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Abstract

To address the issue of high resistance encountered by traditional chisel-shaped shovel tips during
tillage, this study drew inspiration from the micro V-shaped structures found in shark skin. Using
laser cladding technology, a V-shaped wear-resistant coating was applied to the front surface of the
shovel, with different drag-reducing V-shaped structures achieved by controlling the coating
overlap ratio H (including 20%, 40%, and 60%). Additionally, the rear surface of the shovel tip was
designed to mimic the V-shaped morphology of shark skin, proportionally amplified, and given a
certain backward tilt angle 0 to further reduce resistance. Through the discrete element simulation
experiments while maintaining 6 at 0°, it was found that the shovel tip achieved the best drag
reduction effect when H was 40%. Based on this, the study varied the values of 8 (including 0°, 1°,
3°, and 5°) while keeping H at 40%. Discrete element simulation experiments were conducted at
depths of 250mm, 275mm, and 300mm to analyze the disturbance effect, fragmentation effect, and
resistance of the shovel tip. Considering all factors, the shovel tip with 8 of 5° was selected as the
optimal choice. Finally, a soil trench experiment was conducted to verify the performance of the
V-shaped shovel tip with H of 40% and 6 of 5°, as well as the chisel-shaped shovel tip, in tillage
operations. The experimental results showed good agreement with the simulation results, and the
designed V-shaped shovel tip achieved a maximum drag reduction of 12.87%. This design provides
valuable references for the structural optimization of subsoiler, contributing to the improvement of

their performance and efficiency.

Introduction

Tillage is an important core technique in conservation tillage, which aims to break up the plow
bottom layers, improve its water permeability and air ventilation, and ultimately increase crop
yield(Zheng et al., 2019; Torres et al., 2022 ). However, the commonly used chisel-shaped subsoiler
encounters resistance from various rocks and plant roots during tillage operation, resulting in
increased traction energy consumption, accelerated wear of the shovel, reduced efficiency and
quality of tillage operations, and significant economic losses(Martins et al., 2023). Currently, drag
reduction methods for tillage mainly include electronic permeation drag reduction, vibration-based
drag reduction, and structural optimization drag reduction. However, electronic permeation and

vibration-based methods still face challenges such as high energy consumption and complex



structures(Niu et al., 2022). Therefore, it is necessary to optimize the structure of the traditional
chisel-type subsoiler in order to reduce the resistance encountered during tillage operations.

In recent years, biomimetics has been increasingly applied to the structural optimization of
agricultural machinery to achieve drag reduction(Song et al., 2022; Zhang et al., 2022). Wu et al.
applied the surface structural characteristics of ant's tarsi to the design of a shovel tip, achieving a
reduction in tillage resistance by 24.6% to 33.7%(Wu et al., 2021). Jia et al. applied the
drag-reducing characteristics of rabbit's claw toes to the design of a subsoiler, resulting in a
reduction in tillage resistance by 13% to 19%(Jia et al., 2019). Bai et al. applied the curve of a
badger's claw to the design of a subsoiler, resulting in a reduction in resistance by 13.05% to
18.94%(Bai et al., 2016). Zhang et al. applied the head curve of a sandfish lizard to the design of a
subsoiler, achieving a reduction in tillage resistance by 8.43% to 19.31% in simulation experiments
(Zhang et al., 2021).The shark skin surface features a V-shaped structure parallel to the direction of
shark movement, effectively reducing resistance during swimming(Ma et al., 2016; Wu et al.,
2018; ). Pu et al. confirmed the outstanding drag reduction performance of shark skin
microstructure through their study of this structure and its mechanical behavior(Pu et al., 2016).
ZHANG et al. conducted drag reduction experiments by applying the V-shaped structure in a
vacuole water tunnel, resulting in a reduction of resistance by 8% to 12%(ZHANG et al., 2011). Li
et al. applied the V-shaped structure to the surface of fish-like robots, observing a 6.6% increase in
robot speed and a 5.9% reduction in energy consumption(Li et al., 2014). Sun et al. successfully
reduced energy consumption by applying the V-shaped structure of shark skin to a deep-tillage
shovel, validating its drag reduction effect through simulation analysis and experiments(Sun et al.,
2018).

In order to fully achieve drag reduction in the design, this study is based on the principles of
biomimetics and combines the micro V-shaped structures found in shark skin to design the front
and rear surfaces of the chisel-type shovel tip. Through simulations, the disturbance effect,
fragmentation effect, and tillage resistance of the chisel-shaped shovel tip and the V-shaped shovel
tip are obtained. A comprehensive analysis is conducted to determine the optimal shovel tip design.
A comparison is made between the simulation and experimental results to validate the effectiveness
of the discrete element method, providing a theoretical foundation and design basis for

energy-saving and drag reduction in deep loosening operations.



Material and Methods

Analysis of drag resistance in subsoiler

The shovel tip and handle of the subsoiler used in this study are made of 65Mn steel and comply
with the specifications of the Chinese standard JB/T 9788-1999. The subsoiler consists of the
shovel tip segment, plow bottom arc segment, cultivation layer arc segment, and straight handle
segment, as shown in Figure la. At different depths, the tillage resistance and wear distribution in
different functional zones of the subsoiler follow the pattern of shovel tip segment > plow bottom
arc segment > cultivation layer arc segment > straight handle segment. At the same time, severe
wear at the front end of the shovel tip during the tillage process leads to shovel tip fracture(Wang et
al., 2021), as shown in Figure 1b. Therefore, to achieve maximum drag reduction and minimize

wear, this study focuses on the design of the chisel-shaped shovel tip.

Shovel tip design

Sharks are widely used in drag reduction designs due to their ability to move rapidly in water(Hu et
al., 2007; Wang et al., 2020). In this study, the scalloped hammerhead shark, known for its fast
swimming speed, was selected as the research subject. By observing the skin structure of the shark,
it was found that its shape resembles a V-shape(Zhao et al., 2012; Kim et al., 2014), as shown in
Figure lc. This V-shaped structure effectively controls the turbulent flow on the surface of the
shark's body, serving as a means of flow redirection and thus reducing the drag experienced by the
shark during swimming(Dean et al., 2010; Yan et al., 2023).Therefore, in this study, the V-shaped
structure is applied to the design of the chisel-shaped shovel tip, aiming to reduce the resistance
during the operation of the subsoiler and utilize the flow redirection effect of the V-shaped grooves

to improve the efficiency of soil tillage.

Drag reduction design at the front end of the shovel tip surface

Laser cladding is a novel surface modification technique that typically produces coatings with high
hardness and wear resistance, exhibiting a V-shaped morphology as shown in Figure 1d(Agrawal et
al., 2020; Xu et al., 2021; Shan et al., 2022). The tungsten carbide (WC) particles have a high

melting point, high hardness, and excellent wear resistance. Compared to other traditional ceramic



materials, they exhibit better thermal stability and wetting properties. As a result, they are widely
used in laser cladding for coating metal-based ceramic materials, aiming to enhance the wear
resistance of critical components(Li et al.,2023). Therefore, in this study, laser cladding technology
was employed to address the issues of wear and fatigue fracture at the front end of the shovel tip
surface of the subsoiler and achieve drag reduction. The commonly used parameters for laser
cladding were WC content of 25 wt%, powder thickness of 1.0 mm, laser scanning speed of 10
mm/s, and laser power of 1000 W(Chen et al., 2015). Additionally, the overlap rate H was used as a
variable to control the V-shaped structure. In practical production, the overlap rate H is typically
controlled between 20% and 60% to ensure the quality of cladding. Thus, this paper intends to
investigate the influence of three gradient values of H (20%, 40%, and 60%) on the drag reduction

performance.

Drag reduction design at the rear end of the shovel tip surface

Due to the fixed size of the shovel tip, when there are too many V-shaped structures, the surface
tends to become flat, which cannot simulate the grooves between each V-shaped structure. On the
other hand, when there is only one V-shaped structure, it fails to achieve the desired flow diversion
effect due to the absence of grooves. Therefore, in this study, the V-shaped structure of shark skin
was fitted and two V-shaped structures were proportionally enlarged. Additionally, a backward
inclination angle 6 was applied to the rear end of the shovel tip surface coated with laser cladding,
as shown in Figure 1d(Wang et al., 2022).

The shear and compression ability of V-shaped structures is influenced by the longitudinal
angle between the V-shaped structures and the soil. As the longitudinal angle decrease, a greater
amount of soil is simultaneously sheared. However, the drag reduction effect provided by drainage
gradually diminishes in the V-shaped grooves. At the same time, the arc-shaped handle used for
both the V-shaped shovel tip and the chisel-shaped shovel tip is the same, resulting in an entry angle
of 23°. This angle exceeds the friction angle between the soil and the material of the shovel tip
(65Mn steel). Excessively increasing the 6 value would make it difficult for the soil to move in the
opposite direction along the V-shaped groove towards tillage. Therefore, to determine the optimal 0
value, this study conducted experiments with smaller 8 values of 0°, 1°, 3°, and 5°. By conducting a

comprehensive analysis of soil disturbance, soil fragmentation effect, and average resistance of the



shovel tip at different 0 values, the optimal 6 can be determined. Therefore, to find the optimal 9,
this study conducted experiments with 6 values of 0°, 1°, 3°, and 5°. By comprehensively analyzing
the soil disturbance , soil fragmentation effect, average resistance, and other indicators of the shovel

tip under different 0 values, the optimal 6 can be determined.

Working principle

The shovel tip and handle shear and compress the soil under the action of traction force. This
shearing action creates large and small soil particles. The small soil particles are directed by the
flow effect of the V-shaped grooves to move in the opposite direction of tillage, as shown in Figure
2a. On the other hand, the large soil particles tend to accumulate at the shovel tip due to the lesser
flow effect of the grooves and are subsequently lifted upward and undergo failure fragmentation
under the action of the shovel, as shown in Figure 2b. The lifting of soil disturbs the cultivation
layer, resulting in the formation of soil ridges on the ground surface, as shown in Figure 2c.
Subsequently, the soil ridges on the ground surface undergo failure fragmentation under the
shearing action of the straight section of the handle, and finally, under the influence of gravity, they
move downward and backward along the cutting edge of the straight section of the handle and

backfill the loosened groove.

Establishment of simulation model

Subsoiler model

This study utilizes SOLIDWORKS software to create a 3D model of the deep-tillage shovel
specified in the Chinese standard JB/T 9788-1999, maintaining a 1:1 scale, and saves it in ".igs"
format, as shown in Figure 3a. During the simulation, the shovel tip model undergoes multiple

replacements. Here, only one variant of the V-shaped shovel tip is presented.

Soil model

The soil samples used in this study were collected from the experimental field at the North
Campus of Northwest A&F University, located in Yangling Demonstration Zone, Shaanxi Province,
China. This experimental field undergoes regular tillage and provides real agricultural soil data.

According to the Chinese Soil Classification Standard (GB/T 17296-2009) and measurement



methods described in relevant literature (Li et al., 2023), the physical properties of soil samples
from the cultivation layer, plow bottom layer, and topsoil layer were tested. The soil particle sizes
are as shown in Table 1, and other physical properties are presented in Table 2

In discrete element simulations, as the particle size decreases, the simulation runtime exhibits a
geometric progression growth(Zheng et al., 2016). Therefore, many researchers choose to use
spherical particles with a diameter of 8 millimeters or larger as soil particle models to more
accurately simulate the interaction processes between tillage components and soil(Ding et al., 2017).
To fully simulate the deep loosening process, this study selected particles with diameters of 8
millimeters, 5 millimeters, and 3 millimeters to represent all particles in the soil. The soil model
was set up based on the proportions of each particle diameter as shown in Table 1, as detailed in
Table 2.

To fully simulate the tillage operation, a soil model with dimensions of 1000x600%400 was
created in EDEM software, consisting of a total of 156,000 particles, as shown in Figure 3b. Based
on the differences in physical properties of soil particles, the soil model used in the simulation was
divided into three layers: the cultivation layer, plow bottom layer, and topsoil layer. The cultivation
layer (0-220 mm) is represented by green color, the plow bottom layer (220-300 mm) is represented
by blue color, and the topsoil layer (300-400 mm) is represented by red color. Furthermore, the
Hertz-Mindlin with bonding contact model was utilized to describe the mechanical interactions
between soil particles, and cylindrical bonding elements were used to represent the cohesive bonds
between soil particles, which can withstand certain forces and moments(Wang et al., 2020), as

shown in Figure 3c.

Simulation parameter settings

The simulation process lasted for a total of 13.5 seconds, with the particle generation occurring
from 0 to 8 seconds. The complete insertion of the subsoiler into the soil occurred between 10.45
seconds and 11.65 seconds, with a tillage speed of 0.83 m/s. The time step used in the simulation
was 3x107 seconds, and data points were saved every 0.05 seconds. The parameters for the discrete

element model simulation are presented in Table 1.

Soil trough experiment verification



To validate the rationality of the designed shovel tip, experiments were conducted in the soil
trough laboratory at Northwest A&F University. The experiment utilized a four-wheel-drive soil
trough experimental power vehicle (TCC-2.1) for traction power. In order to ensure consistency
between the experimental soil and the actual field soil, the following steps were taken during the
preparation phase: Firstly, a water pipe was fixed below the subsoiler for traction, allowing
adjustment of the soil moisture content inside the soil trough. Subsequently, the soil was compacted.
After a period of time, the soil compaction and moisture content were measured. Once the
parameters matched those of the experimental field soil, the experiment began. The specific process
is shown in Figures 4a, 4b, and 4c.

In the soil trough experiment, the test area was divided into a 2m acceleration zone, a 20m
effective zone, and a 2m deceleration zone, as shown in Figure 4d. The tillage depths used in the
experiment were consistent with the simulated simulations, namely 250mm, 275mm, and 300mm.
Under the condition of a speed of 0.83m/s, both the chisel-shaped shovel tip and the V-shaped
shovel tip (as shown in Figure 4e) were used, with each shovel type performing 15 tillage
operations in the soil trough. Each test consisted of three stages: harrowing, compaction, and tillage,
as shown in Figures 4f, 4g, and 4h, respectively.

Bonds' breakage count and soil fragmentation rate reflect the degree of soil fragmentation
during the tillage process of the subsoiler. Since it is not feasible to measure Bonds' breakage count
in reality, this study validates the simulation results using the soil fragmentation rate. After the
completion of the tillage operation, 10 measurement points were taken at intervals of 3 meters along
the direction of tillage in the middle of the soil trough. For any selected measurement point, within
a 0.5m x 0.5m area, the ratio of the mass of soil clods with a particle size smaller than 40mm to the
total mass of soil within the tillage depth range was calculated as the soil fragmentation rate(Hao et

al.2023).

Results and Discussion
The impact of H on the tillage resistance

The depth of the plow bottom layer is typically around 220-300mm, and the purpose of tillage
is to break up this layer. However, different crops have different planting depths, and it was

observed that the subsoiler experiences the highest resistance at a depth of 300mm(Jiang et al.,



2020). Therefore, to explore the optimal H for drag reduction, simulations were conducted at a
depth of 300mm in this section.

According to Figure 5, it can be observed that the resistance of the subsoiler in the soil
decreases initially and then increases with the increase in H. This is because as H increases, the
number of V-shaped morphologies increases, resulting in a lower force required for the subsoiler to
shear through the soil, and consequently reducing the particle size of the sheared soil. The
formation of smaller particle soil increases with the increasing number of V-shaped morphologies
and moves in the opposite direction of tillage along the grooves. As a result, the resistance gradually
decreases. However, when H continues to increase, the width of the grooves between V-shaped
morphologies becomes too small, approaching a flat surface, which leads to the loss of soil drainage
function in the grooves. This causes soil accumulation at the upper end of the shovel tip, thereby
increasing the resistance.

Based on the consideration of drag reduction effectiveness, this study selects 40% as the

optimal H for drag reduction.

The analysis of optimal parameters

In this study, the 6 of the shovel tip was varied at increments of 0°, 1°, 3°, and 5° based on a
constant H value of 40%. Simultaneously, simulations were conducted at different depths, including
250mm, 275mm, and 300mm, to observe the extent of drag reduction achieved and analyze its
impact on the soil(Wang et al., 2021). By considering these factors comprehensively, the optimal

drag reduction 6 was determined.

Disturbance effects on soil

Existing studies have shown that increasing disturbance in deeper soil layers and reducing
disturbance in the surface soil can regulate soil water storage and moisture retention. Additionally,
to ensure better crop growth, it is advisable to minimize mixing between the plow bottom layer and
the cultivation layer (Wang et al., 2019; Vanderhasselt et al., 2023 ).

This study utilizes the post-processing capabilities of EDEM to export the rising height of the
cultivation layer and the quantity of soil particles in the cultivation layer within the plow bottom

layer, as shown in Figure 6.



According to Figure 6, under the same depth and a constant 6, the disturbance range of the
cultivation layer is the largest, followed by the plow bottom layer, while the disturbance range of
the top soil layer is the smallest. The main reason for this is that during the tillage operation, the
shovel tip primarily acts on the plow bottom layer, causing the large particles in the plow bottom
layer to move towards the cultivation layer. As a result, the disturbance range in the top soil layer is
smaller, while the cultivation layer experiences greater disturbance. This is because the cultivation
layer is subject to the upward force exerted by the rising plow bottom soil and is not impeded by
any resistance from above, whereas the plow bottom layer experiences less disturbance.

As 0 increases, the soil disturbance becomes more pronounced at the same depth. The main
reason for this is that the shear and compression of the soil by the shovel tip intensify with
increasing 0. More soil is sheared simultaneously, resulting in a greater accumulation of soil above
the shovel tip, leading to a greater upward movement of the plow bottom layer. Hence, the soil
disturbance becomes more evident.

Under the same 0, as the depth increases, the degree of soil disturbance gradually decreases.
The main reason for this is that as the depth increases, although the shear and compression levels of
the shovel tip increase, the presence of voids between the soil particles allows the rising soil to
gradually fill these voids, resulting in a decreasing degree of soil disturbance.

By comparing the disturbance states of the plow bottom layer and the cultivation layer, the
disturbance effects can be ranked as follows: chisel-shaped shovel > 6=0° shovel > 6=5° shovel >

0=1° shovel > 6=3° shovel.

Soil fragmentation effect

Existing studies have shown that excessive fragmentation of soil by subsoilers can increase the
evaporation of soil moisture and hinder soil water retention(Qin et al., 2022). In order to assess the
soil fragmentation effect during tillage, the quantity of broken bonds in the soil is used as an
indicator. The variation of bond breakage quantity during the tillage process at different depths for
subsoilers with different 0 values is shown in Figure 7.

At 11.45s, the subsoiler has completely passed through the soil model. From Figure 7, it can be
observed that as the depth increases, the number of bond breakages for each 6 of the shovel

increases. This is mainly because as the depth increases, the disturbed and sheared soil also



increases, leading to more soil fragmentation. At the same depth, the number of bond breakages for
different O values of the shovel remains consistent and is higher than that of the chisel-shaped
shovel. This is primarily because the area of disturbed soil remains relatively consistent after tillage
at the same depth, and the V-shaped structures and their quantities are consistent. At the same depth,
the number of bond breakages in the shovel tips with different 6 values remains consistent and is
higher than that of the chisel-shaped shovel tip. This is primarily because, at the same depth, the
disturbed soil area remains consistent for all shovel tips with V-shaped structures and the same
quantity of V-shaped structures. On the other hand, the chisel-shaped shovel tip has fewer bond
breakages due to the absence of a V-shaped structure. However, the difference in the number of
bond breakages between the chisel-shaped shovel tip and the V-shaped shovel tip does not exceed
10%. Therefore, the V-shaped shovel tip does not result in excessive fragmentation(Tong et al.,

2020).

Average resistance of tillage

Average resistance experienced by the subsoiler during the tillage process is shown in Figure 8.
In the same tillage depth, the average resistance follows the order: 6=3° shovel tip < 6=5° shovel tip
< 0=1° shovel tip< 8=0° shovel tip< chisel-shaped shovel tip. This is mainly because, at the same
depth and under the same 6 condition, the shear effect of the V-shaped structure is superior to the
planar shear. The V-shaped structure facilitates the drainage of soil to the sides and the grooves
between them act as conduits, allowing the soil to move in the opposite direction of tillage, thereby
reducing the soil's resistance. Therefore, the chisel-shaped shovel experiences the highest resistance
due to the absence of the V-shaped structure. As the angle 0 increases, the V-shaped structure forms
a smaller angle with the vertical direction of the soil. Therefore, within the same timeframe, more
soil undergoes shearing. Additionally, the rate at which soil accumulates above the shovel tip is
slower compared to the rate at which soil is directed away by the groove, resulting in a decrease in
resistance when 0 is between 0° and 3°. However, As the 8 continues to increase, the speed of soil
movement along the grooves between the V-shaped structures becomes slower than the rate of soil
accumulation above the shovel tip. This leads to excessive soil accumulation above the shovel tip.
Therefore, when 6 is between 3° and 5°, the resistance increases. With increasing depth, the

resistance experienced by the subsoiler with different 6 values also increases. This is primarily due



to the increased shear and compression of the subsoiler as the depth increases, requiring more
traction force and resulting in increased resistance.

The shovel tip with an angle 6 of 5° ranks third in terms of soil disturbance and second in
terms of reduction in resistance. The various V-shaped shovel tips exhibit similar performance in
soil fragmentation. Therefore, the shovel tip with an angle of 5° demonstrates good overall

performance. It achieves a reduction rate of 15.8% to 17.8% in resistance.

Soil disturbance validation

After the experiment, the coordinate parameters were obtained by the dot method on the
interface photos. The contour curves of the tillage soil disturbance were fitted, and the profiles of
the pit and ridge forms after tillage are shown in Figure 9..

The experimental results, as shown in Table 3, indicate that there is relatively small error
between the simulated tillage process and the soil trough test. This suggests that the simulation
model accurately simulates the soil disturbance behavior during tillage, and the V-shaped shovel tip

with 6 = 5° performs comparably to the chisel-shaped shovel tip.

Soil fragmentation validation

By calculating the soil fragmentation rates of the chisel deep-loosening shovel tip and the
V-shaped shovel tip, they are 57.34+£1% and 64.56+1%, respectively, with a difference of not
exceeding 10%. In the simulation, the Bonds' breakage counts for the chisel tip and V-shaped tip do

not exceed 10%, indicating that the simulation model is reasonably accurate.

Tillage resistance validation

The average resistance increases with the depth of tillage, whether using a V-shaped shovel tip
or a chisel-shaped shovel tip, as shown in Figure 10 in both simulation models and soil trough
experiments. However, from Figure 10, it can be observed that there is a significant discrepancy
between simulation and experimental data. The main reason for this lies in the presence of
impurities other than soil in the soil trough, such as grains, gravel, plant roots, etc. These factors
were not considered in the simulation, leading to differences between simulation and experimental

data, especially as the depth of tillage increases, the increase in impurities such as gravel results in a



significant increase in resistance in the soil trench experiment. Despite the substantial differences,
both simulation and soil trough experiments indicate a reduction in resistance. In the soil trough
experiment, the drag reduction effect of the V-shaped shovel tip can reach a maximum of 12.79%,

with a minimum of 4.29%.

Conclusions

(1) To address the issue of high resistance at the shovel tip, this study draws inspiration from
the V-shaped morphology of shark skin, which exhibits excellent drag reduction properties. Laser
cladding technology is employed to create a V-shaped wear-resistant coating at the front end of the
shovel tip surface. Additionally, the rear end of the shovel tip surface is designed to mimic the
V-shaped structure of shark skin, and two enlarged V-shaped structures are proportionally
incorporated to achieve drag reduction in the shovel tip.

(2) Through discrete element simulation, the average tillage resistance for three different H
values at 8 = 0° was obtained. After comparing the results, the shovel tip with the smallest tillage
resistance at H = 40% was selected. Subsequently, a comprehensive analysis was conducted for four
different 0 values, considering soil disturbance, fragmentation, and tillage resistance. Based on this
analysis, the V-shaped shovel tip with a 6 of 5° was chosen. Compared to the chisel-shaped shovel
tip, it achieves a drag reduction rate of 15.8% to 17.8%.

(3) By comparing the results of the chisel-shaped shovel tip and the V-shaped shovel tip with
H of 40% and 6 of 5° in both soil trough experiment and simulation, we observe noticeable
differences between simulation and experimentation. However, under conditions ensuring optimal
soil disturbance and fragmentation effects, both methods achieve a reduction in resistance. In the
soil trough experiment, the H=40%, 6=5° V-shaped shovel tip demonstrates a drag reduction rate of

4.3% to 12.7% compared to the chisel-shaped shovel tip.
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Table 1. Particle size and distribution in various soil layers.

Soil layering

Particle size d>6 6>d>4 d<4

d/mm

Cultivation layer 52.25% 15.09% | 32.66%

Plow bottom layer 58.16% 28.33% | 13.51%

Topsoil layer 58.17% 16.12% | 25.71%
Table 2. Basic parameters of the EDEM model.
Parameter Value
The depth of soil/mm 0-220 220-300 300-400
Soil particle size of 8mm/% 52 58 58
Parameter Value
Soil particle size of Smm/% 15 28 16
Soil particle size of 3mm/% 33 14 26
Poisson's ratio of top soil 0.4 0.42 0.41
Density of the soil/ (kg/m?) 1360 1730 1610
Shear modulus of top soil/Pa 6x107 1x108 1x108
Coefficient of static friction between soil 0.375 0.389 0.388
Coefficient of rolling friction between soil 0.56 0.24 0.23
Soil moisture content 17.79% 21.19% 21.92%
Poisson's ratio of 65Mn steel 0.3
Density of 65Mn steel/ (kg/m?) 7850
Shear modulus of 65Mn steel/Pa 7.85%101°
Coefficient of rolling friction between soil and
65Mu steel 0.34 0.14 0.26
Coefficient of static friction between soil and

0.647 0.584 0.754

65Mn steel




Table 3. Cross-sectional area of soil trough.

) Simulated Experimental
Types of shovel tips Depth/mm Error/%
values/mm? values/mm?

250 768.95 802.81 4.22
Chisel-shaped shovel tip 275 1071.21 1204.47 11.06

300 1370.15 1400.06 2.14

250 659.52 698.09 5.52
V-shaped shovel tip 275 1214.9 1317.17 7.76

300 1437.08 1518.83 5.38




