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Behavioral analysis of soil-straw movement in saline-alkali land during

rotary tillage using discrete element method
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Abstract: Considering the problems of a low soil fragmentation rate and low straw mulching rate in the traditional rotary tiller
tillage mode in the saline-alkali land, the layered stubble and soil crushing rotary tillage knife was designed, and the key
structural parameters were determined by the analysis of rotary tillage knife-soil-straw movement. The soil-straw movement
behavior in saline-alkali land under different working parameters of rotary tillage was analyzed, and the discrete element
modeling of soil-straw-rotary tillage in saline-alkali land was established. In addition, the dynamic process of soil-straw
aggregate fragmentation in saline-alkali land from a microscopic perspective was systematically explored. Combined with
experimental optimization analysis, the optimum working parameters of the saline-alkali rotary tiller were obtained with a
forward speed of 2.02 km/h, a working depth of 178.83 mm, and a rotation speed of 324.48 r/min. To verify the field
performance of the machine, the soil fragmentation rate, straw burial rate, and tillage depth stability were chosen as test indices
for the field trial. The average soil fragmentation rate was 91.85%, the average straw returning rate was 91.09%, and the
average stability of tillage depth was 91.12%, indicating that the designed rotary tiller can effectively improve soil crushing and
straw burial in saline-alkali land and meet the basic requirements of high-performance seedbed preparation in saline-alkali land.
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1 Introduction

Saline and alkaline land is an important reserve of arable land
in China. There are 100 million hm’ of saline and alkaline land
resources in China, while only about 7.6 million hm? of saline and
alkaline arable land can be directly utilized. The rational
development and utilization of saline and alkaline land is of great
significance to guarantee national food and oil security!*. However,
at present, the soil in saline soils is severely compacted, and the
existing rotary tillers cannot be adapted to the characteristics of
saline soils. There are problems of low soil fragmentation, high
power consumption, and poor straw mulching during cultivation.
Therefore, there is an urgent need for a high-performance seed bed
preparation device that can be used in saline-alkali floor soil and
high residue of wheat stubble®™*.

At present, there is a lack of research on the interaction
machinery, soil, and straw.

mechanism  between tillage

Systematically exploring the movement laws and distribution
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effects of straw and soil under the action of different tillage
machinery can help to fully understand the interaction mechanism
between straw soil machinery, and is of great significance for
optimizing the design of tillage machinery”. However, traditional
experimental methods cannot determine the movement patterns of
straw and soil due to complex factors such as soil properties and
machine working parameters during the operation process'*'l. The
EDEM can assess the mechanisms of soil component-soil
interaction and elucidate the dynamic processes in the soil!'>".
Scholars, have conducted
numerous studies based on discrete elemental tillage modeling,

both domestic and international,
mainly involving the assessment of post-tillage mechanical indices
and the analysis of soil morphology and fine-scale displacements*'"\.
Saunders et al.'” systematically analyzed the influence of
parameters such as plough forward speed, operating depth, and soil
entry angle on soil movement. Combined with field experiments, it
was shown that EDEM can effectively evaluate soil movement
mechanisms. Azimi-Nejadian et al.'® analyzed the relationship
between plough surface structural parameters and working
parameters on weed burial performance and soil movement. They
used a tracer for weed and soil identification, and experiments
showed that EDEM could be a tool for optimizing the operational
performance of soil-touching components. Torotwa et al.!'
conducted a study on the interaction between straw soil biomimetic
discs in indoor soil troughs, and the results showed that compared to
ordinary discs, biomimetic discs had lower tillage resistance and
higher straw cutting efficiency. Farid et al.”” conducted field
experiments to study the grass burying effect of a plow with a grass
blocking board, and pointed out that as the advancing speed

decreases, the straw burying rate increases. Huang et al.”" studied
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the interaction between device-soil-straw, and determined the
optimal combination of structural parameters for the grass soil
separation device based on field experiments. Guo et al.*?
conducted comparative field experiments and analysis on soil and
straw displacement under two tillage methods of forward and
reverse rotary tillage. The results showed that the soil and surface
straw displacement of reverse rotary tillage was greater than that of
forward rotary tillage. However, with the increase of blade rotation
speed, the displacement of reverse rotary tillage decreased while
that of forward rotary tillage increased. Xu et al.” investigated the
influence of key operational parameters under the interaction of
straw soil rotary tiller on straw displacement and burial effect. The
results showed that the primary and secondary factors affecting
straw burial rate and displacement were tillage depth, straw length,
and cutter shaft speed.

In order to improve the efficiency and quality of cultivation in
saline alkali land and clarify the dynamic relationship between
rotary tiller-straw-soil, this paper designed layered stubble and soil
crushing rotary tillage knife and realized the layered crushing of soil
and straw, analyzing the saline soil-straw dynamics under different
operating parameters of rotary tillers from a microscopic
perspective. Combined with field performance verification tests, the
optimal structural and operating parameters of the machine were
determined, providing theoretical techniques and experimental
solutions for the design and optimization of subsequent rotary tillers
for the saline-alkali land.

2 Experiment materials and methods

2.1 Overall structure of layered stubble and soil crushing
rotary tiller

As shown in Figure 1, the rotary tiller includes a soil breaking
plow, three-point suspension, horizontal cover, transmission system,
rotary tillage shaft, layered stubble and soil crushing rotary tillage
knife, and so on. The layered stubble and soil crushing rotary tillage
knife is mainly divided into the upper short-edged stubble knife and
the lower long-edged soil crushing knife, which improves the
efficiency of straw crushing and soil fragmentation rate in saline
alkali land. During the operation, the rotary tillage knife carries out
the straw-soil agglomerate crushing operation from far and near,
from top to bottom, and the straw-soil agglomerate is crushed the
second time from the action of the crushed soil cover plate so as to
realize the soil crushing and the straw burying and mulching. The
basic parameters of the rotary tiller are listed in Table 1.

9 10 11 12 13

1. Soil breaking plow 2. Bearing compartment 3. Three-point suspension 4. Right
rotary tillage blade 5. Left rotary tillage blade 6. Left side plate 7. Horizontal
cover 8. Frame 9. Transmission system 10. Plow blade 11. Rotary tillage holder
12. Rotary tillage shaft 13. Right side plate

Figure 1 Mechanical structure of layered stubble and soil

crushing rotary tiller

Table 1 Basic indicators of the rotary tiller

Parameters Value
Dimension/mm 1050%2080x1150
Forward velocity/km-h'! 1-5
Tillage depth of stubble knife/mm 0-220
Rotation speed of returnable knife/r-min! 280-340
Working width/mm 1800
Motive power/kW >90

2.2 Analysis of layered stubble and soil crushing rotary tillage
blade-soil-straw dynamics

The layered stubble and soil crushing rotary tillage knife is
mainly divided into the upper short-edged stubble knife and the
lower long-edged soil crushing knife. To ensure the soil throwing
performance and straw burial performance of the rotary tillage
blades, the motion trajectories of the long-edged knife and the short-
edged knife are trochoidal®*!, as is shown in Figure 2. The motion
trajectories of the long-edged knife endpoint M and the short-edged
knife endpoint N were obtained.

Note: v,, is the forward velocity of the implement, m/s; R, is the turning radius of
the long-edged knife, mm; R, is the turning radius of the short-edged knife, mm;
w, is the angular velocity, rad/s; n is the phase angle between long-edged knife
and short-edged knife.
Figure 2 Trajectory of layered stubble and soil crushing rotary
tillage blade

X, =Vt + R, cos(w 1)
Y1 = —R;sin(w1)
(1)
X, =Vt +R,cos(w,t+1)
y2 = =R, sin(w,t+1)
where, ¢ is the working time of rotary tillage, s.
The absolute velocity of the long-edged knife endpoint M is:

Vi = \/vfx +vi, = \/v2 +R*w? —2v,,R,w, sin(w; 1) (2)

m

The absolute velocity of the short-edged knife endpoint N is:

Vy = \/vgx +v3, = \/vf” +R:w? - 2v,,R,w, sin(w; 1) (3)

In the process of stubble crushing, the short-edged stubble
cutter and the long-edged crushing knife need the characteristics of
no entanglement, no soil, and low working resistance. Taking Q,
and Q, as the stress points, the dynamic analysis of soil-straw
aggregates is carried out, as shown in Figure 3.

T, = N tanrt,
Ji=pN,

M = tangp

T, > fi

4)

where, 7. is the dynamic sliding angle, (°); u is the friction angle of
soil-rotary tiller, (°); ¢ is the friction coefficient of soil-rotary tiller;
T, is the tangential force of side cutting edge.
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Note: w, is the angular velocity, rad/s; r,, is the starting radius of the side cutting
edge curve of long-edged soil crushing knife, mm; r, is the termination radius of
the side cutting edge curve of long-edged soil crushing knife, mm; A is the tilling
depth, mm; N, is the normal reaction force on straw-soil from long-edged knife,
N; N, is the normal reaction force on straw-soil from short-edged knife, N; 7 is
the normal force of side cutting edge curve of long-edged knife, N; T, is the
normal force of side cutting edge curve of short-edged knife, N; P, is the
tangential force of motion trajectory of long-edged knife, N; P, is the tangential
force of motion trajectory of short-edged knife, N; £ is the friction force on straw-
soil aggregates from long-edged knife, N; f, is the friction force on straw-soil
aggregates from short-edged knife, N.
Figure 3 Dynamics analysis of soil cutting process

This paper takes the Q, point of the long-edged soil crushing
knife as the object of study for the dynamics analysis. To reduce the
working resistance of the layered soil cutting rotary tiller, it is
necessary to reduce the normal force on the tangent blade curve and
increase the tangential force on the tangent blade curve. The
following conditions need to be met:

fi<T,
UN, < N, tant,

)

Nitang < N,tant,

p<T,

To ensure the sequential cutting of straw soil aggregates by the
long-edged knife, the side cutting edge curve of the long-edged
knife is selected as the sequential cutting-edge curves, which can
further improve the soil fragmentation rate and reduce the working
resistance during the cutting process. The equation of the side
cutting edge curve was obtained.

r.(r, — H)
Fo = (6)
(r,— H)cos Ky, — \/r2—(r,,— H'sinKg,

where, r, is the side cutting edge curve of long-edged knife; K is the
static sliding angle decreasing ratio of long-edged knife edge curve;
¢, is the polar angle of side cutting edge curve, °.

Due to the depth of wheat straw ranging from 100-140 mm and
the weed depth of 120-170 mm, in order to ensure effective cutting
with the long-edged knife, the tillage depth of the long-edged knife
is designed to be 180 mm, the turning radius is 250 mm, and the soil
cutting pitch is 110 mm. Combining the results of the friction test,
the friction factor between straw and steel is 0.68, and the friction
angle is 34.53°. Therefore, the dynamic sliding cutting angle is
greater than 34.53°, the starting point of the long-edged side cutting
edge has a dynamic sliding cutting angle of 35°, and the ending
point has a dynamic sliding cutting angle of 60°. The distance
between two adjacent knives is 145 mm and the angle between two
adjacent knives is 165°.

The short-edged knife side cutting curve adopts a positive
rotation index curve, which can prevent straw weed entanglement,
and the curve equation was obtained:

1

sint, K
=P (sin(‘ro - KQI)) )
where, r, is the side cutting edge curve of short-edged knife; K is
the static sliding angle decreasing ratio of short-edged knife edge
curve; p; is the polar radius of the short-edged knife edge curve,
mm; 7, is the static sliding angle of short-edged knife, (°); 6, is the

arbitrary polar angle of the short-edged knife edge curve.

The short-edged knife was designed with a tillage depth of
100 mm, a turning radius of 200 mm, a soil cutting pitch of 90 mm,
and a starting radius of 110 mm for the side cutting edge curve. A
static sliding cutting angle of 53° was determined for the side
cutting edge, with a decreasing static sliding cutting angle ratio
of 0.05.

The design standard for tangent-edged curves meets the
requirements of soil turning performance while minimizing working
resistance. To ensure that the working performance of the tangent-
edge and the side cutting-edge of the layered stubble and soil
crushing rotary tillage knife is the same and smoothly transitioned,
the tangent-edge of the long-edged knife adopts the sequential
cutting edge curves, and the tangent-edged curve of the short-edged
knife adopts a positive rotation index curve.

In order to reduce the phenomenon of soil and grass
entanglement between the tangent-edge of long-edged and short-
edged knives, it is necessary to reduce the overlapping area between
tangents as much as possible®". In this study, the working width of
the tangent section of the long-edged knife B, is 95 mm, the
working width of the tangent section of the short-edged knife B, is
75 mm, the bending radius of the long-edged knife & is 60 mm, the
bending radius of the short-edged knife ¢, is 45 mm, the bent angle
of long-edged knife is 75°, and the bent angle of short-edged knife
is 65°, as shown in Figure 4.

Note: B, is the working width of the tangent section of the long-edged knife, mm;
B, is the working width of the tangent section of the short-edged knife, mm; ¢ is
the bending radius of the long-edged knife, mm; &, is the bending radius of the
short-edged knife, mm; « is the bent angle of long-edged knife, (°); @, is the bent
angle of short-edged knife, (°); L is the starting point of the side cutting edge of
the long-edged knife; L, is the starting point of the tangent cutting edge of the
long-edged knife; L, is the endpoint of the tangent cutting edge of the long-edged
knife; K is the starting point of the side cutting edge of the short-edged knife; K,
is the starting point of the tangent cutting edge of the short-edged knife; K, is the
endpoint of the tangent cutting edge of the short-edged knife.
Figure 4 Overall structure of layered stubble and soil crushing
rotary tillage

In order to further analyze the mechanism of straw-knife shaft
twisting during rotary plowing process, a kinetic model of the straw
entanglement process was established, as shown in Figure 5. It is
assumed that wheat straw, weeds, and other tangles are wound side
by side on the cutter shaft and that the tangles are uniform in
thickness and tensile strength. The centrifugal force generated by
the rotation of the cutter shaft is ignored.
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Note: dFy is the positive pressure of the tool axis on the micro-arc segment, N; aq
is the angle of wrapping corresponding to the wheat straw and weeds, (°); dey is
the angle of wrapping corresponding to the micro-arc segment, (°); dF, is the
tangential force of the tool axis on the micro-arc segment, N; F, is the tension at
both ends of the micro-arc segment, N; e, is the angular velocity, rad/s; R, is the
inner diameter of cutter shaft, mm; O; and O, are the critical points for wheat
straw and weed breakage, respectively; F; and F, are the critical tensile forces of
wheat straw and weed breakage, respectively, N; dL is the length of straw
wrapping material, mm.
Figure 5 Dynamic analysis of the grass twisting process
of the cutter shaft

d d
dFy = Fysin % +(Fy+dF,)sin %
da, ®

d
fdFy = (Fy +dF,)cos % - Fycos

where, fdFy is the friction between knife shaft and wheat straw and
weeds, N.
In this study, the microelement method is used to simplify the

calculation.
sin 9% _ 9%
2 2
d
cos % =1 )

da,
ar, (52) =0

LF ‘% = fo fday

L

F,=Fe'wn

(10)

where, L is the length of straw wrapping material, mm; f is the
friction coefficient between straw and blade shaft.

S =2mR, (11)

where, S is the length of straw wrapping material, mm.

Combining Equation (10), the main factors affecting the
winding of the rotary tiller blade shaft were identified as follows:
length of straw wrapping material L, friction coefficient between
straw and blade shaft f; and the radius of rotary tiller shaft. The
height of weeds and wheat straw residues on the surface of saline
alkali land is between 250-450 mm, and to avoid entanglement
between the blade and roller, combined with Equation (11) the
diameter of the rotary tillage blade shaft is 143 mm.

The rotary tiller is arranged in the manner of a double helix on
the blade shaft in order to ensure that the congestion phenomenon
does not occur on the adjacent rotary tillage knife cutting area. The
design of the same cross-section of the arrangement of two rotary
plow knives, the same cut soil area two rotary plow knives
clamping angle of 180°, and the distance between the two
neighboring rotary tillage knives installation is 113 mm. The rotary
tillage knife arrangement is shown in Figure 6.

360° = = X

-’/‘ﬁ/ / \ Sl
4\ _!;y/ . /T‘F ‘ﬂ\;‘\ N ol
" ORLT R SRS
T AL Vi I N
S m CLEEEN
180° =¥ A7 S =
2 LA 1= =T \;ﬁ
. : , NN ;
RS |l 7S 7// \\!- \ag'ﬂ
1/ Y e/ A= N
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1. Right long-edged rotary tillage knife; 2. Right short-edged rotary tillage knife;
3. Left long-edged rotary tillage knife; 4. Left short-edged rotary tillage knife
Figure 6 Schematic diagram of rotary tillage knife arrangement

3 Discrete element simulation test

3.1 Soil particle discrete element modeling

This paper mainly focuses on discrete element modeling of
saline soils in the Yellow River Delta region, investigating the
distribution of salt content in saline alkali soil from 0-210 mm. The
test results showed that the salinity of 0-70 mm saline soil was
1.5%0-2.5%o0, which was a low salinity soil layer. The salinity of 70-
140 mm saline soil was 2.5%0-3.5%o, which was a medium salinity
soil layer, and the salinity of 140-210 mm saline soil was 3.5 %o-
5.5%o, which was a high salinity soil layer. The cultivated layer of
saline alkali soil was divided according to the salt content level of
different soil layers, with 0-70 mm defined as shallow soil, 70-
140 mm as middle soil, and 140-210 mm as deep soil. The basic
physical properties of saline soils are the basis for ensuring that the
simulation test, such as soil density, soil moisture content, and soil
firmness. The specific test results are listed in Table 2.

Table 2 Parameters of soil physical properties

Soil depth/mm  Soil density/g/cm’ Soil moisture content/% Soil firmness/KPa

0-70 1.35 16.35 492.42
70-140 1.43 15.54 723.85
140-210 1.56 17.73 945.63

Mean value 1.45 16.54 720.63

Combined with the above analysis of the basic physical
properties of the soil, this paper sets the radius of the soil particles
as 5 mm. At the same time, it adopts the combination of discrete
element particles to define the following three types of soil: single-
grained soil model, double-grained soil model, and block soil
model, as shown in Figure 7. To simulate the soil-soil fragmentation
state during the actual rotary ploughing and stubble removal
operation, this paper combines the previous research foundation of
the research group™- ", and the main contact parameters and
physical properties of soil particles are determined, as listed in
Table 3.

18 mm

10 mm

4

Figure 7 Soil discrete element particle model

16 mm
19 mm

21 mm

3.2 Wheat straw particle discrete element modeling

In order to systematically analyze the basic physical properties
of surface straw, a measurement area of 1 mx1 m was randomly
selected for the measurement of wheat straw length and quality
parameters. The test results are listed in Table 4.
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Table 3 Soil discrete element model parameters

Table 5 Wheat straw element model parameters

Parameters Values Parameters Values
Soil density/kg-m™ 1380 Wheat straw density/kg-m™ 235
Soil Poisson’s ratio 0.41 Wheat straw Poisson’s ratio 0.39
Shear modulus of soil/Pa 2.3x10° Shear modulus of wheat straw/Pa 1.0x10°
Coefficient of recovery of soil particles 0.59 Coeftficient of recovery of wheat straw 0.43
Coefficient of static friction of soil particles 0.55 Coefficient of static friction of wheat straw 0.11
Coefficient of rolling friction of soil particles 0.13 Coefficient of rolling friction of wheat straw 0.05
Soil particle bonding radius/mm 5.20 Wheat straw particle bonding radius/mm 3.50
Critical tangential stress of soil particles/Pa 2.0x10° Critical tangential stress of wheat straw/Pa 6.0x10°
Critical normal stress of soil particles/Pa 3.0x10° Critical normal stress of wheat straw/Pa 4.0x10°
Soil particle tangential bond stiffness/N-m' 3.5x10° Wheat straw particle tangential bond stiffness/N-m 5.5%10°
Soil particle normal bond stiffness/N-m 2.3x10° Wheat straw particle normal bond stiffness/N-m 4.3x10°

Table 4 Parameters of straw physical properties of 1 m*

Type 1 Range of Average Dimensi.ons of Dimcnsipns of Average
engths/mm length/mm long axis/mm  short axis/mm  mass/g
A 0-50 48.5 8.5 32 384.75
B 50-150 114.6 18.3 11.4 172.48
C 150-200 173.7 22.5 13.7 86.82
D 200-250 228.4 24.8 16.5 73.21

According to the basic physical parameters of straw in Table 4,
four different types of straw discrete metamodels were established,
as shown in Figure 8. In order to simulate the dynamic desorption
relationship between straw and soil, the straw-soil discrete element
bonding model was established, in which the particle bonding
radius is 2 mm. Combined with the previous research foundation of
the research group and related research”' ™, the main contact
parameters and physical properties of straw were determined, as
listed in Table 5.

16.5 mmE
é 228.4 mm i | i g
9 o
<
(o]
13.7 mm
173,700 N % £
E 7 0
™
(o}
11.4 mm
94.6 mm A g
«
o0

3.2rm'nE
&
oo

Figure 8 Discrete meta-model of wheat straw

52.8 mm

3.3 Discrete element modeling of soil-straw

As shown in Figure 9, to meet the actual operating conditions, a
discrete element model of straw-soil agglomerate was established in
this paper. The dimensions of the soil bin are 2100 mmx
2000 mmx210 mm, and the total number of soil particles is
500 000. Meanwhile, the mass of straw type A is 1539 g, the mass
of straw type B is 659.92 g, the mass of straw type C is 347.28 g,
and the mass of straw type D is 292.84 g. To ensure the accuracy of
the simulation test, the experimental simulation step was set to
3.1x10°, the grid cell size was set to 3 mm, and the data acquisition
time interval was set to 0.01 s®1. At the same time, the three-
dimensional model of the rotary tiller was saved in IGS format and
imported into the discrete element model of straw-soil agglomerate
for the working parameter settings"**! according to GB/T5668-
2017, in which the forward speed was 1 km/h, the rotational speed
of the cutter shaft was 280 r/min, and the working depth was
160 mm for the rotary tillage and stubble test of wheat straw; the
total simulation time is 5.5 s. Combined with additional
references™*, the main contact parameters and physical properties
of the rotary tiller were determined, as listed in Table 6. To
investigate the straw-soil movement law in the test process, this
paper selects six rows of straw from L;-L as well as shallow soil 0-
70 mm, middle soil 70-140 mm, and deep soil 140-210 mm for
dynamic analysis of the stubble crushing operation process.
3.4 Analysis of dynamic relationship between rotary tiller-soil-
straw

This paper systematically investigates the relationship between
soil-straw dynamics at different depths under the action of layered
stubble and crushing soil rotary tillage. The short-edged rotary
tillage knife mainly breaks up and transports wheat straw, shallow

Wheat straw

Shallow 0-70 mm
Middle 70-140 mm
Deep 140-210 mm

The bonding of soil particles

Figure 9 Discrete meta-model of soil-straw-rotary tillage knife
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Table 6 Rotary tillage knife-soil contact parameters

Parameters Values

Rotary tillage knife density/kg-m™ 7801
Rotary tillage knife shear modulus/Pa 7.97%x10"
Poisson’s ratio of the rotary tillage knife 0.3
Rotary tillage knife-soil recovery coefficient 0.64
Rotary tillage knife-soil static friction coefficient 0.18
Rotary tillage knife-soil rolling friction coefficient 0.57
Recovery coefficient of soil-straw 0.13
Static friction coefficient of soil-straw 0.46
Rolling friction of soil-straw 0.01
Rotary tillage knife-straw recovery coefficient 0.58
Rotary tillage knife-straw static friction factor 0.37

Coefficient of rolling friction rotary tillage knife-rotary tillage knife 0.02

Time: 2.80001 s
Velocity/m-s™
8.51

Time: 3.80001 s
Velocity/m-s™!

6.81 .
5.10 .
3.40 .
1.70 .
Y
L.

0
Y
X z
a. Characterization of soil velocity changes
in saline soils at the 2.8 s simulation

moment

b. Characterization of soil velocity changes
in saline soils at the 3.8 s simulation
moment

soil, and medium soil. In an operation cycle, the short-edged rotary
tiller knife crushes the straw firstly in the process of compound
movement, and then crushes the saline shallow soil and the middle
soil aggregates in turn. At the same time, the straw-soil is thrown
backward in the direction of the tangent line at the endpoint of the
short-edged rotary tiller knife. The long-edged rotary cutter mainly
carries out the crushing and transportation of the saline-alkaline
middle soil and deep soil aggregates, and at the same time, it
cooperates with the short-edged rotary cutter to complete the burial
of wheat straw. As shown in Figure 10 and Figure 11, the soil
velocity and force changes at different depths are systematically
demonstrated from a microscopic point of view, and the particle
velocity and force limit of saline alkali soil are mainly concentrated
at the contact position between the rotary tiller and the soil.
Time: 4.80002 s

Velocity/m-s™
9.07

7.26
5.44
3.63
1.81 fgs
0

Y

bx
c. Characterization of soil velocity changes

in saline soils at the 4.8 s simulation
moment

Figure 10 Characteristics of soil velocity changes at different simulation times

Time: 2.80001 s
Total force/N
99.68

79.75
59.81

Time: 3.80001 s
Total force/N

39.87

19.94

0
Y
Jx
a. Characterization of soil mechanical

properties changes in saline soils at the 2.8 s
simulation moment

Figure 11

To investigate the influence of different salt content levels in
saline alkali land on rotary tillage performance, this article
investigates the effects of rotary tillage blades on tillage
performance at salt content levels of 1.5%o-5.5%o. Setting the rotary
tiller operating depth to 140 mm, the rotational speed of the cutter
shaft to 280 r/min, the forward speed to 3 km/h, and the quality of
wheat straw at 800 g/m’, the experimental results are shown in
Figure 12. For the soil fragmentation rate, with the increase of soil
salinity, when the soil salinity is within the range of 1.5 %o-3.5 %o,
the change in soil fragmentation rate is not significant. When the
soil salinity is within the range of 3.5 %o-5.5 %o, soil fragmentation
rate gradually decreases, with the maximum year-on-year decrease
at 9.44%. This may be due to the increase in soil salinity, which
leads to an increase in the compactness of soil straw aggregates. For
the wheat straw return rate, when the soil salinity is within the range
of 1.5%0-3.5%o, the wheat straw return rate gradually increases, and
the maximum value is 91.24%. When the soil salinity is within the
range of 3.5 %o-5.5 %o, the wheat straw return rate gradually
decreases, and the maximum year-on-year decrease was 7.42%.
This may be due to the decrease in soil fragmentation rate in saline

b. Characterization of soil mechanical
properties changes in saline soils at the 3.8 s
simulation moment
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c. Characterization of soil mechanical
properties changes in saline soils at the 4.8 s
simulation moment

Characteristics of soil force changes at different simulation times

alkali land, which decreases the rate of returning straw to the field.
This paper systematically explores the process of wheat straw

fragmentation and burial at different simulation times from the

microscopic perspective. As shown in Figure 13, the change law of
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Figure 12 Influence of soil salinity on tillage performance
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wheat straw velocity within 0-5 s and the straw burying situation
after operation was analyzed. In one operation cycle, wheat straw
realizes the whole process of crushing-displacing-burying under the
action of short-edged rotary tillage knives, and the highest velocity
of wheat straw was concentrated at the tip of the short-edged rotary
blade. In the simulation test interval of 3-5 s, the mulching of wheat

Time: 2.80001 s
Velocity/m-s™!
10

Time: 3.80001 s
Velocity/m-s™!
10

8 8
6 6
4 4
2 2
0 0

Y y

Ly Ly

a. Characterization of wheat straw velocity
changes in saline soils at the 2.8 s
simulation moment

b. Characterization of wheat straw velocity
changes in saline soils at the 3.8 s
simulation moment

straw was realized under the coordinated operation of short-edged
and long-edged rotary knives, and the mulching depth ranged from
5-10 cm. As shown in Figure 14, the wheat straw mechanics change
law and velocity change law at different simulation times are
similar, and the straw force maximum area is mainly concentrated
in the short-edged rotary blade operation area.
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Figure 13  Characteristics of wheat straw velocity changes at different simulation times
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Figure 14 Characteristics of wheat straw force changes at different simulation times

Setting the rotary tiller operating depth to 140 mm, the
rotational speed of the cutter shaft is 280 r/min, the forward speed is
3 km/h, and the salt content level is 1.5 %o. To investigate the
influence of different wheat straw content in saline alkali land on
rotary tillage performance, this article investigates the effects of
rotary tillage blades on tillage performance at wheat straw contents
of 800 g/m?, 1000 g/m? 1200 g/m?, 1400 g/m’, and 1600 g/m’; the
experimental results are shown in Figure 15.
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Figure 15 Influence of quality of wheat straw on tillage

performance

For the soil fragmentation rate, with the increase of wheat straw
content, when the quality of wheat straw is within the range of 800-
1200 g/m’, the change in soil fragmentation rate is not significant.

When the quality of wheat straw is within the range of 1200-
1600 g/m’, the soil fragmentation rate gradually decreases, and the
maximum year-on-year decrease was 8.55%. For the wheat straw
return rate, when the quality of wheat straw is within the range of
800-1200 g/m?, the wheat straw return rate gradually decreases. The
maximum value is 89.18%, and the maximum year-on-year
decrease was 18.73%. When the quality of wheat straw is within the
range of 1200-1600 g/m’, the wheat straw return rate also gradually
decreases.

In order to investigate the relationship between soil movement
and mechanical properties at different depths during the test, this
paper systematically analyzes the change rule of velocity and force
in shallow, middle, and deep soil layers. Between 2-2.5 s, the rotary
plough knife disturbed the shallow soil, middle soil, and deep soil,
and the soil produced a tendency of movement under the compound
movement of the rotary plough knife. As shown in Figure 16,
between 2.5 and 3.0 s, the soil velocity and force showed an upward
trend. In contrast, the soil in each layer moved in the tangential
direction of the endpoint of the rotary cutter. Between 3.0 and 5.0 s,
the force and velocity of each layer were in the dynamic
stabilization stage. Between 5.0 and 6.0 s, with the end of the
simulation test, the force and velocity of each layer gradually tended
to 0. The degree of soil disturbance during the whole simulation test
was as follows: shallow soil>middle soil>deep soil.

To analyze the motion and mechanical properties of the straw
at different moments during the test, this paper systematically
analyzes the change rule of velocity and force of the straw from L,
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to Ls. As shown in Figure 17, between 2-2.5 s, under the action of
soil disturbance, the straw was subjected to soil static friction to
produce an upward movement tendency, and at this time, the straw
was in a stationary state. Between 2.5 and 5.0 s, the degree of straw
disturbance gradually increased. Because the rotary tillage knife
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adopts a double helix shape mounted on the cutter shaft, the rotary
tillage knife acted alternately on the straws of L,-Lg, and the peaks
of the force and speed of the straws of each row appeared
alternately. Between 5.0 and 6.0 s, the simulation test ended, and
the straw force and velocity gradually tended to 0.
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Figure 16 Mean velocity-force variation patterns of saline soils at different depths
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Figure 17 Mean velocity-force variation patterns of wheat straw

3.5 Analysis and discussion of simulation tests

To investigate the dynamic relationship of layered stubble and
crushing soil rotary tillage on straw-soil, this paper adopts the one-
factor method to systematically analyze the straw-soil disturbance
law. In order to improve the crushing efficiency of soil-straw
aggregates in saline-alkali land, and combined with the above
theoretical analysis and practical operation requirements, the range
of values for the forward speed is determined as 1-5 km/h; the range
of values for the working depth is 140-180 mm; and the range of
values for the cutter speed is 280-340 r/min. This paper takes the
dynamic characteristics of L;, L;, and Ls wheat straw and the
shallow, middle, and deep soil as the test indices to systematically
investigate the influence of the test factors on operation efficiency.
3.5.1 Forward speed on the fragmentation pattern of wheat straw-
soil aggregates

Setting the rotary tiller operating depth as 140 mm and the
rotational speed of the cutter shaft as 280 r/min, the relationship
between the influence of forward speed on the speed and force of
wheat straw and each layer of soil was obtained. Under the same
forward speed, there is no obvious difference between the speed and
force of L, L;, and Ls wheat straw, as shown in Figure 18, but with
the increase of forward speed, the disturbance degree of rotary tiller
on wheat straw gradually decreases. As shown in Figure 19,
because the rotary tillage knife carries out the rotary tillage and
stubble removal operation from top to bottom, from far to near, the
disturbance time for shallow soil is larger than that for middle and
deep soil in turn. The degree of disturbance of each layer of soil in

descending order is shallow soil>middle soil>deep soil. However,
with the increase in forward speed, the disturbance degree of the
rotary tiller on each layer of soil shows the same decreasing trend.
The above phenomenon is mainly due to the same area of straw-soil
aggregates by rotary tillage knife operation to reduce the time of
disturbance, resulting in a lower degree of disturbance of straw-soil
aggregates.
3.5.2 Working depth on the fragmentation pattern of wheat straw-
soil aggregates

Setting the rotary tiller forward speed as 1 km/h and the
rotational speed of the cutter shaft as 280 r/min, the relationship
between the influence of the working depth on the speed and force
of the wheat straw and soil was obtained. At the same operating
depth, there is no obvious difference between the speed and force of
L, L;, and Ls wheat straw, as shown in Figure 20. But as the
working depth increases, the degree of disturbance of L, L;, and L;
wheat straw gradually increases, and the speed and force changes
show an upward trend. As shown in Figure 21, at the same working
depth, the degree of disturbance of each layer of soil by the rotary
plough blade was in the following order: shallow soil>middle
soil>deep soil, and the degree of disturbance of soil increases
progressively with the working depth. The above phenomenon is
mainly due to the increase in the disturbance time of the rotary
tillage knife on shallow soil, as well as the increase in the initial
kinetic energy of shallow soil. In contrast, wheat straw and middle
and deep soil disturbance increased under the combined action of
the rotary cutter and shallow soil.
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3.5.3 Rotation speed on the fragmentation pattern of wheat straw-
soil aggregates
Setting the forward speed of the rotary tiller as 1 km/h and the

working depth as 140 mm, the relationship between the influence of
the rotation speed on the speed and force of the wheat straw and
each layer of soil was obtained. As shown in Figure 22, under the
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same rotational speed of the cutter shaft, there is no obvious
difference between the speed and force of L;, L;, and Ls wheat
straw. When the rotational speed increases, the disturbance level of
Ly, L;, and Ls; wheat straw gradually increases, but the degree of
change is higher than that of the forward speed and operating depth
for the degree of disturbance of straw. As shown in Figure 23, at the
same rotational speed, the degree of disturbance of each layer of
soil is in the following order: shallow soil>middle soil>deep soil,
and the degree of disturbance of each layer of soil gradually
increases with the increase of rotational speed. The above
phenomenon is mainly due to the fact that with the increase of
rotational speed of the cutter shaft, the failure area of wheat straw-
soil aggregates under the action of rotary tillage knives increases,
which strengthens the movement speed of wheat straw-soil moving
along the tangent line of rotary tillage knives.
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For mechanical characterization of wheat straw, combining
previous research findings*’*", when the rotational speed increases,
the displacement and quantity of straw gradually increase. In this
paper, when the rotational speed increases, the speed and force of
the wheat straw also gradually increase, which is similar to previous
findings. Relative to this paper, there is a lack of research on the
kinetic properties and spatial homogeneity distribution of wheat
straw. For mechanical characterization of soil, combining pre-
vious research findings*”, soil forward and side displacement in
experiment increased with increasing rotational speed of blade, and
the displacement of shallow soil was the largest; then middle soil
and deep soil had the minimum displacement. This is consistent
with the findings of the soil velocity and stress in this paper. In
addition to this, this paper also investigates the relationship between
the mechanical properties of soil under different parameters.
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3.6 Experimental optimization and analysis
3.6.1

Since wheat straw-soil speed and force are positively
correlated, in order to investigate the best combination of rotary
tiller forward speed, operating depth, and cutter shaft rotational
speed for wheat straw-soil agglomerate perturbation law, this paper
takes the wheat straw speed Y, and the soil speed Y, as the
experimental targets. It takes the forward speed 4, working depth B,
and rotation speed C as experimental factors, and applies Design-
Expert to set up the combination test, as listed in Table 7.

Test factors codes

Table 7 Factor coding table

Categorization Symbol -1 0 1
Forward speed/km-h! A 1 3 5
Working depth/mm B 140 160 180
Rotational speed of the cutter/r'min™ C 280 310 340

3.6.2 Results and analysis

The analysis of variance and regression coefficient significance
of wheat straw speed Y, and soil speed Y, with test factors 4, B, and
C was carried out in conjunction with Design-Expert, and the results
of the analysis of variance of wheat straw velocity Y, and soil
velocity Y, were obtained, as listed in Table 8.
3.6.3 Analysis of the influence of different factors on wheat straw
speed

As listed in Table 9, the ANOVA of wheat straw velocity Y,
was obtained, in which the p-value of the regression model is less
than 0.01, the misfit term is 0.0806>0.05, and the coefficient of
determination is 0.9787. From the table, the primary term
coefficients 4, B, and C, the interaction term coefficient BC, and the
secondary term coefficients 4> and B* had highly significant effects
on wheat straw velocity Y}, and the interaction term coefficient 4B
and the secondary term coefficient C* had significant effects on
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Table 8 Discrete element simulation test results

Table 9 Wheat straw velocity analysis of variance

Serial No. Factor Yy/m-s’ Yy/m-s™
A B C
1 -1 -1 0 3.57 1.74
2 1 -1 0 3.26 1.42
3 -1 1 0 3.84 1.93
4 1 1 0 3.65 1.82
5 -1 0 -1 3.21 1.48
6 1 0 -1 2.92 1.14
7 -1 0 1 3.64 1.73
8 1 0 1 3.21 1.54
9 0 -1 -1 3.17 1.28
10 0 1 -1 3.54 1.68
11 0 -1 1 3.78 1.72
12 0 1 1 3.84 1.95
13 0 0 0 3.46 1.63
14 0 0 0 3.38 1.68
15 0 0 0 3.42 1.65
16 0 0 0 3.45 1.67
17 0 0 0 3.46 1.63

wheat straw velocity Y;. The effects of each test factor on the
significance of wheat straw velocity were, in descending order:
rotational speed of the cutter>forward speed>working depth. The
regression equation of wheat straw velocity Y, was obtained by
combining with ANOVA:

Y, =3.43-0.15A+0.14B+0.20C + 0.030AB - 0.035AC—-
0.078BC —0.096A* +0.24B> - 0.093C” (12)

Combined with Design-Expert analysis, the surface plots of the

-1
>
(=)

3.
3.
3.
3.
3.
2.

Wheat straw velocity/m-s

a. Rotational speed is 310 r/min

b. Working depth is 160 mm

Source  Sum of squares Degrees of freedom Mean square ~ F V4
Model 1.01 9 0.11 35.70 <0.0001
A 0.19 1 0.19 59.48 <0.0001
B 0.15 1 0.15 47.48 <0.0001
c 0.33 1 0.33 106.18 <0.0001
AB 3.6x10° 1 3.6x10° 1.15 0.3189
AC 4.9%10° 1 4.9%10° 1.57  0.2509
BC 0.024 1 0.024 7.68 0.0276
A 0.039 1 0.039 12.34  0.0098
B 0.25 1 0.25 78.67 <0.0001
(& 0.037 1 0.037 11.71 0.0111
Residual 0.022 7 3.128x10° o
Lack of fit 0.017 3 5.725x10° 4.85 0.0806
Pure error  4.72x10° 4 1.180x10° o
Sum 1.01 9 0.11 35.70 <0.0001

response of each test factor for the test indices of wheat straw
velocity were obtained, as shown in Figure 24. For wheat straw
velocity Y}, setting the rotational speed as 310 r/min, as is shown in
Figure 24a, the interaction of working depth and forward speed was
obtained. Setting forward speed as a fixed factor, when the forward
speed is certain, the wheat straw velocity increases with the increase
of working depth. Setting working depth as a fixed factor, the wheat
straw velocity decreases with the increase of forward speed.

Setting the working depth as 160 mm, the rotational speed of
the cutter and forward speed interact as shown in Figure 24b.
Setting forward speed as a fixed factor, the wheat straw velocity
increases with the increase of the rotational speed of the cutter.
Setting working depth as a fixed factor, the wheat straw velocity
decreases with the increase of the forward speed.

T, 40—

£38

236

234

o

232

Z 3.0+ T‘
Z 28 ~
..;3 \\

2 340 180

A 330, /
A\ : 20 170
s C gy, 8107 160 o

10
the. oy, 3090~ 150 . o8¢
cyy, al g 280 140\}1 S

e,
.. € .
Ty, ay, -

0
c. Forward speed is 3 km/h

Figure 24 Relationship between the effects of test factors on soil velocity

Setting the forward speed to 3 km/h, the interaction between
the rotational speed of the cutter and the working depth is shown in
Figure 24c. Setting working depth as a fixed factor, the wheat straw
velocity increases with the increase of rotational speed of the cutter.
Setting rotational speed as a fixed factor, the wheat straw velocity
increases with the increase of the working depth.

3.6.4 Relationship between the effects of different test factors on
soil velocity

As listed in Table 10, the ANOVA of soil velocity Y, was
obtained, in which the p-value of the regression model is less than
0.01, the misfit term is 0.4116>0.05, and the coefficient of
determination is 0.9943. The primary term coefficients 4, B, and C,
the interaction term coefficients 4B and BC, and the secondary term

coefficients 4% B°, and C* had highly significant effects on soil
velocity Y5, and the interaction term coefficient 4C had significant
effects on soil velocity Y,. The effects of each test factor on the
significance of soil speed were, in descending order: rotational
speed of the cutter>working depth>forward speed. The regression
equation on soil speed Y, was obtained by combining with
ANOVA:

Y, =1.65-0.12A+0.15B+0.17C + 0.052AB + 0.038AC—
0.042BC - 0.055A% +0.13B> - 0.12C* (13)

As shown in Figure 25, combined with Design-Expert analysis,
the surface plots of the response of each test factor for the test
indices of soil velocity were obtained. As shown in Figure 25a, for
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Table 10  Soil velocity analysis of variance

Source  Sum of squares Degrees of freedom Mean square  F )4
Model 0.70 9 0.078 136.60 <0.0001
A 0.12 1 0.12 202.61 <0.0001
B 0.19 1 0.19 327.225 <0.0001
C 0.23 1 0.23 406.63 <0.0001
AB 0.011 1 0.011 19.39  0.0031
AC 5.625%10° 1 5.625%x10° 9.89  0.0163
BC 7.225x10° 1 7.225%10° 12.71  0.0092
A 0.013 1 0.013 2220 0.0022
B 0.071 1 0.071 125.63 <0.0001
C 0.066 1 0.066 115.25 <0.0001
Residual ~ 3.980x10° 7 5.686x10 o
Lack of fit  1.900x10° 3 6.333x10* 122 04116
Pure error  2.080x10° 4 5.200x10* o
Sum 0.70 9 0.078 136.60 <0.0001

—1

Soil velocity/m-s™

a. Rotational speed is 310 r/min

Figure 25

3.7 Experimental optimization and validation

To further analyze the mechanism of soil fragmentation and
straw mulching in saline soils, enhance the crushing rate of wheat
straw-soil agglomerates, and improve the burial rate of wheat straw,
the experimental factors were designed and optimized. According to
the range of values of each test factor, this paper establishes an
objective function with the constraints of rotational speed, forward
speed, and working depth with the optimization objective of
improving the speed of wheat straw and soil during the test.

max Y,
max Y,

1 km/h <A <5km/h (14)
s.t. < 140 mm < B <180 mm

280 r/min < C < 340 r/min

Using Design-Expert post-processing optimization to solve the
objective function, the rotary tiller optimal working parameters
were obtained: forward speed is 2.02 km/h, working depth is
178.83 mm, and rotational speed is 324.94 r/min. Meanwhile, the
wheat straw speed was 3.86 m/s and soil speed was 1.96 m/s. To
validate the accuracy of the experimental results, the above optimal
working parameters were imported into the discrete element model
of the rotary tiller, five repetitive tests were conducted, and the
results were averaged, upon which the velocity of wheat straw was
3.93 m/s and the soil velocity was 1.83 m/s. The maximum error
was 6.63%, which indicated the accuracy of the test results.

b. Working depth is 160 mm

soil velocity Y,, when the rotational speed is 310 r/min, the
interaction of working depth and forward speed was obtained.
Setting forward speed as a fixed factor, the soil velocity increases
with the increase of the working depth; setting working depth as a
fixed factor, the soil velocity decreases with the increase of the
forward speed.

As shown in Figure 25b, when the working depth is 160 mm,
the interaction between the rotational speed of the cutter and
forward speed was obtained. Setting forward speed as a fixed factor,
the soil velocity increases with the increase of the rotational speed
of the cutter; setting working depth as a fixed factor, the soil
velocity decreases with the increase of the forward speed.

As shown in Figure 25¢, when the forward speed is 3 km/h, the
interaction between rotational speed of the cutter and working depth
was obtained. Setting working depth as a fixed factor, the soil
velocity increases with the increase of rotational speed of the cutter;
setting rotational speed as a fixed factor, the soil velocity increases
with the increase of working depth.

—1

c. Forward speed is 3 km/h

Relationship between the effects of test factors on soil velocity

4 Performance analysis of rotary tillers in field
operations

4.1 Preparation for field trials

The performance test was conducted in June 2023 at the saline
soil test and demonstration base of the Yellow River Delta
(Figure 26). The basic physical properties of the soils were obtained
prior to the test with the soil water content at 12%-16%, the soil
firmness at 900-1200 kPa in depth of 0-210 mm, and the stubble
height of wheat straw at 7-12 cm. Combining simulation test results
and actual operational requirements, the forward speed is set at
2.2 km/h, working depth at 178.5 mm, and rotational speed of the
cutter shaft at 325 r/min.

Figure 26 Field trial of layered stubble and crushing soil
rotary tillage
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Since traditional test methods cannot measure the kinetic
properties of wheat straw-soil in the actual operation process, the
soil fragmentation rate Y3 and the wheat straw return rate Y, can
characterize the velocity and force changes of wheat straw-soil from
the side. At the same time, rotary tiller tillage depth stability can
evaluate the performance of rotary tillage and stubble removal,
which can reduce power consumption. This paper expresses the
tillage depth stability of rotary tiller operation in terms of tillage
depth stability Ys.

The measurement of soil fragmentation rate refers to the
Chinese standard (GB/T 5668-2017), and the soil blocks in the area
after the operation were divided into three grades of less than 4 cm,
4-8 cm, and more than 8§ cm according to their longest side. The
percentage of soil blocks with a side length of less than 4 cm among
the total cultivated soil blocks is the soil fragmentation rate, which
was calculated by randomly choosing 10 measurement areas for the
test:

m, —niy

Y, = x 100% (15)

m,

where, Y; is the soil fragmentation rate, %; m, is the total mass of
soil blocks, g; ms is the mass of soil blocks with the longest side
greater than 4 cm, g.

To ensure the precision of the test, 10 groups of 1.0 mx1.0 m
test areas were selected by the five-point sampling method, and the
test results were averaged:

Y, = (1—@)“00% (16)

1
where, Y, is the wheat straw return rate, %; m, is the total mass of
straw in the experimental area before the experiment, g; m, is the
total mass of straw in the experimental area after the experiment, g.
In order to ensure the accuracy of the test, 10 groups of
1.5 mx1.5 m test areas were selected by the five-point sampling
method, and the test results were averaged:

x 100% (17)

where, Ys is the tillage depth stability, %; N is the amount of
measurement points; a is working depth of rotary tillers, mm; a; is
cultivation depth value at location 7, mm.
4.2 Preparation for field trials

As shown in Table 11, for the soil fragmentation, the maximum
value of the soil fragmentation rate is 92.57%, the minimum value
is 91.18%, and the average value is 91.85%. For the wheat straw
return rate, the maximum value is 91.65%, the minimum value is
90.47%, and the average value is 91.09%. For the tillage depth
stability, the maximum value is 92.28%, the minimum value is
89.45%, and the average value is 91.12%.

Table 11 Field trial results

No. Soil fragmentation Wheat straw Tillag§ depth
rate/% return rate/% stability/%
1 91.18 90.85 89.45
2 92.57 91.24 91.79
3 91.47 90.47 92.28
4 92.26 91.65 90.45
5 91.75 91.24 91.64
Average value 91.85 91.09 91.12

According to Chinese standards (NT/Y 499-2013 Rotary Tiller
Operation Standard) and (GB/T5668-2017 Rotary Tiller Standard),
the straw return rate should be more than 80%, the soil
fragmentation rate more than 80%, and the tillage depth stability
more than 85%. The results of the field performance test show that
the soil fragmentation rate is 91.85%, the straw return rate is
91.09%, and the tillage depth stability is 91.12%, indicating that the
designed rotary tiller can effectively improve the wheat straw-soil
aggregate crushing and burying and satisfy the basic requirements
for the preparation of high-performance seed beds in saline and
alkaline land.

To verify the performance of the layered stubble and soil
crushing rotary tillage knife, a comparative test was conducted with
a common rotary tiller 1T245. The forward speed was set at
2.0 km/h, working depth at 179 mm, and rotational speed of the
cutter shaft at 324 r/min; the test results are listed in Table 12. For
soil fragmentation rate, layered stubble rotary tillage knife is 6.99%
higher than 1T245; for wheat straw return rate, layered stubble
rotary tillage knife is 8.68% higher than 1T245; for tillage depth
stability, layered stubble rotary tillage knife is 9.20% higher than
1T245.

Table 12 Results of comparative field trials
Layered stubble rotary tillage knife 17245

Test indicators

Soil fragmentation rate/% 91.85 85.43
Wheat straw return rate/% 91.09 83.17
Tillage depth stability/% 91.12 82.74

5 Conclusions

For the problems of low soil crushing rate and straw burying
rate during the preparation of saline seed bed, this study designed a
layered stubble and soil crushing rotary tillage knife, which is
divided into the upper short-edged stubble knife and the lower long-
edged soil crushing knife. By analyzing the rotary tillage knife-
straw-soil interaction mechanism, the optimal structural parameters
and working parameters of the rotary tillage knife were determined.

To analyze the soil-straw displacement pattern and mechanical
properties during rotary tillage process, an analysis of the soil-straw
movement behavior of saline soil under different working
parameters of rotary tiller was conducted. In addition, the single-
factor test was carried out with the movement speed and force of
saline soil-straw aggregate as the test indices, and the dynamic
process of saline soil-straw aggregate crushing was systematically
investigated from a microscopic point of view. Meanwhile, to
further analyze the mechanism of soil fragmentation and straw
mulching in saline soils, the rotary stubble test was carried out with
soil fragmentation rate, straw burial rate, and tillage depth stability
as the test indices. The results show that the soil fragmentation rate
is 91.85%, the straw mulching rate is 91.09%, and the tillage depth
stability is 91.12%, which indicates that the designed rotary tiller
can effectively improve the soil crushing and straw mulching
in saline and alkaline land, and satisfy the basic requirements for
the preparation of high-performance seed beds in saline and
alkaline land.

In future research work, this rotary tiller can be used to verify
the quality and performance of cultivation in other saline alkali land
areas in China, improve machine adaptability, and further explore
soil cutting performance and drag reduction power consumption
models to ensure soil cutting throwing performance in saline alkali
land and improve machine cultivation performance. At the same
time, an intelligent decision-making and control system needs to be
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added to achieve intelligent operation quality monitoring and realize
intelligent cultivation operations.
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