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Abstract: The interaction of soil-tillage tool plays a pivotal role in analysis and optimization of the tillage process. The
dynamic behavior of soil needs to be developed primarily when studying the soil-tillage tool interaction. The simulation of
soil-rotary blade interaction using distinct element method ( DEM) and indoor soil bin experiment were conducted to provide
a better understanding of the soil movement. Firstly, DEM model of soil-rotary blade interaction was established. Secondly,
comparison of experimental results and simulation results were done, positions before and after tillage of surface soil particle
were used as soil displacement in simulation, and tracer method was employed to measure soil displacement in experiment.
Then, the movement of soil which belongs to different positions was analyzed. The results showed that soil forward and side
displacement in experiment increased with increasing rotational speed of blade, the forward displacement was larger than the
side displacement. The displacement of shallow soil was the largest, and then middle soil and deep soil had the minimum
displacement. The closer the soil to the rotational point was, the larger the forward and side displacement of soil were. For
the particles in tillage scope, the percent of particles which moved to the opposite direction were 26.2% , 72. 1% and
48.4% for shallow soil, middle soil and deep soil, respectively. Most soil particles moved backward in horizontal direction
during tillage process. The direction of side force and side displacement depended on the situation that the soil particle lay
in the left or right side of the lengthwise edge axis. If the soil lay in the left side of the lengthwise edge axis, the side
displacement was towards the left and vice versa. The soil particle moved downward with the rotary blade at the beginning of
soil cutting, and later it slipped from the border of blade and being tossed up. The average error of soil displacement
between simulation results and experimental results was 24. 9% for soil forward displacement while 15.3% for soil side
displacement. The paper studied the macro- and meso- movement of soil particles during rotary tillage, which is helpful to
understand the interaction between rotary blade and soil and develop the mechanism of rotavator design and optimization.
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working depth and speed of disc tool on

0 Introduction

Tillage practices account for about half of the energy
consumed in crop production''’. Soil-tool interaction is
a complex process because of the spatial variability of
soil, tool dynamics and soil movement. Soil movement
and disturbance caused by four different tools were
tested in an indoor soil bin by RAHMAN et al. >~/
LIU et al. ! conducted a study on soil displacement
under controlled conditions, and pointed out that the
forward speed affected the forward and side movement

CHANDIO et al.'® studied the effect of

of soil.
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displacement and observed an increasing trend of
PENG'”

acceleration and displacement of surface, middle and

displacement. discussed the velocity,

deep soil. However, soil movement during rotary
tillage is not yet fully understood, especially for the soil
movement in different positions.

Knowledge of the soil-tillage tool interaction is
important for the design and selection of tillage tool.
Soil-tool interactions are usually characterized by forces
arising at the soil-tool interface and soil movement.

The dynamic behavior of soil and force exerted on the
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soil needs to be developed primarily when studying the
soil-tillage tool interaction. For this purpose, distinct
element method ( DEM ) is suitable for modeling
granular materials and the relationship between the
micro and macro behaviors of materials. DEM allows
the creation or breakage of contacts between elements
and is also highly suitable for modeling the interactions
between soil and rigid or flexible bodies. Many studies
have employed DEM for modeling soil-tillage tool

'8-13) and these researchers concluded that

interaction
DEM model could closely simulate the tillage process.
The movement of particles could be traced to analyze
the dynamic behavior of particle during the tillage
process "’

Therefore, a study was designed to investigate the
macro- and meso- movement of soil particles during
rotary tillage, which is helpful to understand the
interaction between rotary blade and soil, and develop

the mechanism of rotavator design and optimization.
1 Indoor experiment

The experiment was conducted in an indoor soil bin

at the Soil Mechanics Laboratory of Nanjing
Agricultural University, Jiangsu, China. The I1T225
rotary blade was fixed on test bench, as described in

“I " The 2 em® tin cubes were

our previous work'
labeled and inserted into the soil to trace the movement
of the surface soil. For this purpose, 30 cubes were
arranged in 10 lines perpendicular to the direction of
blade travel. The arrangement of soil tracers is shown
in Fig. la, the original soil bin is shown in Fig. 1b and
the device for recording tracer positions is shown in

Fig. lc.
2 Distinct element method

2.1 Basic hypotheses

We do following hypotheses in this paper.

(1) The soil particle was simplified as spherical
particle group and defined with quality and velocity.

(2) Hertiz — Mindlin bonding model was used as
contact model in simulation.

(3) Tillage was defined as the controlled movement
of rotary blade on soil.

The particle dynamic behavior is a reflection of
impact way of rotary blade on soil and can be used to

analyze soil disturbance and movement.
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(a) Arrangement of soil tracers

(b) Or soil bin

(e) Device for recording tracer positions

Fig.1 Soil tracers and soil displacement measurement device

2.2 DEM model

The blade and soil bin were constructed using Pro/E
and then imported to EDEM. Soil particles (24 000 )
EDEM
specification of the rotary speed and forward speed of
the blade,

operations of the rotary blade in indoor soil bin

were generated in the soil bin. allows

which were chosen to simulate the
experiments. Note that due to simulation time and
computational limitations, the size of the simulated soil
particles is significantly larger than the actual soil
particles'”’. The radius of the soil particles was set at
5 mm, the selected blade was IT225 (as shown in
Fig.2a), and the dimensions of soil bin are 0.7 m x
0.2mx 0.3 m. The simulation model is shown in
Fig.2b, the main parameters used in the simulation
were as detailed in FANG et al. /"),

Based on the coordinate system in simulation, the
direction of particle motion is described as follows: the
horizontal movement happens in X direction, the
vertical movement happens in Y direction, and side
movement is in Z direction. The forward travel of
rotary blade is in — X direction.

2.3 Distribution of soil particles

Soil particles in 15 positions, 3 depths under the
lengthwise edge with 5 positions in each depth, were
selected to analyze the difference of particle movement.
The selected depths were 0 ~30 mm, 30 ~60 mm and
60 ~90 mm, as shown in Fig. 3a. The soil particles in

Fig.3b and 3c lay in the tillage scope were used to
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(a) Schematic view of blade

(b) Simulation model

Fig.2  Schematic of rotary blade IT225 and simulation of soil bin with rotary blade
1. Soil bin 2. Rotary blade 3. Soil
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(a) Sectional view of soil
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(¢) Sectional view of tillage scope

Fig.3 Layout of soil particles

analyze soil side movement at different depths.
3 Results and discussion

3.1 Impact of rotational speed on soil
displacement

The forward and side displacements of the soil at
rotational speeds of 77, 100, 123, 146 r/min are
shown in Fig. 4. The forward displacements of the soil
were 51.7, 146.7, 325, 366. 7 mm at 77, 100, 123,
146 r/min, respectively, while the side displacements
of the soil were 18.3, 36.7, 56.7, 83.3 mm at 77,
100, 123, 146 r/min, respectively, in the soil bin. It
is evident that the soil displacement increased with
increasing rotational speed of the blade. The higher the
rotational speed was, the greater area of the soil being
scattered was. The increasing ration of forward
displacement was larger than that of side displacement
revealed that rotational speed had more impact on soil
forward displacement. Besides, the displacement in
the forward direction was larger than that in the side

direction at all rotary speeds due to stronger effect of
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Fig.4  Soil moving displacement with different

rotational speeds

soil throwing in the horizontal direction.
3.2 Movement of soil particles in different
positions

The forward and side displacements of the selected
15 positions are shown in Fig. 5. As for the middle and
deep soil, the closer the soil to the rotational point
was, the larger the forward and side displacements of
soil were. The middle and deep soil in L1 had small
displacements because they did not contact blade
directly as blade cutting the soil. The same situation
occurred to deep soil in L2, its displacements were

caused by minor disturbance of soil. The movement of
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shallow soil was complex; the soil lay in L3 touched
the blade earlier than other soil due to its special
position. The displacement of shallow soil in L3 moved
more than other soil particles. Moreover, soil
movement in deeper layer was restricted by the
gravitational effect of upper soil, the displacement of

shallow soil was the largest, and then middle soil and
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Fig.5 Moving displacement of soil

3.3 Soil side movement in tillage scope

The side displacements of soil in tillage scope were
calculated. The percent of soil particle which moved to
the opposite side were 10. 1% , 28.2% and 27.0% ,
respectively, for shallow, middle and deep soil ( as
shown in Fig. 6 ). The shallow soil moved to the
opposite side with a minimum portion while the
maximum portion of the middle soil. The percent of
soil which moved in - Z direction were 26.2% ,
72. 1% and 48. 4% , respectively, for shallow, middle
and deep soil. The shallow soil also had a minimum
portion while the maximum portion of the middle soil to

move in — Z direction, which revealed that middle soil
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deep soil had the minimum displacement. Besides, no
matter what depth and position of soil particles were,
the forward displacement was larger than side
displacement, this is in agreement with the
experimental results. The shallow soil was disturbed
more during tillage ; the soil permeability is good and is

suitable for seed germination.
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particles with different positions

was resettled in side direction with the largest portion.

The variations of soil particle side displacements
within the tillage scope were calculated, then variations
of shallow, middle and deep soil were ordered and
plotted into 3 lines. The side displacement variations of
shallow soil were the biggest and most of shallow soil
moved in Z direction. The displacement variations of
middle soil were smoother than that of shallow soil and
most of the soil moved in - Z direction. The deep soil
had the same trend of displacement variations as
middle soil, but many displacement variations of deep
soil were near zero, which means these soil particles

had minor displacements.

150
= Shallow soil
= =Middle :fuil

100

Side displacement/mm

0 100 200 300
Number of pacticles

Fig.6 Percent of soil particles moved to the opposite direction

3.4 Dynamic behavior of soil particles

At the beginning, no soil was cut, all the soil
particles remains static. Subsequently, the soil
particles began to contact with rotary blade from point
contact to face contact and contact area increased
gradually. The soil moved under the effect of shearing
The soil

disturbance, amount and height of soil particles being

and squeezing from soil-blade interface.

tossed up increased with increasing embedded depth of

blade during cutting process. A series of pictures in

Fig. 7 shows the movement process of soil particles in
horizontal and vertical directions.

Soil particles in 15 positions as defined before were
traced to analyze the moving mechanism of soil at
different depths and positions. The horizontal, side
and vertical displacement and force curves of soil
particles were obtained from cutting process (as shown
in Figs. 8 and 9). It concluded that the shallow soil
was exerted more force and moved more than middle

and deep soil.
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Fig.8 Moving displacement curves of different positions and different layers during tillage process

Dynamic sliding cutting effect of lengthwise edge
made soil particles moved backwards. Figs. 8a ~ 8¢
revealed that the soil in L1 did not contact blade
directly as blade cutting the soil, so it got small
displacement and force. The same situation occurred to
deep soil in L2. Other soil particles were exerted
transient force when they got contact with blade and
moved backwards under the effect of horizontal force.
The aforementioned results indicated that the horizontal
displacement increased with increasing rotational
speed, so the soil would be scattered in a larger area
under higher rotational speed.

Though all of the 15 soil particles lay under the

lengthwise edge of blade, the direction of side force

and side displacement depended on the situation that
the soil particle lay in the left or right side of the
lengthwise edge axis before simulation. The side force
of shallow soil in L5 in the beginning was in Z
direction due to its position was in the left side of
lengthwise edge axis, namely the Z direction. The
middle soil of 12, [4 and L5, and deep soil of L5
were exerted in Z direction at the initial, so all of them
moved in Z direction in the beginning. The force
exerted on shallow soil was larger than middle and deep
soil, thus the side displacement of shallow soil was the
largest. The aforementioned results indicated that the
side displacement increased with increasing rotational

speed, so the soil would be disturbed more in side
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Fig.9 Force curves of different positions and different layers during tillage process

direction under higher rotational speed.

The soil particle moved downward with the rotary
blade at the beginning of soil cutting, and later it
slipped from the border of blade and being tossed up.
The shallow soil in L1 just moved down with blade, but
not be tossed up because it lay in the border of edge.
The deep soil was affected by the gravitational effect of
shallower soil and moved a little, only soil in L5 moved
more due to it is near rotational point of blade.
Besides, the shallow and middle soil got more vertical
force and moved more in vertical direction.

3.5 Comparison of experimental and simulation
results

The horizontal and side displacements of soil tracers
are 366. 7 mm and 83. 3 mm in experiment. 10 surface
soil particles were selected in simulation and their
forward and side displacements were calculated. The
average horizontal and side displacements of these 10
particles were 275. 5 mm and 70. 6 mm and they were
used as simulation results. The simulation results were

a little smaller than experimental results, the same

14]
b

UCGUL et al. '™ and COETZEE and ELS'"®~'"".

The absolute difference of simulation results and

findings were also reported by FANG et al.'

experimental results and then divided by experimental

results is defined as relative error. The relative error of

forward and side displacement of soil were 24. 9% and
15.3%.

larger than side displacement both in experiment and

Besides, the horizontal displacement was

simulation.
4 Conclusions

(1) This paper studied the macro- and meso-
movement of soil particles during rotary tillage with the

help of bin and DEM

simulation. The average error of soil displacement

indoor  soil experiment

between simulation results and experimental results
24.9%
15.3% for soil side displacement.

were for soil forward displacement while

(2) The soil forward and side displacement in the
experiment increased with increasing rotational speed of
blade, the forward displacement was larger than the
side displacement. It concluded that the higher the
rotational speed was, the larger area of the soil being
scattered was.

(3) The percent of soil particles which moved to the
opposite side were 10.1% , 28.2% and 27.0% ,
respectively, and the percent of soil particles which
moved in — Z direction were 26.2% , 72.1% and
48.4% , respectively, for shallow, middle and deep
The middle soil was resettled in side direction

soil.

with the largest portion.
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(4) The displacement of shallow soil was the largest,
and then middle soil and deep soil had the minimum
displacement. The closer the soil to the rotational point
was, the larger the forward and side displacements of
Most soil particles moved backward in

The

direction of side force and side displacement depended

soil were.

horizontal ~direction during tillage process.
on the situation that the soil particle lay in the left or
right side of the lengthwise edge axis. If the soil lay in
the left side of the lengthwise edge axis, the side
displacement towards the left and vice versa. The soil
particle moved downward with the rotary blade at the
beginning of soil cutting, and later it slipped from the

The soil

disturbance, amount and height of soil being tossed up

border of blade and being tossed up.

increased with increasing embedded depth of blade

during cutting process.
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Analysis of Soil Dynamic Behavior during Rotary Tillage
Based on Distinct Element Method
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Abstract; The interaction of soil-tillage tool plays a pivotal role in analysis and optimization of the tillage
process. The dynamic behavior of soil needs to be developed primarily when studying the soil-tillage tool
interaction. The simulation of soil-rotary blade interaction using distinct element method ( DEM) and
indoor soil bin experiment were conducted to provide a better understanding of the soil movement.
Firstly, DEM model of soil-rotary blade interaction was established. Secondly, comparison of
experimental results and simulation results were done, positions before and after tillage of surface soil
particle were used as soil displacement in simulation, and tracer method was employed to measure soil
displacement in experiment. Then, the movement of soil which belongs to different positions was

analyzed. The results showed that soil forward and side displacement in experiment increased with
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increasing rotational speed of blade, the forward displacement was larger than the side displacement. The
displacement of shallow soil was the largest, and then middle soil and deep soil had the minimum
displacement. The closer the soil to the rotational point was, the larger the forward and side displacement
of soil were. For the particles in tillage scope, the percent of particles which moved to the opposite
direction were 26.2% , 72. 1% and 48.4% for shallow soil, middle soil and deep soil, respectively.
Most soil particles moved backward in horizontal direction during tillage process. The direction of side
force and side displacement depended on the situation that the soil particle lay in the left or right side of
the lengthwise edge axis. If the soil lay in the left side of the lengthwise edge axis, the side displacement
was towards the left and vice versa. The soil particle moved downward with the rotary blade at the
beginning of soil cutting, and later it slipped from the border of blade and being tossed up. The average
error of soil displacement between simulation results and experimental results was 24. 9% for soil forward
displacement while 15. 3% for soil side displacement. The paper studied the macro- and meso- movement

of soil particles during rotary tillage, which is helpful to understand the interaction between rotary blade

and soil and develop the mechanism of rotavator design and optimization.

Key words: rotary blade; soil movement; discrete element simulation; dynamic mechanism
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