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Design and experiment of the ditching device for wheat seeders capable of

ditching sloped drainage furrows in rice-wheat rotation areas
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Abstract: To solve the problem of field waterlogging during wheat sowing in rice-wheat rotation areas, which causes sticky
and wet soil, thus affecting the growth of wheat, this paper proposed a sloped ditching method based on laser alignment
technology, and designed a combined ditching device with a front ditching shovel (FDS) and a rear ditching plow (RDP) to
create sloped drainage furrows when sowing wheat. The key factors affecting the performance of RDP and value ranges were
determined through theoretical analysis. Through discrete element method (DEM) simulation, the influence of different
structural parameter combinations on slope stability was studied, and the optimal parameter combination was determined as the
soil lifting angle of 50°, the minimum element angle of 35°, and the maximum element angle of 40°. The field test showed that
the ditching device can effectively create sloped trapezoidal drainage furrows. The slope stability coefficient and slope accuracy
coefficient were both greater than 85%, which meets the requirements of drainage. This paper provides a new ditching method
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and theoretical basis for the development of a sowing and ditching combined machine in rice stubble fields.
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1 Introduction

The rotation of rice and wheat in the rice-planting areas in the
middle and lower reaches of the Yangtze River in China plays an
important role in ensuring China’s food security!’. In the above-
mentioned areas, rainfall is heavy during the wheat sowing period,
so field water accumulates easily and is difficult to drain, resulting
in high soil moisture™. The wheat roots staying in sticky and wet
soil for a long period will have a negative impact on the respiratory
function of the roots, which is harmful to the growth and yield of
wheat. Research shows that ditching for drainage is beneficial for
maintaining and increasing the yield of rice and wheat”. Therefore,
it is necessary to ditch drainage furrows during wheat sowing to
accelerate the drainage of waterlogging and reduce soil water
content.

The operation method of first rotary tilling and sowing, and
then ditching drainage furrows has the disadvantages of high labor
intensity, increased production costs, and increased soil compaction.
The combined operation machines with the function of sowing and
ditching can reduce soil compaction, shorten agricultural time
intervals, and improve economic benefits. Therefore it has become
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the mainstream type of machinery for wheat sowing in rice stubble
fields. Zhu et al.”! symmetrically positioned furrow openers on
both sides of a no-till wheat seeder, facilitating simultaneous furrow
formation during wheat sowing. Hu et al.! developed a reduced-
tillage wheat planter for rice stubble fields, incorporating a double-
wing moldboard opener. The planter achieved an average furrow
depth of 175 mm and a width of 238 mm, effectively meeting the
drainage requirements. Zheng et al.”’ employed a combination of
disc ditching components and a furrow finishing device to form
drainage furrows in the cultivated area, with both furrow width and
depth stability exceeding 80%. In the middle and lower reaches of
the Yangtze River, it is essential to create drainage furrows on both
sides of the seedbed during the sowing of rapeseed to mitigate the
risk of waterlogging and ensure optimal crop growth®™. The
rapeseed direct seeder is the predominant equipment for sowing
rapeseed in the middle and lower reaches of the Yangtze River, with
the furrow ditching device serving as a critical component for the
simultaneous formation of drainage furrows during the sowing
process. Liu et al.” developed a furrow ditching system for rapeseed
combined seeding machines, which consists of a moldboard plow
and a composite boat-shaped opener. Under various operating
conditions, the system demonstrated furrow width and depth
stability coefficients greater than 90%. Liu proposed an active
rotary cutting furrow opener, where the furrow cutting disc and soil
distribution plate work together to create drainage furrows and
cover the seedbed surface!'”. The stability coefficients for both
furrow depth and width were found to exceed 90%. Zhang et al."!
developed a rapeseed direct seeder with a furrow opener and
shallow rotary device, in which the furrow cutting disc and soil
shaping components work together to create drainage furrows. This
development significantly improved the stability of the furrow
ditching operation, with both furrow depth and width stability
coefficients exceeding 85%. Wang et al.'’ designed a driven-type
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paddle-like furrow opener for direct seeding of rapeseed. This
device can simultaneously perform high-speed furrow formation
and ensure uniform soil coverage over the seedbed surface. The
average furrow depth ranged from 169.1 to 188.6 mm, with the
furrow depth stability coefficient ranging from 92.5% to 95.6%.
Although the studies mentioned above enable the simultaneous
formation of drainage furrows during sowing, which helps alleviate
waterlogging in the field, the effectiveness of the drainage is
limited. This limitation arises from the lack of slope in the furrows,
as the drainage process depends solely on the elevation differences
in the terrain.

Laser land leveling technology significantly enhances surface
flatness, thereby promoting the efficient utilization of water and
fertilizers!"*'l. Numerous studies have been conducted to improve
the control accuracy and stability of land levelers, while also
focusing on reducing fuel consumption*'*. Furthermore, the laser
measurement method has found extensive applications in assessing
surface characteristics after tillage and in monitoring soil erosion
processes. Zhang et al. ! utilized laser scanning technology to study
the evolution characteristics and patterns of surface roughness
during water erosion processes on sloped land. Wang et al.*”
developed a furrow measurement system based on the laser
triangulation method, with an interactive interface that can display
furrow roughness, furrow width, furrow depth, and stability
variation coefficients in real time. The multi-sensor seeding depth
monitoring system, consisting of a laser sensor, ultrasonic sensor,
and angle sensor, improves the accuracy and reliability of the
seeding depth monitoring system”. In summary, the application of
laser measurement technology in farmland surface leveling and
terrain feature acquisition has made significant progress. This study
applies laser measurement technology to the furrow ditching
operation of no-till wheat sowing in rice stubble fields, aiming to
achieve precise control of the furrow slope.

The discrete element method is extensively applied in the study
of furrow resistance reduction and moldboard surface optimization,
as it accurately simulates the interaction between the soil and the
working components”*. Zhang et al.*” conducted discrete element
method (DEM) simulations, using moldboard surface parameters
and operating speed as experimental factors, with traction resistance

as the evaluation index. They developed a moldboard surface
optimization model that effectively reduced ditching resistance. Liu
et al.” employed a combination of differential geometry theory and
DEM simulations to optimize the soil-contact surfaces of a boat-
shaped furrow opener. Liu employed the DEM to investigate the
interaction mechanism between the furrow opener and soil, leading
to the identification of an optimal combination of blade structural
parameters''”. Based on the DEM simulations, Wang et al.*
conducted both single-factor and optimization analyses on the
structural parameters of a paddle-like furrow opener. The optimized
design resulted in furrow depth and width stability coefficients
exceeding 90%. This study employs DEM simulations to model the
ditching process and optimize the critical structural parameters of
the ditching plow, with the goal of achieving enhanced soil handling
efficiency and performance improvement.

In order to accelerate the drainage of field waterlogging and
reduce soil water content, and in combination with the regional
agronomic planting requirements, this paper developed a wheat
seeder that can ditch sloped furrows suitable in rice-wheat rotation
areas. Based on the laser alignment system, a combined ditching
device with a front shovel and a rear plow was designed. This
device can ditch drainage ditches with certain slopes while
performing wheat sowing operations, thereby creating better soil
conditions for the emergence and growth of wheat.

2 Overall structure and working principle

2.1 Structure of the wheat seeder with sloped ditching
function

As shown in Figure 1, the wheat seeder capable of ditching
sloped drainage furrows mainly consists of a front ditch shovel
(FDS), a soil deflector, a spiral soil leveler, a laser receiver, a
vibration damping and stabilization system, a rear ditch plow
(RDP), etc. According to the agronomic requirements for wheat
planting in the rice-wheat rotation areas in China, the machine
adopts the ditching method with a front shovel and a rear plow.
When sowing wheat in rice stubble fields, it simultaneously ditches

drainage furrows with slopes to accelerate the drainage of field
water. The main technical parameters of the machine are listed in
Table 1.

/

i Ditching depth control device

1. Front ditching shovel 2. Soil deflector 3. Spiral soil leveler 4. Stepper motor 5. Solenoid valve group 6. Laser receiver 7. Hydraulic cylinder 8. Slide rail slider

9.Vibration damping and stabilization system 10. Rear ditching plow 11. Compress wheel 12. Double disc opener

Figure 1

2.2 Working principle

The wheat seeder is connected to the tractor through a three-
point linkage. The tractor’s PTO provides power to the spiral soil
leveler, and the battery supplies power to the electric-driven seeding

Wheat seeder with ditching function

system. The FDS first creates an initial furrow, providing a
foundation for the excavation of a sloped drainage furrow. The laser
alignment system consists of a laser transmitter, a laser receiver, a
laser controller, a solenoid valve group, and a hydraulic cylinder, as
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shown in Figure 2. The types and technical parameters of each
component are listed in Table 2.

Table 1 Technical parameters of the wheat seeder

Parameter Value
‘Whole machine operation width/mm 1662
Supporting power/kW >60
Number of sowing rows 6
Operating speed/m-s™' 0.5-1.8
Maximum depth of drainage furrow/mm 350
Maximum width of drainage furrow/mm 380
Maximum theoretical slope value of drainage furrow/(°) 0.345
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5 ? cylinder
_____ . Moving
direction

Rear ditching

Ditching depth
control device

T
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=

g =

E

g

Battery Laser controller
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valve group

Figure 2 Composition of laser alignment system

Table 2 Technical parameters of laser alignment system
components

Components Type Technical parameters

Self-leveling range: £5°
Self-leveling accuracy: horizontal £10", vertical +15"
Effective transmission distance: 500 m
Voltage input: 10-30 V DC
Detection window: 190 mm
Receiving angle range: 360°
Voltage input: 9-36 V DC
Leveling accuracy: +2 cm
Operating temperature: —4°C to 7°C
Two-position four- Operating voltage: 12 V
way solenoid ~ WE6 Operating pressure: 0-60 MPa
directional valve Flow rate: 60 L-min’'
Rated flow: 15 L-min"
2FRM Operating pressure: 0-21 MPa
Opening pressure: 0.1 MPa
Stacked relief Maximum operating pressure: 0-31.5 MPa
ZDB L
valve Flow range: 0-60 L-min™'

. TC-
Laser transmitter 808-P

Laser receiver
505

Laser controller

CB-
808+

Two-way flow
control valve

The laser plane generated by the laser transmitter with a slope
is taken as the reference plane for sloped ditching operations. The
laser receiver detects the position of the laser plane with a certain
slope, and then calculates the positional deviation of the RDP
relative to the slope reference plane. After converting the positional
deviation signal into an electrical signal, it is transmitted to the laser
controller. The controller processes the signal and sends commands
to the hydraulic system, which adjusts the entry depth of the RDP,
thereby achieving sloped ditching. Figure 3 shows the working
principle of the wheat seeder capable of ditching sloped drainage
furrows. The vibration damping and stabilization system reduces the
impact of vibration on the operation accuracy and improves the
stability of the ditching operation.

In rice-wheat rotation areas, the soil tends to be heavy and
compacted, and the vibrations generated by the high-speed rotating
shaft during active ditching will significantly reduce the accuracy of
the laser alignment system. In contrast, passive ditching produces
smaller vibrations, which are beneficial for maintaining the relative

integrity of the furrow shape. Therefore, the passive combined
trenching method is adopted in this paper. The ditching components
consist of an FDS and RDP, which are arranged at the front and rear
of the wheat seeder, respectively. The FDS creates the initial
furrow, and the RDP further operates under the action of the
hydraulic adjustment system to form a complete furrow, ultimately
finishing a sloped drainage furrow. The vertical height relationship
between the FDS and the RDP affects the slope accuracy and
operating resistance. As shown in Figure 4, both situations | and
[II will reduce the operational accuracy of slope ditching, and
situation I1I will also significantly increase the ditching resistance.
The vertical height relationship between the FDS and RDP should
be as shown in situation II, where the bottom of both components
is at the same horizontal level. The fitted equation for the
relationship between the front and rear distributed soil-contacting
components and traction resistance is as follows:

F,=0.017x = 1.173x+26.007 (1)

where, Fis the traction resistance, N; x is the distance between the
front and rear soil-contacting components, cm.

_________ 0_

Laser  Laser plane with a
transmitter slope (slope of 6)

Initial furrow

Completed furrow

Figure 3 Working principle diagram of wheat seeder

Working direction
-—

| 1250 mm |

) 4

Rear ditching plow

Front ditching shovel

Figure 4 Schematic diagram of arrangement of FDS and RDP

According to Equation (1), when the distance between the front
and rear soil-contacting components exceeds 35 cm, the traction
resistance increases with the distance®. An analysis of the
distribution and installation of the machine’s components indicates
that, to prevent operational obstruction or interference, the
minimum distance between the FDS and the RDP should be greater
than 1180 mm. Considering practical manufacturing conditions and
clearance requirements, the front-to-rear installation distance

between the FDS and the RDP is determined at 1250 mm.

3 Design and analysis of key components

3.1 Design of front ditching shovel

The FDS is the foremost soil-contacting component during the
operation of the machine, and its function is to create the initial
furrow. As shown in Figure 5, it consists of the shovel tip, shovel
body, and shovel column. According to the agronomic requirements
of wheat seeding in rice stubble fields and referring to the existing
research’”), the height of the FDS is designed to be 180 mm, the
maximum ditching width is 80 mm, and the shovel tip is an
equilateral triangle with a side length of 60 mm.
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Shovel column

Shovel body 180 mm

Shovel tip
o ™

Figure 5 Front ditching shovel

3.2 Analysis of furrow soil displacement

To prevent furrow soil from accumulating on both sides of the
drainage furrow, the soil deflector and spiral soil leveler are
designed to transport the furrow soil generated by the FDS, as
shown in Figure 6. The furrow soil flows through the deflector to
the spiral soil leveler, which conveys and spreads the soil evenly
onto the top surface of the ditch (the arrows in Figure 6 indicate the
direction of soil movement). The backward inclination angle and
downward inclination angle are two important design parameters of
the soil deflector. To reduce soil blockage and ensure effective
deflection, the backward inclination angle and downward
inclination angle are determined to be 60° and 30°, respectively,
with reference to existing research!®,

Spiral soil leveler

Front ditching shovel €7 7, Soil deflector

Figure 6 Soil deflector and spiral soil leveler

Under general working conditions, the penetration depth of the
spiral blade into the soil is 0-3 cm. Assuming that the maximum
volume of furrow soil created by the FDS per hour is M,, all furrow
soil is processed by the spiral soil leveler, and the FDS surface can
be simplified as a plane, then Equation (2) is as follows:

M, =3600uabs v, 2)

where, M, is the maximum furrow soil volume, t/h; u is the unit
volume mass of the material, t/m’; @ and b are the length and width
of the FDS, respectively, m; S, is the maximum ditching depth of
the FDS, m; v;is the operating speed of the machine, m/s.

The soil bulk density in the typical rice-wheat rotation area was
measured to be 1.69 t/m’. Assuming the operating speed of the
seeder is 1.8 m/s, the maximum furrow soil volume is calculated to
be 21.45 m’. Under ideal working conditions, assuming a constant
rotational speed of the spiral blade and ignoring the influence of the
spiral shaft diameter, then Equation (3) is as follows:

L =3600ukS .V,

ncD?
Si==
_nl 3)
Yi= 50

L

where, L is the conveying capacity, t/h; & is the inclined conveying
coefficient; S; is the cross-sectional area of the material entering the
conveyor, m’; V), is the rotational speed of the spiral blade, r/min; ¢
is the material filling coefficient; D is the diameter of the spiral
blade, m; » is the rotational speed of the spiral shaft, r/min; / is the
pitch, m; y is the material characteristic coefficient.

Based on the working conditions and existing research, the
parameters are set as k=1, ¢=0.5, and y=0.614. From Equation (3),
D>0.13 is obtained. Considering the practical manufacturing
constraints, the spiral blade diameter is determined to be 0.18 m, the
pitch is 0.25 m, and the spiral shaft diameter is 0.04 m. The
rotational speed of the spiral shaft is a critical factor affecting the
conveying capacity. From L>M,/2, it is obtained that #>33.27 r/min.
Additionally, the rotational speed of the spiral shaft should not
exceed its allowable speed:

A
n < nmax

<= 5

where, n,,,, is the allowable rotating speed of the spiral shaft, r/min;

(4)

A is the comprehensive material characteristic coefficient, set to
44.2.

It can be obtained that n,,=104.18 r/min, so the operating
rotational speed range of the spiral shaft is 33.27-104.18 r/min. As
the rotational speed of the spiral shaft increases, the impact of
vibration on operational accuracy also intensifies. Therefore, a
relatively lower value should be selected, provided that the
requirements for furrow soil transportation are met.

3.3 Design of rear ditching plow
3.3.1 Structure design

Based on the initial furrow, the RDP forms a sloped furrow
bottom and a complete furrow profile through soil movement and
compaction. As shown in Figure 7, the RDP consists of a
moldboard surface, a top plate, side plate, and a plow column. The
moldboard surface breaks the soil and diverts it to both sides, the
side plates compact the furrow walls, the top plate prevents soil
from falling into the furrow bottom, and the plow column serves for
connection and height adjustment. Based on the local wheat sowing
drainage requirements and the known width of the FDS, the
minimum width of the RDP is determined to be 80 mm, and the
maximum width is 380 mm.

™~

Plow column

Top plate

Moldboard surface Side plate

Figure 7 Rear ditching plow

3.3.2 Analysis of soil mechanics and moldboard surface design

The horizontal straight element method was used to design the
moldboard surface of the RDP. During the ditching operation, the
RDP moves downward to cut the soil while moving along the
working direction. Simultaneously, soil particles slide obliquely
rearward relative to the moldboard. The moldboard surface is an
irregular spatial surface. As shown in Figure 8, a force analysis
of soil particles during the operation process is performed to
examine the factors affecting the ditching performance of the RDP
on slopes.
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Figure 8 Force analysis of soil particle during the operation of RDP

As shown in Figure 8, a spatial rectangular coordinate system
was established with the moldboard surface as the reference. The
soil particle P was selected as the research object, the plow tip was
set as the origin, the forward direction of the plow was defined as
the X-axis, the vertically upward direction as the Z-axis, and the
direction perpendicular to the XZ-plane as the Y-axis. During the
operation of the RDP, without considering torque, the forces acting
on the soil particle were simplified into a spatial force system
consisting of mutually perpendicular forces: Fy along the X-axis, Fy
along the Y-axis, and F, along the Z-axis. The angle of the straight
element and the curvature of the guiding curve vary at different
points on the moldboard of the RDP. Consequently, the magnitude
and direction of the support force and friction force acting on the
soil clod at each point on the moldboard continuously change. A
cross-section passing through point P and parallel to the OYZ plane
was selected, and an O,X,Z; coordinate system was established.
Further analysis is performed in this coordinate system to obtain the
force equilibrium equation:

F,sinfp + fcosfp— F;,cosdp — F,sindp, =0
F,cosBp+F,cos6p,—G— fsinap—F,sindp, =0

)

where, F is the support force on the soil particle, N; fis the friction
force on the soil particle, N; F}, is the shear force on the soil
particle, N; F), is the normal pressure on the soil particle, N; G is the
gravity of the soil particle, N; 5 is the equivalent soil lifting angle,
(°); and Jp is the soil shear angle, (°).

Assuming that the operating width of the RDP is L,, the
operating depth is L,, and the minimum element angle is 6,,;,, then
Equation (6) is as follows:

L,L,
i Cos 6,0, SINOp i
f=F tana,
Fy= £ (6)
cosa,
Fyy = Fysin(ap+B5)
Fy=Fy,sinb,

where, 7p is the shear stress, N/m?* 6, is the equivalent straight
element angle, (°).

According to Equations (5) and (6), the force Fy on the soil
particle P along the X-axis can be obtained:

sinfp sin(ap + Bp) (TPLHL,, +Gsin’6,»cos 6’",1")
X =

(7

The force acting on the soil particle in the X-axis direction has a
significant impact on slope ditching. From Equation (7), it can be
concluded that Fy is related to the equivalent soil-lifting angle fp,
the minimum element angle 6, and the equivalent straight

sindp sin(a@p + Bp + 0p) COS Oy

element angle 6p. Therefore, the performance of the RDP during
slope ditching is significantly affected by the soil-lifting angle, the
minimum element angle, and the maximum element angle.

As shown in Figure 9, the guiding curve MP consists of the
straight segment MN and the curved segment NP. To ensure
optimal cutting performance of the RDP, the segment NP should be
a uniformly varying arc curve, approximating to a parabolic shape.

A

y

Figure 9 Guiding curve theoretical analysis

From the geometric relationship in the above figure, the
following equations can be obtained:

Lip = /I + len =27, cos%

Lyp = rysin(e, —6,) — 1, $inG, (®)

Lpp = hy — [y Siné,

h, — Ly Sind,

\/cosz% —[sin(g, — 8,) —sind,*

)

r, =

where, 7, is the radius of arc NP, mm; ¢, is the angle between the
tangents at the two endpoints of the guiding curve, (°); d,, is the soil-
lifting angle, (°).

To improve the smoothness of the guiding curve and reduce
ditching resistance, the angle between the tangents at the endpoints
of the guiding curve is chosen as 135°. To enhance the soil
penetration ability of the RDP during downward movement, the
length of the straight segment Ly is selected as 120 mm. Based on
the above analysis, the range of the soil-lifting angle is determined
to be 20°-50°, the range of the minimum element angle is 23°-53°,
and the range of the maximum element angle is 28°-58°.

4 Determination of RDP optimal parameters by
DEM

4.1 Establishment of the discrete element model

In the rice-wheat rotation area of the middle and lower Yangtze
River, the alternating wet and dry conditions caused by water and
drought rotation result in the soil experiencing cycles of wetting and
drying. The soil moisture content is high before the wheat sowing,
and there is a certain bonding force between the soil particles. The
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Hertz-Mindlin with Bonding model, by generating bonding forces
between particles, can effectively simulate soil discontinuity and
agglomeration characteristics, thereby addressing the nonlinear
interactions between agricultural tools and soil®~". Under the
influence of external forces, the bonds between particles are broken,
resulting in fragmentation and fracture. Cheng et al.’**¥ employed
this model as the contact model for soil particles in their study of
soil-tool interactions in the rice-wheat rotation area of the middle
and lower Yangtze River. Given its successful application in
previous studies, the Hertz-Mindlin with Bonding model is also
adopted in this study for modeling the contact behavior of soil
particles. When the bonding stiffness is 4.8x10” N/m’ and the
critical stress is 5.5x10° Pa, it better reflects the mechanical
characteristics of the interaction between soil and components. The
measured field soil moisture content is 33%, and the bonding radius
is calculated to be 9.5 mm based on the formula. The soil bin
dimensions are set to 2200 mmx1000 mmx500 mm in EDEM 2020,
and spherical particles with a radius of 8 mm are selected to
simulate field soil. The parameters of the simulation model are
listed in Table 3137,

Table 3 DEM parameters used in the simulations

Category Parameter Value
Average moisture content/% 33

Soil Density of soil particles/kg-m™ 2100
Poisson’s ratio of soil 0.4

Shear modulus of soil/Pa 1x10°

Density of steel/kg-m™ 8100
Steel Poisson’s ratio of steel 0.3

Shear modulus of steel/Pa 8.0x10"

Coefficient of friction 0.5

Soil-soil Coefficient of rolling friction 0.35
Coefficient of restitution 0.45
Coefficient of friction 0.3

Soil-steel Coefficient of rolling friction 0.15
Coefficient of restitution 0.5

As shown in Figure 10, to improve simulation efficiency, the
machine model was simplified by removing parts that do not affect
the simulation results, while retaining the FDS, spiral leveler, and
RDP. The model was saved in STEP format using SolidWorks 2022
and imported into EDEM 2020 software. In the EDEM creator
module, the penetration depth of the FDS is adjusted to 20 cm, and
the forward speed of all working components is set to 1 m/s. The
downward movement speed of the RDP is set to 0.004 m/s, and the
rotational speed of the spiral leveler is set to 60 r/min. In the EDEM
simulator module, the fixed time step is set to 2x10~° s, the grid cell
size is set to 3 times the particle radius, and the total simulation time
is5s.

1. RDP 2. Spiral soil leveler 3. Soil deflector 4. Soil bin 5. FDS
Figure 10  Overall simulation model diagram

4.2 Test factors and evaluating indices

Through theoretical analysis and preliminary experiments, the
test factors are determined to be the soil-lifting angle x;, minimum
element angle x,, and maximum element angle x; of RDP. Based on
the theoretical analysis results and considering the rationality of test
design and manufacturing, the range of the soil-lifting angle is
further determined to be 20°-50°, the range of the minimum element
angle is 35°-45°, and the range of the maximum element angle is
40°-50°. To explore the optimal parameters of the three factors (soil-
lifting angle, minimum element angle, and maximum element
angle), a three-factor and three-level Box-Behnken test is
conducted. The test factors and levels are listed in Table 4.

Table 4 Code of test factors

Experimental factors

Code Soil lifting Minimum element Maximum element
angle x,/(°) angle x,/(°) angle x4/(°)
-1 20 35 40
0 35 40 45
1 50 45 50

The slope stability coefficient is used as the test index for
ditching performance. As shown in Figure 11, a horizontal reference
line is established directly above the soil surface, and 11 equidistant
cross-sections of the soil bin are taken along the forward direction.
The horizontal line at the furrow bottom is fitted using the plane
coordinates of the soil particles at the bottom of the cross-sections.
The distance between the horizontal bottom line and the horizontal
reference line is denoted as 4.

Horizontal reference line

w0
horizontal line

Figure 11 Test index measurement method

The distance from the first cross-section furrow bottom
horizontal line to the horizontal reference line is /4,. The slope value
of each cross-section furrow bottom is denoted as D;=h;+h; ;. The
calculation method for the slope stability coefficient is as follows:

(10)
x 100%

where, N, is the number of cross sections; D; is the group j slope
value; D, is the average slope value; D, is the slope stability
coefficient.
4.3 Simulation process and analysis of soil particle movement
As shown in Figure 12, taking the parameter combination of
soil-lifting angle 35°, minimum element angle 40°, and maximum
element angle 45° as an example, the movement of soil particles
during the ditching process in the simulation test is analyzed. The
FDS breaks and cuts into the soil first, thus causing a greater
disturbance to the soil. The soil displaced by the FDS operation,
under the guidance of the soil deflector and the spiral leveler, flows
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towards both sides of the furrow. The movement speed of soil
particles gradually decreases, which is beneficial for surface
leveling. The moldboard surface of the RDP creates a greater

Time: 0.50002s Time: 1.00004s

Velocity/(m-s™) Velocity/(m-s™)
1.00 1.00
0.80 0.80
0.60 0.60
0.40 ( ( 0.40
0.20 0.20
0 0
a.05s

Time: 2.0008s Time: 2.5001s

Velocity/(m-s™) Velocity/(m's™)
1.00 1.00
0.80 080  I»
0.60 0.60 E
040 040 <
0.20 0.20
0 0

d.2.0s

b.1.0s

e.25s

disturbance to the soil, and the side plate effectively prevents soil
from flowing back, which helps maintain the integrity of the furrow
shape.

Time: 1.50006s
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0.20
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Figure 12 Simulation diagram of FDS and RDP

4.4 Simulation test results

Data from the stable stage were selected for analysis, and the
test results are shown in Table 5. A quadratic regression analysis of
the test results was performed using Design-Expert 8.0.6 software,
and a multiple regression fitting was conducted to obtain the
regression equation for the evaluation index D,,.

Table 5 Simulation test results

Test factors Evaluation index

No. X Xy X3 Dp/%
1 -1 -1 0 88.61
2 1 -1 0 95.95
3 -1 1 91.92
4 1 1 96.01
5 -1 0 -1 88.97
6 1 0 -1 94.68
7 -1 0 1 90.91
8 1 0 1 96.03
9 0 -1 -1 92.68
10 0 1 -1 93.52
11 0 -1 1 93.46
12 0 1 1 93.88
13 0 0 0 92.63
14 0 0 0 91.98
15 0 0 0 93.46
16 0 0 0 92.74
17 0 0 0 92.25

Table 6 presents the analysis of variance (ANOVA) for the
slope stability coefficient. The test results (p<0.01) indicate that the
test model is significant, and the regression model is statistically
meaningful. Among the main factors, the soil-lifting angle has the
most significant impact on the evaluation index, followed by the

minimum and maximum element angles, both of which also
significantly affect the evaluation index. The order of influence of
each factor on the slope stability coefficient is soil-lifting angle
>minimum element angle>maximum element angle. Among the
interaction terms, the soil-lifting angle and the minimum element
angle have a significant impact on the evaluation index, while other
interaction terms are not significant. The lack of fit p=0.4051
(»>0.1) is not significant, indicating that there is a significant
quadratic relationship between the evaluation indices and test
factors. The regression equation between the factors and evaluation
index is as follows:

D,=61.64944+0.618 83x,+0.49492x,+0.110 75x; —0.010 833x; x,

an
Table 6 Variance analysis of slope stability coefficient
Source of variation Sum of squares DF Mean square F-value  p-value
Model 71.64 9 7.96 2278 0.0002%**
X 61.94 1 61.94 177.29  <0.0001%**
X, 2.68 1 2.68 7.67 0.0277%*
X3 245 1 2.45 7.02 0.0330%*
X1, 2.64 1 2.64 7.56  0.0285%*
X1 0.087 1 0.087 0.25 0.6330
XoX3 0.044 1 0.044 0.13 0.7328
x% 0.054 1 0.054 0.16 0.7053
x 1.64 1 1.64 4.69 0.0670
x 0.093 1 0.093 0.27 0.6209
Lack of fit 1.18 3 0.39 1.24 0.4051
Pure error 1.27 4 0.32
Cor total 74.09 16

Note: *** means highly significant (p<0.01), ** means very significant (0.01<
p<0.05), * means significant (0.05<p<0.1).
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4.5 Response surface analysis and optimal parameter
determination

The data were processed using Design-Expert 8.0.6 software,
and the response surface showing the significant interaction
between factors and the evaluation index was obtained. For the
slope stability coefficient, the interaction effect between the soil-
lifting angle and the minimum element angle is shown in Figure 13.
When the minimum element angle is determined, the slope stability
coefficient increases with the increase in the soil-lifting angle, and
the optimal range for the soil-lifting angle is 46.21°-49.52°. When
the soil-lifting angle is determined, the slope stability coefficient
increases with the increase in the minimum element angle, and the

optimal range for the minimum element angle is 42.09°-44.86°.

Slope stability coefficient/%
50

45
40 .
35

20

Soil lifting angle/(°)

36 38 40 42 44
Minimum element angle/(°)

Figure 13 Response surface between soil-lifting angle and
minimum element angle

To obtain the optimal structural parameters of the RDP, the
regression model was optimized using the constraint objective in the
optimization module of Design-Expert 8.0.6 software. The
optimization constraints, objectives, and constraint functions were
selected based on actual operations and related theories.

max D, (x;,X,,X3)
40° < x, <50°

s.t. ¢ 40° <x, <45°
45° < x; <50°

(12)

The objective function was optimized to obtain multiple
optimized parameter Considering the actual
manufacturing conditions, the optimal parameter combination was
selected as follows: the soil-lifting angle is 50°, the minimum

combinations.

Laser transmitter ————ﬁ
" ‘I

a. Schematic diagram of measurement method

element angle is 35°, and the maximum element angle is 40°, with a
corresponding slope stability coefficient of 95.95%.

5 Field test

5.1 Field test conditions

The field test was conducted in October 2023 at the
Mechanized Production Demonstration Test Field in Shandong
Province (115°48'49.82"E, 35°25'11.89"N), as shown in Figure 14.
The test plot was treated with rotary tillage and the overall soil
conditions were consistent with the characteristics of high-moisture
soil typically found in rice-wheat rotation areas in China. The
average soil moisture content within the 0-400 mm soil layer was
33.17%, the soil bulk density was 1.61 g/cm’, and the average soil
compactness was 693.58 kPa. The operating speed of the tractor was
1 m/s, and the length of the straight operating section was 40 m,
with the middle 33 m selected as the data measurement section.
Eleven measurement points were selected at equal intervals, with
the first measurement point serving as the reference point. The other
measurement points were sequentially numbered, and each
experimental group was repeated three times.

Laser transmitter

Tractor

{ Sloped drainage furrow

Figure 14 Field operation

5.2 Surveying and mapping of drainage furrow cross-section
As shown in Figure 15, the laser orthogonal measurement
method was used to survey and map the drainage furrow cross-
section at the measurement point. The laser transmitter was placed
on the ground, and two positioning rods were placed vertically on
both sides of the furrow surface at the measurement point.
Adjustable scale rulers were fixed on the positioning rods as the
horizontal measurement reference. The vertical positions of the
scale rulers were determined by the laser transmitter, ensuring that
the measurement reference remained horizontal. When surveying
and mapping the drainage furrow cross-section, the center of the
furrow was used as the vertical distance reference. The vertical
distance between the horizontal reference and the furrow bottom, as
well as the furrow walls, were measured and recorded at 20-mm
intervals on both sides. When surveying and mapping the plane
shape on both sides of the drainage furrow, the same method was

b. Data measurements

Figure 15 Surveying and mapping of drainage furrow cross-section
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applied to measure and record the distance between the horizontal
reference and the furrow surface at 100-mm intervals. The above
measurement data were processed using Excel software to generate
cross-section diagrams.
5.3 Field test indices

Currently, the performance evaluation indices of the combined
sowing and ditching machine mainly include furrow dimensions
and the stability coefficient, but the evaluation objects are limited to
level furrows. Since the furrows formed by the machine in this
study have a slope, the furrow shape will change due to the ditching
slope. Based on the actual conditions observed in the field pre-tests,
the slope stability coefficient and slope accuracy coefficient are
determined as the test indices for the ditching operation. The
calculation methods of the slope stability coefficient and slope
accuracy coefficient are as follows:

(13)

100 ™
——

98-+

96

p T

92

90_.,,—-\___*_'——!\_./'\/-
88
86
84

Slope stability coefficient

20 \ \ \ \ \ \ \ \ \ )
1 2 3 4 5 6 7 8 9 10

Measurement point number
a. The slope stability coefficient of different measurement point

where, P; is the slope value of the measurement point; p is the
average slope value; o, is the standard deviation of slope value; Uy
is the slope stability coefficient; NV, is the number of measurement

points, N,=10.

(14)

U;:( —%})xum%

0

where, P is the slope value of the measurement point; P, is the
slope value of the laser plane; o7, is the relative slope standard
deviation; U, is the slope accuracy coefficient.
5.4 Results and discussion

Three different furrowing slopes are set. The furrowing slope
corresponding to Group A is the slope with a height difference of
30 cm in a plot with a length of 50 m; the furrowing slope
corresponding to Group B is the slope with a height difference of
20 cm in a plot with a length of 50 m; and the furrowing slope
corresponding to Group C is the slope with a height difference of
10 cm in a plot with a length of 50 m. Under three different slope
values, the furrowing device can create trapezoidal drainage furrows
with obvious slope, which is conducive to the drainage of field
ponding. The field test results are shown in Figure 16.

100 = A
ot =B
—C
96
94
92t
90-‘\.——’/"—\\/'4
88 | B D A<
86|
84
82

30 \ \ \ \ \ \ \ \ \ )
1 2 3 4 5 6 7 8 9 10

Measurement point number
b. The slope accuracy coefficient of differentmeasurement point

Slope stability coefficient

Figure 16 Field test results

As shown in Figure 16, as the slope value increases, the slope
stability coefficient decreases. However, the slope stability coeffic-
ient under all three slope settings is greater than 85%, which meets
the operational standards for wheat sowing and drainage ditching.
Under the three slope settings, the slope accuracy coefficient of the
ditching device is also greater than 85%. Group B exhibits the
highest accuracy coefficient, likely because the furrow depth in
Group B is within the optimal working depth range for the device.

The cross-section of the drainage furrow in Group B is
presented in Figure 17. To enhance the clarity of the cross-section
curve in the figure, measurement points 2, 4, 6, 8, and 10 are
selected to display, corresponding to line a, b, ¢, d, and ¢ in the
figure. The cross-section of the drainage furrow is trapezoidal, with
varying furrow depths at different measurement points, forming a
sloped drainage furrow. Both sides of the furrow are relatively flat.

The slope
performance of the ditching device, while the slope accuracy
coefficient represents the deviation between the actual operation

stability coefficient reflects the operational

and the set value, both of which have a significant influence on the
drainage effect of the furrow. A slope stability coefficient greater
than 89% indicates that the furrowing device has better operational

stability. A low slope stability coefficient may lead to furrow
deformation, thereby affecting drainage efficiency. The reduction in
the slope accuracy coefficient can be attributed to several factors.
First, machine vibration plays a critical role in affecting slope
accuracy, particularly when operating on uneven terrain. Such
vibrations can induce instability in the measurement data, resulting
in systematic errors. Second, errors in the laser transmission and
reception process may also affect slope accuracy. In complex field
environments, laser signals may experience interference or
attenuation, leading to measurement discrepancies.

Section shape at point a —— Section shape at point d
Section shape at point b — Section shape at point e
= Section shape at point ¢
£ 500
7 300
(o]
==
S Too N/
EO......u./........
> QQQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ QQ
N AR R Y AV O)\Q\\\"\;\"‘)\b‘\‘)\b

Horizontal position/mm

Figure 17 Mapping diagram of sloped furrow cross-section in
group B test
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In comparison to the simulation results, the slope stability
coefficient in the field tests is lower, and this discrepancy can be
attributed to the complexity and variability of the field environment.
Field tests are conducted under natural conditions, where factors
such as soil moisture content, terrain slope variations, and dynamic
machine responses may all influence ditching accuracy. In contrast,
simulation tests are typically conducted under idealized conditions,
assuming uniform soil properties, stable operating environments,
and optimal machine performance. Consequently, simulation results
are generally more idealized than those observed in field tests. In
the rice-planting areas of the middle and lower Yangtze River, the
furrow-ditching operation for sowing wheat or rapeseed is typically
carried out using either active or passive methods. The passive
furrow-ditching device is characterized by a simple structure;
however, it exhibits relatively poor operational stability and limited
soil fragmentation capabilities. The active furrow-ditching device is
suitable for high-speed operations and can effectively fragment the
soil, but it generates significant vibrations. This study employs a
laser alignment system to achieve precise slope ditching, making
the use of active rotary ditching unsuitable. Compared to existing
passive furrow-ditching devices, although there is no significant
improvement in ditching stability, the proposed method can
effectively create sloped drainage furrows, thereby significantly
improving the drainage of field waterlogging.

6 Conclusions

This paper designed a rear ditching plow, which can be
combined with the front ditching shovel to create a sloped drainage
furrow. The working principle of the front shovel and rear plow
combination ditching device was explained, and the relative
positional relationship between the FDS and RDP on the wheat
seeder was determined. Through force analysis, the main factors
affecting the operational performance of the RDP were identified as
the soil-lifting angle, the minimum element angle, and the
maximum element angle, and the value ranges were determined.

The discrete element method was used to study the effect of
different structural parameter combinations of the RDP on slope
stability. Through parameter optimization, the optimal parameter
combination was determined, with a soil-lifting angle of 50°, a
minimum element angle of 35°, a maximum element angle of 40°,
and a slope stability coefficient of 95.95%.

The optimal parameter combination obtained from the
simulation was used to manufacture the ditching components, which
were then installed on the wheat seeder for field tests. The test
results show that the ditching device can effectively create sloped
with both the slope
coefficient and slope accuracy coefficient exceeding 85%, meeting

trapezoidal drainage furrows, stability
the local agronomic planting requirements and improving the
drainage effect during wheat sowing in rice-stubble fields.
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