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ABSTRACT 

The rotary buryig blade roller (RBBR) is a tillage tool that can both break up soil and bury 
straw. However, in previous experiments, it was found that the configuration of rotary 
blades on RBBR will significantly affect its tillage quality. To achieve the optimal 
structure of RBBR, this study optimized the configuration of rotary blades on RBBR. 
Additionally, the tillage performance of different RBBRs was evaluated using the 
Discrete Element Method (DEM). The results showed that after removing loose soil, the 
optimized RBBR (SR-8-1) achieved a flatter bottom of tilled layer compared to the 
previous RBBR (SR-6 and SR-9). Specifically, the calculated bottom evenness after 
tillage decreased by 40.49% and 40.65%, respectively. Furthermore, upon measuring 
tillage depth, stability coefficient of tillage depth increased by 5.12% and 3.84%. The 
exported average axial force from the software decreased by 65.72% and 80.39%. The 
comparison of field test and simulation showed that SR-8-1 was superior to SR-6 in all 
tillage parameters except power. Therefore, due to the advantages of SR-8-1 in terms of 
tillage performance, it is better able to meet the tillage needs than other structures. 

 
INTRODUCTION 

Soil tillage is an important link in agricultural 
production and lays a good foundation for subsequent 
agricultural technology operations such as sowing (Khan 
et al., 2024; Islam et al., 2023). The quality of soil tillage 
is closely related to the performances of tillage tools. 
Therefore, researchers have conducted relevant studies on 
different tillage tools, such as rotary tiller (Du et al., 2022), 
subsoiler (Zhang et al., 2022), moldboard plow (Kim     
et al., 2021). 

As the most commonly used soil tillage tool, the 
rotary tiller can effectively crush soil and straw and mix 
them together (Mairghany et al., 2019). Some 
improvements have also been made to highly standardized 
rotary blades, with the aim of improving operating 
performance of rotary tiller. Researchers have reported on 
a new type of blade installed on a reverse rotating rotary 
tiller, which exhibits superior weed control and burial 
performance compared to traditional rotary tiller (Salokhe 

& Ramalingam, 2002). To reduce the energy requirements 
of rotary blades, three types of blades were developed 
using computer technology, ultimately identifying the 
RC-type blade as having better performance and lower 
power (Asl & Singh, 2009). The working effect of rotating 
straight blades with different cutting edges was studied, 
and it was recommended to use blade with internal 
chamfer for strip tillage (Matin et al., 2016). 

To better achieve the objectives of breaking soil and 
burying straw, the research group designed a spiral 
horizontal blade to cooperate with the current structure of 
rotary blade and formed a new type of RBBR (Zhang et al., 
2015; Zhou et al., 2019b). However, determining the 
optimal configuration between the rotary blades and the 
spiral horizontal blades remains an issue to be addressed.  

The unclear configuration of spiral horizontal 
blades and rotary blades can lead to two problems. The 
first is imbalance of axial force on single section RBBR. 
That is, the axial reaction force of soil on spiral horizontal 
blades and rotary blades cannot offset each other, which 
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may increase the vibration of machine and affect its life 
(Xiong et al., 2018). The second is that there are 
sometimes obvious uneven areas at the bottom of tillage 
layer (mainly under the condition of clay loam). According 
to the measurement, the width of convex part was 
approximately the distance between two adjacent rotary 
blades within the axial range, and the height was 
approximately the difference between rotary radius of 
rotary blade and spiral horizontal blade. Some researchers 
also found that the ditch bottom was uneven after tillage, 
and there were missing tillage and ridge bulges when they 
used rotary blade to conduct the test (Ji et al., 2012). 
Another researchers found a similar situation when using an 
external chamfer blade in a strip tillage experiment (Matin 
et al., 2016). This phenomenon will reduce tillage quality 
and affect root development of subsequent crops. The main 
reason for this phenomenon was that one spiral horizontal 
blade corresponded to two rotary blades within its width, 
and the above problem would occur if the axial spacing 
between the two rotary blades was too large. Therefore, to 
improve tillage quality of RBBR, it was necessary to 
optimize the configuration of rotary blades. Theoretical 
calculations can effectively aid in analyzing this problem, 
while the adoption of Discrete Element Method (DEM) as a 
means to evaluate the design quality of agricultural 
machinery has become an increasingly popular trend. 

The DEM has become an important means for 
performing rapid research on agricultural machinery, 
especially on soil tillage tools (Wang et al., 2020). Based 
on DEM, some researchers simulated force acting on a 
moldboard plow in clay soil, and the results showed a 
good agreement with actual situation (Makange et al., 

2020). The installation parameters of three subsoiler wings 
were optimized, with relative errors below 15% under 
optimal parameters (Wang et al., 2019). The influences of 
various factors on draught force, vertical force, and 
drawbar power of a vibrating digging shovel were 
simulated (Awuah et al., 2022). 

Aiming at the problem that the configuration of 
rotary blades on RBBR significantly affects tillage quality, 
this study conducted a theoretical reanalysis and redesign 
of blades configuration on RBBR to achieve better 
working performance. The superiority of the optimized 
RBBR over two RBBRs before optimization was studied 
using DEM. Finally, the accuracy of DEM simulation and 
rationality of the optimized RBBR were verified through 
field test. 
 
MATERIAL AND METHODS 

Structure of RBBR 

RBBR is composed of 6 sections, of which one 
section is shown in Figure 1, and the other sections are 
same or symmetrical (in this paper, one section is taken as 
the research object). This section is mainly composed of 
machetes, spiral horizontal blades, rotary blades, cutter 
heads and a blade shaft. RBBR is usually contained 3 
spiral horizontal blades paired with 6 rotary blades, and 
occasionally 9 rotary tillage blades (Zhu et al., 2020). 
During the operation of RBBR, the continuous cutting and 
throwing of straw and soil are mainly carried out by rotary 
blades and spiral horizontal blades to achieve crushing, 
mixing, and burying of straw and soil.
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FIGURE 1. Structure of RBBR: (1) machete; (2) spiral horizontal blade; (3) rotary blade; (4) cutter head; (5) blade shaft. 
 
Optimization of rotary blades configuration 

In traditional rotary tiller, only the arrangement of 
rotary blade needs to be considered, while the arrangement 
of a variety of blades, such as spiral horizontal blade and 
rotary blade, needs to be considered in the configuration of 
RBBR. As spiral horizontal blade and rotary blade are set 
at a certain angle from the forward direction, both have 
axial throwing effects on soil. As shown in Figure 1, the 
research group has shown that soil thrown by blade was 
approximately along the normal direction of its surface. 
Rotary blade and spiral horizontal blade throw soil at the 
right rear and left rear of RBBR, respectively (Du et al., 
2022). Obviously, the reason for first problem is that the 
volume of soil thrown by spiral horizontal blades and 

rotary blades is different in the left and right directions, 
resulting in different axial forces. Although research group 
studied the throwing direction of soil, the amount of soil 
thrown by each blade and the blade configuration were not 
clear. Therefore, to improve the tillage performance of 
RBBR, the amount of soil thrown axially by spiral 
horizontal blades and rotary blades should be balanced as 
much as possible under the premise of maintaining proper 
spacing of rotary blades. 

Each section of RBBR contains three spiral 
horizontal blades, which are alternately arranged with 
rotary blades. Therefore, one spiral horizontal blade is 
taken as a reference and the corresponding number of 
rotary blades needed are obtained by calculating the 
amount of soil it throws axially. 
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The shape of soil slice cut by rotary tillage tools is 
shown in Figure 2. The volume of soil slice is mainly 
related to the cutting pitch (S), cutting width (b0) and 
tillage depth (h). Its volume can be approximately 
calculated by [eq. (1)], as follows: 

hSbV 0                            (1) 

Where: 

V is volume of soil slice, mm3;  

S is soil cutting pitch, mm;  

b0 is cutting width, mm;  

h is tillage depth, mm. 
 
The soil cutting pitch can be expressed by eq. (2), 

as follows: 



Z

v
S m2
                            (2)

 
Where: 

vm is forward speed of rotary tillage tools, mm∙s-1;  

Z is number of blades in same rotary plane;  

ω is rotating speed of cutter roller, rad∙s-1. 
 
Substitute [eq. (2)] into (1) to obtain the following: 




Z

hbv
V m 02

                        (3) 
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FIGURE 2. Soil slice cut by rotary tillage tools. The green 
dotted line refers to position where the next adjacent rotary 
tillage tool in the same rotation plane cuts soil. 

 
Assuming that the amount of soil thrown axially by 

one spiral horizontal blade can balance the amount of soil 
thrown in the reverse direction by n rotary blades, the 
amount of soil thrown axially by spiral horizontal blade 
can be expressed as follows: 

S
RSm

S Z

ndbhv
V 




sin
)(2 0 




   
(4) 

Where: 

VS is amount of soil thrown axially by one spiral 
horizontal blade, mm3;  

hS is tillage depth of spiral horizontal blade, mm;  

n is number of rotary blades;  

dR is cutting width of one rotary blade, mm;  

φS is soil throwing angle of spiral horizontal blade, (°). 
 
The amount of soil thrown axially by n rotary 

blades can be expressed as follows: 

R
RRm

R Z

ndhv
V 




sin
2

           (5) 

Where: 

VR is amount of soil thrown axially by n rotary 
blades, mm3;  

hR is tillage depth of rotary blade, mm;  

φR is soil throwing angle of rotary blade, (°). 
 
When the amount of soil thrown axially by one 

spiral horizontal blade and n rotary blades is balanced with 
each other, that is, VS=VR, the calculation can be obtained 
as follows: 

)sinsin(

sin0

RRSSR

SS

hhd

bh
n





        (6) 

 
Under normal tillage conditions, hR is 150 mm, hS is 

115 mm, b0 is 295 mm, and dR is 51.3 mm. The actual 
measured φR is 30°, and φS is 26.4°. If the above data are 
entered into [eq. (6)], n≈2.33. This indicates that within a 
single section, the axial throwing effect generated by three 
horizontal blades requires the configuration of 7 rotary 
blades to counteract. However, 7 rotary blades cannot 
achieve circumferential uniform distribution. Moreover, 
the original configuration with 6 rotary blades in one 
section on blade roller has been validated to result in 
insufficient flatness at the bottom of tillage layer. Based on 
the above considerations, 2 rotary blades are added to one 
section, and the rotation direction of one is to left and one 
is to right. Not only does this configuration not increase 
the amount of soil thrown axially by rotary blades, but it 
also increases the number of rotary blades. Additionally, 3 
rotary blades are evenly distributed between two adjacent 
spiral horizontal blades, as shown in Figure 3. 

 
 
 



Yangting Hu, Hua Zhou, Jiaye Li, et al. 
 

 
Eng. agríc., Jaboticabal, v.45, e20240156, 2025 

0° 

120° 

240° 

360° Spiral horizontal 

blade
Rotary blade

Machete

Cutter head

SR-6 SR-9 SR-8-1   

(a) (b) 

FIGURE 3. Optimized RBBR (SR-8-1): (a) the structures of three types of RBBR, (b) the physical object of the completed 
SR-8-1 after processing. 
 
Soil cutting range of rotary blades 

There are three main research objects in paper 
(Figure 3a), namely, the previous single blade roller 
equipped with 6 co-rotating blades (SR-6), a single blade 
roller equipped with 9 co-rotating blades (SR-9) and an 
optimized single blade roller equipped with 8 co-rotating 
blades and 1 counter-rotating blade (SR-8-1). 

The direct soil cutting range of rotary blades during 
the operation of three RBBRs is shown in Figure 4. The 
shaded part represents soil range that rotary blades can 
directly cut, and the blank part indicates soil range that 
rotary blades cannot directly cut. Figure 4a and Figure 4b 
show that the width of soil that can be directly cut by 

rotary blades within the width range of SR-6 and SR-9 are 
2dR (102.6 mm) and 3dR (153.9 mm), respectively. The soil 
range that cannot be directly cut (the blank area in the figure) 
is relatively wide, which may lead to unevenness at the 
bottom of the tillage layer. Figure 4c shows the soil width 
that can be directly cut by rotary blades within the width 
range of optimized SR-8-1 is 4dR-10 (195.2 mm), which is 
an increase of 90.3% and 26.8% compared with SR-6 and 
SR-9, respectively. Obviously, the cutting range of SR-8-1ʼs 
rotary blades is greatly increased, and the soil belt that 
cannot be directly cut is narrow. Moreover, the driving 
effect of adjacent rotary blades can disturb the untilled soil 
belt to avoid the unevenness at the bottom of tillage layer.

 

dR dR

 

dR dR dR

 

dR dR 2dR-10

 

(a) (b) (c) 

FIGURE 4. Soil cutting range of rotary blades on the following three RBBRs: (a) SR-6, (b) SR-9, (c) SR-8-1. 
 
DEM simulation 

To verify the tillage performances of three RBBRs, 
a three-dimensional simulation model consisting of 
RBBRs, a soil bin and soil particles was developed using 
the DEM software EDEM. The model of RBBRs was 
drawn in 3D drawing software Pro/Engineer and imported 
into EDEM. The length, width and height of virtual soil 
bin were 1500 mm, 1000 mm and 280 mm, respectively. 
The reason for the large size of soil bin was to prevent the 
side and bottom surfaces of the virtual soil bin from 
affecting the tillage effect of RBBRs during the simulation 
process, as shown in Figure 5. 

 
FIGURE 5. DEM simulation of RBBR. 

Agricultural machinery simulation contacting soil 
typically models particles as homogeneous spheres, with 

particle size and quantity significantly affecting 
computational duration (Aikins et al., 2021; Zeng et al., 
2020). Therefore, the soil particle radius was 5 mm for this 
DEM simulation (Fang et al., 2016). In combination with 
the soil characteristics of clay loam in the middle and 
lower reaches of the Yangtze River, a two-layer soil model 
was established for tillage layer soil (TS, 0-150 mm) and 
bottom layer soil (BS, 150-280 mm), generating 
approximately 316000 soil particles in total. The two 
layers of soil particles are represented by different colors, 
as shown in Figure 5. 

According to the actual situation of clay loam in the 
test site, combined with the previous test parameter 
measurement, this simulation sets the contact model 
between soil and RBBR as Hertz-Mindlin (no slip) and the 
contact model between soil particles as Hertz-Mindlin with 
JKR (Zhou et al., 2019a). The HM-JKR model takes into 
account the influence of the cohesive force between wet 
particles on the particle movement law. It is a cohesive 
contact model that is suitable for simulating the cohesion 
between soil particles (Feng et al., 2021). 

The model parameters in the EDEM software 
mainly include material parameters and contact 
parameters. The material parameters mainly include 
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Poisson's ratio, density and shear modulus. The contact 
parameters mainly include the coefficient of restitution, 
coefficient of static friction and coefficient of rolling 
friction. The material parameters and contact parameters 
for this simulation were partially obtained through 
previous experimental measurements and calibrations 
conducted by the research group, including parameters 
such as the shear modulus of soil, coefficient of static 
friction of soil-soil, and coefficient of restitution of 

soil-steel and so on (Du et al., 2022; Zhou et al., 2019a; 
Zhou et al., 2020). Additionally, some of the parameters 
were obtained from references on similar soils, such as the 
density of soil, density of steel, and shear modulus of steel 
and so on (Awuah et al., 2022; Li et al., 2016). The TS and 
BS soil particles exhibit certain differences in simulation 
parameters such as friction coefficient and surface energy. 
Detailed model simulation parameters are presented in 
Table 1.

 
TABLE 1. Simulation parameters of model. 

Parameters Value 

Poisson's ratio of soil 0.3 

Density of soil (kg·m-3) 2650 

Shear modulus of soil (Pa) 1.86×106 

Poisson's ratio of steel 0.3 

Density of steel (kg·m-3) 7865 

Shear modulus of steel (Pa) 7.9×1010 

Coefficient of restitution of soil-soil 0.6 

Coefficient of static friction of soil-soil 0.5 

Coefficient of rolling friction of TS-TS 0.18 

Coefficient of rolling friction of TS-BS 0.25 

Coefficient of rolling friction of BS-BS 0.25 

Coefficient of restitution of soil-steel 0.6 

Coefficient of static friction of soil-steel 0.6 

Coefficient of rolling friction of TS-steel 0.05 

Coefficient of rolling friction of BS-steel 0.13 

Surface energy of TS (J·m-2) 42 

Surface energy of BS (J·m-2) 48 

 
Methods and data processing 

Discrete element simulations were conducted using 
three RBBRs at three different tillage depths (120 mm, 
150 mm, and 180 mm). Simultaneously set the forward 
speed was 0.43 m/s and the rotary speed was 327 r/min. 
The Rayleigh time step was set to 8.79×10-5 s, with the 
simulation time step defined as 10% of this value. 

The bottom profiles presented a certain degree of 
unevenness after tillage with different RBBRs. To more 
clearly quantify the effects of different RBBRs on the 
bottom profiles after tillage, the concept of bottom 
evenness after tillage (BET) was introduced here with 
reference to the measurement method of surface evenness 
after tillage in GB/T 5668-2017 (Chinese Standard 
Committee, 2017). The calculation method is as follows: 

1

)(
1

2








n

aa
B

n

i
i

ET
                     (7) 

Where: 

ai is height of the ith measuring point, mm;  

a is the average height of measuring point, mm;  

n is number of measuring points.  
 
Obviously, similar to the surface evenness after 

tillage, the smaller the BET value is, the flatter the bottom 
after tillage is, and the better the tillage quality is. 

The actual average tillage depth (HSR-N) reflects the 
ability of RBBR to achieve the predetermined tillage depth. 
The stability coefficient of tillage depth (STD) is an 
important indicator to describe the change degree of the 
actual tillage depth (Chinese Standard Committee, 2017; 
Zhang et al., 2015). Its calculation method is as follows: 
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Where: 
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ST is standard deviation of tillage depth under 
working conditions, mm;  

Hi is the depth of ith measuring point, mm;  

HSR-N is actual average tillage depth of each RBBR, 
mm;  

m is number of measurement points;  

VC is variation coefficient of tillage depth under 
working conditions, %. 

 
The BET, HSR-N, and STD were measured and 

calculated at 30 randomly selected measurement points 
within the time frame corresponding to the stable 
operating range of the RBBR (4.5~7.5 s). 

Methods of field test 

To test the actual tillage effect of RBBR and the 
accuracy of simulation model, field tests of SR-6 and 
SR-8-1 were conducted at the Modern Agricultural 
Science and Technology Experimental Base of Huazhong 
Agricultural University in Wuhan, China. The previous 
crop in the experimental field is rapeseed, with less straw 
residue, which has a relatively small impact on the tillage 
characteristics of RBBRs detection. Soil analysis identified 
silty clay loam texture in the experimental field (31 ± 2% 
clay, 63 ± 4% silt, 6 ± 2% sand). Actual measurements 
have shown that within a depth range of 150 cm, the soil 
cone index is 1515.5 kPa, the soil moisture content is 

16.3%, and the dry bulk density of soil is 1347.6 kg·m⁻³. 
During the test, a full-size RBBR was used (Figure 3b), 
that is, the machine contains 6 sections of SR-8-1. 
Therefore, the final data needs to be divide by 6 to 
correspond to the DEM simulation results. The operation 
parameters of field test were set as follows: forward speed 
is 0.43 m/s, rotary speed is 327 r/min, and tillage depth is 
150 mm. Each test was repeated three times, and the 
average value was taken as result. The data collection 
device included various sensors and dynamic data 
collector, as shown in Figure 6. The sensors are capable of 
capturing real-time data such as the torque, rotational 
speed, and draught force of the RBBR, and instantly 
transmits this data to a dynamic data collector. 
Subsequently, the dynamic data collector sends the data to 
a receiving computer via wireless transmission. On the 
receiving computer, the accompanying software, based on 
preset algorithms, converts the acquired data into power in 
real time. The specific formula for calculating power is  
as follows: 

9550

NT
vFP m




                    (11) 

Where: 

P is power of RBBR, kW;  

T is torque of RBBR, N∙m;  

N is rotational speed of RBBR, r/min.

 

Torque 
sensor

Draught sensors

Dynamic 
data collector

 

FIGURE 6. Data collection device connected to both the tractor and machine. 
 
RESULTS AND DISCUSSION 

Soil cross-sectional profile 

The cross-sectional profile formed after soil cutting 
by RBBR serves as a crucial indicator for evaluating its 
degree of soil disturbance, which in turn is one of the 
important dimensions for evaluating its tillage 
performance (Wang et al., 2020; Song et al., 2022). During 
the post-processing phase of the discrete element 
simulation, a soil slice with a thickness of 50 mm was 
extracted along the advancing direction of the RBBR for 
the purpose of analyzing soil disturbance. Taking a tillage 
depth of 150 mm as an example, the processes of SR-6, 
SR-9, and SR-8-1 cutting through soil and the movement 

of soil particles are shown in Figure 7. The cross-sectional 
profiles of SR-6, SR-9, and SR-8-1 at the moment they 
have completely traversed the slice are separately shown 
in Figure 8. As evident from the figures, these three 
RBBRs primarily produce significant disturbance effects 
within their designed tillage widths, with relatively minor 
impacts observed outside these widths. This finding aligns 
with previous research results on other tillage tools (Li et 
al., 2016; Matin et al., 2014, 2016). The primary reason for 
this is that the machetes positioned on both sides of spiral 
horizontal blades effectively cut soil particles to form neat 
trench walls, thereby effectively limiting the influence of 
spiral horizontal blades and rotary blades on soil particles 
outside these walls.       
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FIGURE 7. The process of cutting and throwing soil with a RBBR and the soil particle movement: (a) SR-6, (b) SR-9, (c) 
SR-8-1. 
 

HSR-6

 

HSR-9

 

(a) (b) 

HSR-8-1

 
 

(c) (d) 

FIGURE 8. The cross-sectional profiles of three RBBRs as they completely pass through the slice when the tillage depth is 
150mm: (a) SR-6, (b) SR-9, (c) SR-8-1, (d) The bottom contours extracted for enlargement. 

 
Three bottom profiles are extracted as shown in 

Figure 8d, and it is evident that there are significant 
differences among the three profiles. The bottom profile 
after tillage with SR-6 shows an overall undulating state. 
The soil cutting process of SR-6 in Figure 7a also reveals 
that at 7.29~7.31 seconds, the two rotary blades and spiral 
horizontal blade sequentially enter the soil to cut it. Due to 
the excessively large axial spacing between the two rotary 
blades, a prominent bulge, namely the area with width W1, 

is left between them. At 7.32 s, due to the lack of 
disturbance of rotary blades on the right side, only spiral 
horizontal blades are able to cut through soil, leaving an 
area with width W2. The bottom profile after tillage with 
SR-9 shows an overall state of being higher on both sides 
and lower in the middle. There is also a bulge with width 
W3 on its right side, but W3 is significantly smaller than 
W2. Compared to SR-6 and SR-9, the bottom profile after 
tillage with SR-8-1 is relatively flat overall. Figure 7c 
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shows that during 7.30~7.32 s, the reverse rotary blade on 
the right side cuts and throws soil, so there is no obvious 
bulge on the right side. The mutual disturbance of adjacent 
rotary blades with appropriate spacing to soil during 
operation can basically realize soil tillage within the entire 
range. This is similar to the research results of Matin et al. 
(2016). The above analysis demonstrates that the bottom 
profile after tillage with SR-8-1 was obviously better than 
those obtained with SR-6 and SR-9. Therefore, to avoid 
the problem of unevenness at the bottom of tillage layer, 
SR-8-1 should be used as often as possible. 

Bottom evenness after tillage 

The BET results of three RBBRs under different 
tillage depths are shown in Figure 9. Under the same 
theoretical tillage depth, the BET of SR-8-1 had a 
significant effect on SR-6 and SR-9, while SR-6 and SR-9 
had no significant effects (Figure 9). Obviously, the BET 
results after tillage with three RBBRs presented different 
characteristics. With the increase in tillage depth from 120 

mm to 180 mm, the BET of SR-6 first decreased and then 
increased; the BET of SR-9 showed a decreasing trend; and 
the BET of SR-8-1 showed a trend of first increasing and 
then decreasing. Although BET changes of three RBBRs 
were different, the values of SR-6 and SR-9 were 
relatively close, while SR-8-1 was obviously smaller than 
the former two. 

The average BET values for SR-6 and SR-9 at three 
tillage depths were 10.67 mm and 10.70 mm, respectively, 
while SR-8-1 had an average BET value of 6.35 mm, which 
represented a significant decrease of 40.49% and 40.65% 
compared to SR-6 and SR-9, respectively. The magnitude 
of this decrease was notable. This showed that the bottom 
obtained after tillage with SR-8-1 was flatter. Matin et al. 
(2014) believed that the flat U-shaped bottom had more 
loose soil. Ji et al. (2012) reported that it was more suitable 
for later sowing if there was no obvious bulge at the 
bottom after tillage. Therefore, SR-8-1 should be used 
preferentially in the case of higher requirements for the 
quality of the bottom tillage layer.
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FIGURE 9. Bottom evenness after tillage (BET) of three RBBRs under different tillage depths. The means followed by different 
letters are significantly different according to Duncan’s multiple range test at the significance level of 0.05; the error bars are 
standard deviations. 
 
Actual average tillage depth and stability coefficient of 
tillage depth 

The HSR-N and STD of different RBBRs under the 
conditions of three theoretical tillage depths are shown in 
Figure 10 and Figure 11, respectively. 

The HSR-N of three RBBRs did not reach the set 
values (Figure 10). This was mainly related to the 
unevenness of the bottom. Under the same theoretical 
tillage depth, the HSR-N of SR-6 had a significant effect 
relative to SR-9 and SR-8-1, while SR-9 and SR-8-1 had 
no significant effects. The HSR-N results of SR-6, SR-9 and 
SR-8-1 all showed increasing trends under any theoretical 
tillage depth. Compared with SR-6 and SR-9, the HSR-N of 
SR-8-1 increased by 20.23% and 6.61%, respectively, 
when the theoretical tillage depth was 120 mm; HSR-N 
increased by 19.16% and 5.28%, respectively, when the 
theoretical tillage depth was 150 mm; and HSR-N increased 
by 12.12% and 3.59%, respectively, when the theoretical 
tillage depth was 180 mm. Obviously, the HSR-N of SR-8-1 

(113.92 mm, 140.00 mm and 168.40 mm, respectively) 
had the smallest deviation from the theoretical tillage 
depth (5.07%, 6.67% and 6.44%, respectively). Therefore, 
SR-8-1 was better than SR-6 and SR-9 in achieving the 
predetermined tillage depth. Although the values of three 
RBBRs at the maximum tillage depth were almost the same, 
the bulges at the bottom obtained with SR-6 and SR-9 had a 
greater impact on the actual average tillage depth. Ji et al. 
(2012) also found a similar phenomenon in the test. 

Under the same theoretical tillage depth, the STD of 
SR-8-1 had a significant effect on SR-6 and SR-9, while 
SR-6 and SR-9 had no significant effects (Figure 11). 
Obviously, the STD of SR-8-1 was better than that of SR-6 
and SR-9 under any theoretical tillage depth, and the 
improvement effect was significant. The average STD of 
SR-8-1 under the three theoretical tillage depths was 
95.35%, which was 5.12% and 3.84% higher than those of 
SR-6 (90.71%) and SR-9 (91.69%), respectively. The STD 
of any type of RBBR showed an increasing trend with 
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increasing theoretical tillage depth. The STD of the three 
RBBRs reached the minimum and maximum when the 
theoretical tillage depths were 120 mm and 180 mm, 
respectively. The main reason may be that the deeper the 
tillage depth was, the greater the attraction between soil 
particles was. During the tillage process, the interactions 
between rotary blades and soil particles improved the 

uncultivated area at the bottom. Kataoka & Shibusawa 
(2002) also pointed out that the compressive stress and 
shear stress generated when rotary blade was cutting the 
soil will cause cracks in soil, which will expand to the 
uncultivated area along with the movement of the blade 
tip, thus improving the stability of tillage depth in the 
entire area.
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FIGURE 10. Actual average tillage depth (HSR-N) of different RBBRs under three theoretical tillage depth. The means followed 
by different letters are significantly different according to Duncan’s multiple range test at the significance level of 0.05; the 
error bars are standard deviations. 
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FIGURE 11. Stability coefficient of tillage depth (STD) of different RBBRs under three theoretical tillage depth. The means 
followed by different letters are significantly different according to Duncan’s multiple range test at the significance level of 
0.05; the error bars are standard deviations. 
 
Axial force 

In the coordinate system setup of the simulation 
model (Figure 5), the direction of the axial force aligns 
with the Y-axis. Utilizing the post-processing capabilities 
of the EDEM software, by simply selecting the RBBR as 
the output object, one can directly export the force data 
along the Y-axis direction for the RBBR over any 
specified time period. These data represent the axial forces 

experienced by the RBBR. During the simulation process, 
the period from 0~4 s is allocated for the generation and 
stabilization of soil particles, while the period from 4~8 s 
is designated for the operation of the RBBR. Specifically, 
the RBBR fully enters the virtual soil bin at 4.5 s, marking 
the commencement of its stable operation; after 7.5 s, the 
RBBR begins to exit the soil bin. Therefore, the interval 
from 4.5~7.5 s is selected as the stable simulation time. 
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The axial force data for the three RBBRs are exported, and 
their variation trends are shown in Figure 12. 

Because the operation parameters were the same, 
the axial force variation trends of three RBBRs were 
relatively consistent in a stable simulation period, and the 
axial force always alternated between positive and 
negative (Figure 12). That is, when RBBR was operating, 
the force along the width (Y-axis) direction changed back 
and forth between left and right. This was mainly because 
the spiral horizontal blades and rotary blades entered the 
soil alternately during the tillage process of RBBR. The 
soil being cut and thrown to the side exerted opposite 
forces on spiral horizontal blades and rotary blades, which 
led to the fluctuation of the axial force of RBBR in a 
certain range. Some scholars' tests on a single rotary blade 
have proven that the soil only produces a reaction force in 
the same direction on its side (Fang et al., 2016; Xiong   
et al., 2018). 

The positive and negative axial forces represent the 
direction of the force exerted by the soil on RBBR. From 
the coordinate system of the DEM in Figure 5, it can be 
seen that the positive axial force of RBBR was mainly the 
force exerted by the soil being cut on spiral horizontal 
blades, while the negative axial force was mainly the force 
exerted on rotary blades. The average axial force of three 
RBBRs reflected the effects of their rotary blade 

configurations. The average axial force for SR-6 was 
16.16 ± 84.65 N, for SR-8-1 it was -5.54 ± 87.44 N, and 
for SR-9 it was -28.25 ± 77.49 N. Statistical significance 
testing revealed that the average axial force of SR-8-1 
showed a significant difference compared to SR-6 and 
SR-9 (p<0.05); however, there was no significant 
difference in the average axial force between SR-6 and 
SR-9 (p>0.05). The average axial force of SR-6 was 
positive, which meant that the axial force of the soil on 3 
spiral horizontal blades was greater than that on 6 rotary 
blades. The average axial forces of SR-8-1 and SR-9 were 
negative, which meant that the axial force of the soil on 3 
spiral horizontal blades was less than that on 7 (9) rotary 
blades. Obviously, the absolute value of the average axial 
force on SR-8-1 was the smallest, which was 65.72% and 
80.39% lower than those of SR-6 and SR-9, respectively. 
This showed that the configuration of rotary blades 
designed by theoretical calculation was more reasonable. 
The range of axial force applied to SR-8-1 (maximum 
axial force minus minimum axial force) was 339.24 N, 
which was 18.79% and 1.10% lower than those of SR-6 
(417.73 N) and SR-9 (343.00 N), respectively. In 
conclusion, SR-8-1 has lower average axial force and axial 
force ranges than SR-6 and SR-9, which had a positive 
effect on improving the stability of the machine and 
balancing the axial soil throwing amount of RBBR.
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FIGURE 12. Axial force variation of three RBBRs when the theoretical tillage depth is 150 mm. 
 
Field test 

The comparison of various test indicators after 
tillage by field test and simulation is shown in Table 2. 
The results of field verification test and simulation are 
similar. The BET, HSR-N and STD of SR-8-1 were better than 
those of SR-6, which proved that the results of the 
simulation were reliable. Compared with SR-6, the power 
of SR-8-1, in field verification test and simulation, 
increased by 5.16% and 12.06%, respectively. This was 
mainly because SR-8-1 was equipped with more rotary 

blades in the width range than SR-6, so the power 
increased accordingly. 

When the working condition is sandy loam, there is 
less bulging at the bottom after tillage by SR-6. In this 
case, the BET of SR-6 will be reduced, and HSR-N and STD 
will be increased accordingly. To reduce the power of the 
tractor, SR-6 can be selected as the tillage tool. However, 
when the soil conditions are poor, SR-8-1 should       
be selected as often as possible to improve the soil    
tillage quality.
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TABLE 2. Comparison of the test results of field verification test and simulation. 

Item Type BET (mm) HSR-N (mm） STD (%) Power (kW) 

Field verification test 
SR-6 10.44 124.90 91.64 6.20 

SR-8-1 6.46 143.30 95.49 6.52 

Simulation 
SR-6 9.17 117.49 92.19 5.72 

SR-8-1 6.96 140.00 95.03 6.41 
 
CONCLUSIONS 

To achieve the optimal structure of RBBR, this 
study optimized the configuration of rotary blades on 
RBBR. Additionally, the tillage performance of different 
RBBRs was evaluated using DEM. The results showed 
that SR-8-1 obtain a flatter bottom, with a BET of 6.35 mm, 
which was 40.49% and 40.65% lower than SR-6 (10.67 
mm) and SR-9 (10.70 mm), respectively. SR-8-1 was 
better than SR-6 and SR-9 in achieving the predetermined 
tillage depth, with a minimum average deviation of 6.06%. 
The average STD of SR-8-1 under the three theoretical 
tillage depths was 95.35%, which was 5.12% and 3.84% 
higher than those of SR-6 (90.71%) and SR-9 (91.69%), 
respectively. The absolute value of the average axial force 
on SR-8-1 (5.54 N) was the smallest, which was 65.72% 
and 80.39% lower than those of SR-6 (16.16 N) and SR-9 
(28.25 N), respectively. 

In field validation test and simulation, the power of 
SR-8-1 increased by 5.16% and 12.06% respectively 
compared to SR-6. However, SR-8-1 outperforms SR-6 in 
other tillage performance. Therefore, it is recommended to 
prioritizing SR-6 for tillage in sandy loam soil and SR-8-1 
for clay loam soil. 
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