil, and the motor pulls the 65Mn plate through the
synchronous belt to conduct the tests for the interface friction
characteristics. By setting different vertical pressure, soil moisture
content, and relative motion speed, the corresponding interface
friction coefficient can be obtained, and the calculation formula is
as follows:

F-F,
Fy

(1

M=

where, u; denotes the interface friction coefficient; F denotes the
friction resistance of the plate; F, denotes the frictional resistance at
no load; and Fy denotes the vertical pressure.

To obtain the dynamic friction characteristics between the soil
and 65Mn plate
comprehensively, with a total of 75 groups of tests, and each group

interface, the tests were conducted
of experiments was repeated 3 times, as illustrated in Table 1.
2.3.2 Dynamic internal friction test of soil

As depicted in Figure 2b, the corresponding internal friction
coefficient of soil can be obtained by different vertical pressure, soil
moisture content, and relative motion speed, and the calculation
formula is as follows:
_ Fy—F,

o= )

where, u, denotes the internal friction coefficient; F), denotes
internal friction resistance, N.

To obtain the law regulating the dynamic internal friction
characteristics of soil, the tests were conducted comprehensively,
with a total of 75 groups of tests, and each group of tests was
repeated three times, as listed in Table 2.

Table 1 Comprehensive test scheme for dynamic friction
characteristics between the soil and 65Mn plate interface

Moisture content/% Pressure/N Velocity/m-s
10 400 0.1
20 800 0.3
1200 0.5
30 1600 0.7
2000 0.9

Table 2 Comprehensive test scheme for dynamic internal
friction characteristics of soil

Moisture content/% Pressure/N Velocity/m-s™
10 400 0.1
15 800 0.3
1200 0.5
20 1600 0.7
2000 0.9

2.3.3  Soil direct shear test

In the test, a ZJ strain-controlled direct shear apparatus
produced by Nanjing Soil Instrument Company was utilized. As
depicted in Figure 3, the soil was prepared into circular cutter
samples under the following moisture contents: 10%, 20%, and
30%. The sample size exhibited a 61.8 mm diameter and 20 mm
height, and the controlled dry density was 1.5 g/cm?®. The vertical
pressures of each group of tests during shearing were 125 kPa,
250 kPa, 375 kPa, and 500 kPa. The shear rate was 0.8mm/min, and
the theoretical formula of the soil direct shear test is the Coulomb
equation”.

Tmx = C+ ptang (3)

where, 7,,,, denotes the maximum shear stress, Pa; ¢ denotes soil
cohesion; p denotes the vertical pressure, Pa; and ¢ denotes the
internal friction angle of soil, (°).

Figure 3  Soil direct shear test

3 Test results and data analysis

3.1 Analysis of dynamic friction characteristics between the
soil and 65Mn plate interface

As illustrated in Figure 4, the interface friction coefficient of
soils with different moisture contents changed with pressure. From
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Figure 4a, it can be observed that the interface friction coefficient
between soils with 10% moisture content and the 65Mn plate first
increased and subsequently decreased with the increase in pressure.
When the relative velocities were 0.1 m/s, 0.3 m/s, 0.7 m/s, and
0.9 m/s, the interface friction coefficient peaked at a 1.2 kN
pressure value, and subsequently began to decrease. For the soil
with a 10% moisture content, before the water film appeared on the
interface (i.e., when the pressure was less than 1.2 kN), the
soil-interface contact area gradually increased with the increase in

10% moisture content

20% moisture content

pressure, which led to an increase in the interface friction
coefficient. When the pressure exceeded 1.2 kN, the water film
effect first appeared at the interface, and then became more apparent
with the increase in pressure.

It can be observed from Figure 4b that the interface friction
coefficient of soil with a 20% moisture content had an apparent
downward trend with the increase in pressure: the water film effect
formed between the soil and interface was more apparent with the
increase in positive pressure.

30% moisture content
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Figure 4 Variation of interface friction coefficient between the soil and 65Mn plate with pressure

It can be noted from Figure 4ce that the interface friction
coefficient of soil with a 30% moisture content first decreased and
subsequently increased with the increase in pressure. When the
pressure was less than 1.6 kN, there was an apparent trend of
gradual decline with the increase in pressure, and the minimum
value appeared at the 1.6 kN pressure value, which can be explained
as follows: when the pressure exceeded 1.6 kN, the water film
between the soil and the interface was destroyed, leading to a sharp
increase in the interface friction coefficient.

As illustrated in Figure 5, the interface friction coefficient of
soils with different moisture contents changed with the relative
velocity. From Figure 5a, it can be observed that the interface

10% moisture content

20% moisture content

friction coefficient of soils with 10% moisture content first
decreased and subsequently increased with the increase in relative
velocity. When the pressure value attained 400 N and 800 N, the
minimum interface friction coefficient was obtained when the
relative velocity was 0.7 m/s; when the pressure value was 1.2 kN and
2 kN, the minimum interface friction coefficient was obtained when
the relative velocity was 0.5 m/s; and when the pressure value was
1.6 kN, the minimum interface friction coefficient was obtained
when the relative velocity was 0.3 m/s. At low moisture content, the
seepage velocity of water was affected by soil density, and the
formation speed of the interface water film was closely related to
the relative movement speed.
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Figure 5 Variation of friction coefficient between the soil and 65Mn plate interface with speed

It can be noted from Figure Sbs that the interface friction
coefficient of soil with a 20% moisture content increased slowly
with the increase of relative velocity, and a trough appears at the
relative velocity of 0.7 m/s when the pressures were 400 N and 800 N.
In addition, the lower the pressure, the greater the interface friction
coefficient, which can be rationalized as follows: the soil with 20%
moisture content formed a more optimal water film effect under a

slightly higher pressure.

It can be observed from FigureSc that the interface friction
coefficient of soil with 30% moisture content increased slowly with
the increase of relative velocity, and the smaller the pressure, the
greater the friction coefficient. However, under the 2 kN test
pressure, the friction coefficient was larger and had the minimum
value at the 0.5 m/s relative velocity, which is attributable to the
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accelerated water loss of soil with high moisture content under high

pressure, leading to a large friction coefficient.

3.2 Analyzing dynamic internal friction characteristics of soil
In the dynamic internal friction test of soil, by measuring the

internal friction of soil under different vertical pressures, the soil

cohesion and internal friction angle are calculated according to the

Coulomb equation, and the results are listed in Table 3.

Table 3 Shear strength index of the dynamic internal friction
test of soil

Moisture Relative Apparent Internal friction
content/% velocity/m-s™ cohesion/kPa angle/(°)

10 0.5 23.58 15.27

20 0.7 15.97 16.71

30 0.9 20.19 17.70

As illustrated in Figure 6, the internal friction coefficient of
soils with different moisture content changed with pressure. From

10% moisture content

15% moisture content

Figures 6a and 6c, it can be noted that the internal friction
coefficient of soils with 10% and 20% moisture contents gradually
decreased with the increase in pressure, and the higher the moisture
content, the more apparent the trend, which can be explained as
follows: with the increase in pressure, the more water seeps out of
the soil particles, the more apparent the water film effect inside the
soil. It can be noted from Figure 6b that the internal friction
coefficient of soil with 15% moisture content gradually decreased
with the increase in pressure when the relative velocity was 0.7 m/s
and 0.9 m/s. When the relative velocity was 0.1 m/s, 0.3 m/s, and
0.5 m/s, the internal friction coefficient of the soil with 15%
moisture content first decreased and subsequently increased with
the increase in pressure. Additionally, the internal friction
coefficient attained the minimum value at the 1.2 kN pressure value,
and subsequently started to increase, which indicates that the water
film effect of the soil with 15% moisture content began to undergo
gradual destruction when the pressure exceeded 1.2 kN.

20% moisture content
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Figure 6 Variation of internal friction coefficient in soil with pressure

As depicted in Figure 7, the internal friction coefficient of soils
with different moisture contents changed with the relative velocity.
From Figure 7a, it can be noted that the internal friction coefficient
of soil with 10% moisture content first increased and subsequently
decreased with the increase in relative velocity when the pressure

10% moisture content

15% moisture content

was 800 N, and it had the maximum internal friction coefficient
when the relative velocity was 0.5 m/s. At other pressures, the
internal friction coefficient decreased with the increase in relative

velocity.
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Figure 7 Variation of internal friction coefficient of soil with relative velocity

As illustrated in Figure 7b, when the pressure was 400 N, 800
N, and 1.2 kN, the internal friction coefficient of soil with 15%
moisture content first decreased and subsequently increased with
the increase in relative velocity. The minimum internal friction
coefficient at 400 N and 800 N appeared at the relative velocity of
0.5 m/s, and the minimum internal friction coefficient at 1.2 N

appeared at the relative velocity of 0.3 m/s. When the pressure was
1.6 kN and 2 kN, the internal friction coefficient of soil with 15%
moisture content decreased gradually with the increase in relative
velocity.

It can be noted from Figure 7c that the internal friction
coefficient of soil with 20% moisture content first decreased and
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subsequently increased with the increase in relative velocity, and
the minimum internal friction coefficient mostly appeared at the
relative velocity of 0.7 m/s. In addition, the greater the pressure, the
smaller the internal friction coefficient.
3.3 Soil direct shear test results

In the soil direct shear test, by measuring the soil shear force
under different vertical pressures, the soil cohesion and internal
friction angle are calculated according to Coulomb’s formula. The
results are listed in Table 4.

Table 4 Shear strength index of the soil direct shear test

Moisture content/% Apparent cohesion/kPa Internal friction angle/(°)
10 35.73 23.75
20 17.9 20.3
30 10.01 11.86

The internal friction angle obtained in this test is only related to
moisture content and pressure, and does not consider the influence
of the motion velocity of soil particles on the internal friction angle.
Therefore, the cohesion force and internal friction angle obtained in
this test are different from the parameters obtained in the above
dynamic friction characteristic test.

4 Mechanical model analysis of ditching resistance

4.1 Force analysis of the opener

The operational quality and ditching resistance of the
ploughshare opener have a direct influence on the plow surface, and
the design of the plow surface is related to the guide curve and the
element line angle. According to the principle of the horizontal
straight-line method stipulated in agricultural mechanics, the plow
surface is a continuous plow surface that is formed by the parallel
movement of the straight element line along the guide curve as per
the angle @ of the element line. The structure of the opener is
depicted in Figure 8, including the soil-lifting surface and soil-
guiding surface, the turning surface, and the side blade.

//:7/4
A

1. Soil-lifting surface 2. Soil-guiding surface 3. Turning surface 4. Side blade
Figure 8 Structure diagram of opener

When the opener is working, it can generally be regarded as a
uniform linear motion in the soil. Meanwhile, its force is in a state
of equilibrium, the soil’s force on it is a pair of interactive forces,
and the force is equal. Therefore, only the horizontal component of
the force between the opener and the soil is required to determine its
required ditching resistance.

When the opener is working, it is necessary to provide cutting
force F, and inertial force F, to lift the soil and friction force f
between the surface and the soil at every moment. The horizontal
component equations of these three forces can be obtained as per
the following principle: the opener is in equilibrium when working,
the force is synthesized and decomposed, as illustrated in Formula
4, and the tillage resistance F, of the ploughshare opener can
subsequently be obtained.

F,=F,+f+F, 4)

where, F, denotes the opener’s tillage resistance, N; F,, denotes the
horizontal component of the cutting force, N; f, denotes the
horizontal component of the friction force, N; and F,, denotes the
horizontal component of the inertial force, N.

When the opener is working, the soil block is formed in front of
it. The shape of the soil block comprises the working surface of the
opener, the ground surface, and the end and side surfaces of the soil
block, as illustrated in Figure 9. The height of the soil block is
consistent with the opener’s tilling depth h, the angle between the
side of the soil block and the direction of operation is the internal
friction angle ¢, and the angle between the front end surface and the
opener’s vertical direction is also ¢.

Figure 9 Shape and parameters of soil block

4.2 Cutting force analysis of the opener

Divide the soil block into two symmetrical soil blocks based on
the opener’s cutting line, as depicted in Figure 9. For each soil
block, the sample is subjected to its own gravity G, soil shear
resistance F,, and cutting force £, in the ditching process. When the
soil is cut, it can be determined that the force of the soil block
satisfies the following equation:

F, =2F,cosf=2F,sin¢

. A .
F::(F,,sm(i—ﬁ—gb)+Gsm¢)tan¢+C~S (5)
G =pgV

where, p is the soil’s density, g/cm’; g denotes the acceleration of
gravity, 9.8 m/s?*; V denotes the volume of a single soil block, mm’;
¢ denotes the internal friction angle, (°); C denotes the cohesion of
the soil, kPa; S denotes the shear area between soils, m?, and S
denotes the angle between cutting force and horizontal plane, (°).
4.3 Friction force analysis of the opener

During the working process of the opener, the plow surface
makes contact with the soil, and relative motion occurs, thereby
generating friction between the plow surface and soil. To facilitate
the analysis and construction of the model, the friction force acting
on the opener is analyzed, as illustrated in Figure 10. The friction
force tangents the plow surface and has a certain angle with the
opener’s moving direction; therefore, the friction force acting on the
plow surface can be calculated by the following equation:

fo=2fi+2f
fi. = fi-cosa-cosg,
fox = fr-cosp, - cos g, (6)

fi =1:(G, -cosa-sing, + Fy, -sin - sing,)
o = 1s(G, - cosB, - sing; + Fy, - sinf, - sin ;)

where, f|, denotes the horizontal component of the friction force on
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the tip of the trencher, N; f,, denotes the horizontal component of
the friction force on its waist surface, N; f; denotes the friction force
on its tip, N; £, denotes the friction force on its waist surface, N; «
denotes the penetration angle, (°); 8, denotes the angle between the
friction force on the waist surface and the horizontal plane, (°); ¢,
denotes the angle between the horizontal component of the friction
force and the direction of operation, (°); ¢, denotes the angle
between the approximate plane of the tip component and the central
vertical plane where the cutting line is located, (°); ¢; denotes the
angle between the micro plane of the waist surface and the central
vertical plane where the cutting line is located, (°); 6 denotes the
angle of the elementary line corresponding to the depth of the
ploughing height, (°); 13 denotes the interface friction coefficient of
the tip component; p, denotes the friction coefficient of the waist
surface component; G, denotes the soil weight of the tip component,
N; G, denotes the soil weight of the waist curved component, N;
Fy, denotes the soil extrusion pressure of the tip component, N; Fy,
denotes the soil extrusion pressure of the waist curved component,
N; and N, denotes the normal supporting force of the soil block, N.

Tillage direction
-

Figure 10  Friction calculation diagram of soil block

4.4 Inertial force analysis of the opener

When the plowshare opener operates optimally, the soil blocks
in front gradually rise under the action of the opener, indicating that
the opener should provide additional inertial force to lift the soil
blocks, which can be calculated by impulse and momentum
theorem. As illustrated in Figure 11, there is a closed control body
in front of the opener, whose volume and shape are consistent with
soil blocks. Because the opener keeps moving at a constant speed
when working, soil blocks flow out of the control body, and new
wedge-shaped soil blocks enter the control body; therefore, the
inertial force F,, can be calculated by the following formula:

F, =F,sing = d—mvsinqﬁ

dr

o dh vy
Ve cosgdt  sing ™
dm dh s Vo

o s s,
P TF * tang

where, F,, denotes the horizontal component of the inertial force, N;
F, denotes the inertial force, N; dm denotes the mass of soil flowing
out of the control body per unit time, kg; v denotes the speed of the
soil block relative to the bottom of the control body, m/s; d4 denotes
the height of the soil block gushing out of the control body, m; v,
denotes the opener’s operation speed, m/s; p denotes the density of
the soil block, g/cm’; and S, denotes the area of the control body’s
upper surface, mm?.

Vo

dh

a. Velocity diagram

c. Control body surface area diagram

Figure 11  Schematic diagram of inertial force calculation

5 Field ditching experiment

To further verify the law regulating the dynamic friction
characteristics of soil and the accuracy of the ditching resistance
model based on the dynamic friction characteristics, a field ditching
experiment was conducted considering the effects of ditching depth,
working speed, and soil moisture content.

5.1 Test device

As depicted in Figure 12, the developed field ditching
resistance test device is driven using an agricultural tractor. The
resistance test device for field ditching operation comprises a
traction tripod, a test frame, a measuring system, and an opener
component. The test frame includes a main frame, rollers, a frame
cover, a fixing plate, and an opener mounting frame. The measuring
system comprises a mobile power supply, a longitudinal force
sensor, a transverse force sensor, a data acquisition module, and
data processing and analysis software. The opener component
includes an opener and an opener mounting handle. The resistance
test device of the field ditching operation is driven by an
agricultural tractor. After the opener cuts into the soil, the
longitudinal ditching resistance and lateral resistance of the opener
during the operation can be obtained by the longitudinal force
sensor and the lateral force sensor, respectively.

1. Opener 2. Opener mounting handle 3. Longitudinal force sensor 4. Main frame
5. Roller 6. Frame cover 7. Traction tripod 8. Fixing plate 9. Transverse force
sensor 10. Opener mounting frame

Figure 12 Resistance test device for field ditching operation

The structural parameters of the experimental opener are listed
in Table 5, the opener’s guide curve equation is illustrated in
Equation (8), and its straight-line angle fitting equation is depicted
in Equation (9).

The parameter equation of the guide curve of the opener is
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expressed as

047x, (0<x<27.19)

0.03x° —2.09x+54.61, (27.19<x<93.01)  (8)
17.83x, (93.02 < x <96.3)

fx) =

Table 5 Structural parameters of the opener

Minimum

Helgl}t of Lifting Angularity Openlng of clement Maximum
leading angle £/(%) of tangent  the leading anele element
curve A/mm & line w/(°) curve L/mm e o angle Omax/(°)

Omin/ ( )
185 25 118 96.3 40 58

The angle fitting equation of the straight element line of the
opener is expressed as

H = emin + myi
. 6.2x°
Y= 2 T100 ©
Ormax = Orsin
m=——
Yinax

where, 6 denotes the angle of the straight element line, (°); O
denotes the minimal angle of the straight element line, (°); O
denotes the maximum angle of the straight element line, (°); m
denotes the proportionality coefficient; x, y are the moving point
coordinates of the X-Y coordinate system with 6,,, as the origin.
5.2 Test conditions

The test site is an agricultural field in Jiulongpo District,
Chonggqing, with a plot measuring 10 m long and 1 m wide. The
agricultural tractor used in the test is a Dongfeng-404 wheel tractor.
Before the experiment, the soil was rotary tilled once with a rotary
tiller, and the soil was leveled. Subsequently, the physical properties
of the soil were measured, including bulk density and moisture
content. The results are listed in Table 6.

Table 6 Parameters of the physical properties of soil in

the test plot
Parameter Depth/mm Average value
Density/(g.cm™) 0-140 1.55
Moisture content/% 0-140 20.1

5.3 Test plan

As depicted in Figure 13, because the opener’s structure is
symmetrical with two wings, the lateral operational resistance in the
ditching process is ignored, and only the longitudinal ditching
resistance should be detected. The opener was comprehensively
tested at three operational speeds and three ditching depths, with 9
groups. After each operation, the soil was leveled and the position
of the opener was adjusted, with a 10 m distance for each test. Each
group of tests was repeated 3 times, and the specific test groups are
listed in Table 7.
5.4 Analysis of test results

By substituting the structural parameters, dynamic friction
coefficient, and parameters in Tables 3 and 4 into Equations (5)-(9),
the cutting force, friction force, and inertial force are obtained
respectively, and then the values of the above three forces are
substituted into Equation (4) to obtain the ditching resistance based
on dynamic friction characteristic parameters and the ditching
resistance based on direct shear test friction characteristic
parameters, as shown in Figure 14.

Figure 14 is a comparative diagram of longitudinal ditching
resistance obtained from the field ditching test and ditching

resistance calculated from the mechanical model. Figure 14a is the
ditching resistance calculated by the mechanical model based on the
dynamic friction characteristic parameters of soil, and Figure 14b is
the ditching resistance calculated by the mechanical model based on
the friction characteristic parameters of the soil direct shear test.

Figure 13 Field ditching test

Table 7 Field ditching test grouping

Test number Tillage speed/m-s! Ditching depth/mm
1 0.5 60
2 0.5 100
3 0.5 140
4 0.7 60
5 0.7 100
6 0.7 140
7 0.9 60
8 0.9 100
9 0.9 140

Figure 14 indicates that the tilling depth greatly influenced the
ditching resistance: the greater the tilling depth, the greater the
ditching resistance. At the same tilling depth, the ditching resistance
in the field test first decreased and subsequently increased with the
increase in operational speed, and had the minimum ditching
resistance at the 0.7 m/s operational speed.

As illustrated in Figure 14a, for the field test and the ditching
resistance calculated based on the dynamic friction characteristic
parameters, the minimum ditching resistance was obtained at the
0.7 m/s operating speed under different ditching depths, which is
consistent with the dynamic friction characteristic law of soil. When
the ditching depth was 60 cm, the average deviation between the
calculated value and the measured value obtained by field
experiment of ditching resistance was 6.4%; when the ditching
depth was 100 cm, the average deviation between the two resistance
values was 7.9%; when the ditching depth was 140 cm, the average
error between the two resistance values was 8.8%. The error value
increased with the increase in ditching depth, which can be
explained as follows: under constant working speed, with the
increase in ditching depth, the ditching resistance calculation model
fills the surface of the opener with soil for hypothetical calculation.
However, in the ditching field test, the surface of the opener within
the ditching depth was not completely covered with soil due to the
irregular distribution of soil in the experimental plot, which led to a
scenario where the error between the calculated value and the test
value gradually increased with the increase in ditching depth.

As depicted in Figure 14b, the calculated ditching resistance
based on the parameters of soil friction characteristics in the direct
shear test kept increasing with the increase in operational speed at
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a. Comparison of ditching resistance of field test and calculation
based on dynamic friction characteristic parameters
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b. Comparing the ditching resistance of field test and the calculation
of friction characteristic parameters based on the direct shear test

Figure 14 Comparing the ditching resistance calculated by the
field test and mechanical model (Solid line represents field test
value, and dashed line represents calculated value)

the same tilling depth, which is inconsistent with the dynamic
friction characteristics of soil and the change law of ditching
resistance in the field test. When the ditching depth was 60 cm, the
average deviation between the calculated value and the measured
value obtained by field experiment of ditching resistance was
21.3%; when the ditching depth was 100 cm, the average deviation
between the two resistance values was 23.3%; when the ditching
depth was 140 cm, the average error between the two resistance
values was 23.6%.

It can be observed that the error between the ditching resistance
value and the test value calculated based on the dynamic friction
characteristic parameters was smaller than that calculated by the
friction characteristic coefficient of the soil direct shear test, and the
error value was reduced by 15%.

This observation indicates that the ditching resistance
calculated based on dynamic friction characteristic parameters is
more consistent with the actual working state than that calculated
based on traditional test methods.

6 Conclusions

(1) The formation of a water film on the interface is the main
influencing factor for the dynamic friction coefficient, and the
relative movement speed of the soil and interface, positive pressure,
and soil moisture content significantly affect the state of the water
film. With the increase in pressure, the interface friction coefficient
between the soil with 10% moisture content and the 65Mn plate first

increases and subsequently decreases, whereas the interface friction
coefficient between the soil with 20% moisture content and 30%
moisture content slowly increases with the increase in relative
velocity.

(2) The water seepage from soil particles significantly affects
the water-film effect in soil. The internal friction coefficient of soil
with a 10% and 20% moisture content decreases gradually with the
increase in pressure, and the minimum internal friction coefficient
of soil with a 20% moisture content appears when the relative
velocity is 0.7 m/s. Additionally, the tilling depth greatly influences
the ditching resistance, and the greater the tilling depth, the greater
the ditching resistance. At the same tilling depth, the overall trend
of ditching resistance increases with the increase in operational
speed, and the opener exhibits the minimum ditching resistance at the
0.7 m/s speed, which is consistent with the dynamic friction
characteristics of soil.

(3) Based on the dynamic friction characteristics of bulk
materials, the operational resistance and optimal operational
parameters of soil-contacting components, material extrusion,
conveying components, and material mixing components in
agricultural farming can be calculated and predicted more
accurately, and the structural parameters of operational components
can be optimized more accurately. Thus, the energy consumption
can be further decreased.
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