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Abstract

To address the technical challenge of the uneven distribution of passivator particles (more in the upper
layer and less in the lower layer) during the chemical remediation of heavy metal-contaminated soil,
this study proposed a method based on rotary tillage for mixing passivator particles with soil. Initially,
the key structure of the rotary tiller was optimized, and the tillage process was numerically simulated
using the Enhanced Discrete Element Method (EDEM). Taking the mixing uniformity of passivator
particles and soil particles as the core evaluation metric, and under a fixed tillage depth of 25 cm, the
travel speed of the rotary tiller and the blade roller speed were selected as key variables. Results
demonstrate that when the travel speed of the rotary tiller is maintained at 2 km/h and the blade roller
speed is set to 250 r/min, the mixing uniformity of passivator and soil particles reaches 82 % after
secondary tillage, representing 61 % improvement compared to primary tillage. The proposed method
provides a crucial evidence for the optimization of soil remediation processes, which has significant
academic and practical implications.
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1. INTRODUCTION

The health of the soil, which serves as an important foundation for agricultural production, is
a prerequisite for sustainable agricultural development and human health. However, in recent
years, heavy metal pollution in farmland soils has become increasingly severe due to human
activities. These activities include intensive agricultural practices, such as the excessive use of
pesticides and chemical fertilizers, and industrial activities, such as the large-scale emission of
heavy metal-containing waste water, waste gas, and solid waste from enterprises [1, 2]. The
remediation of heavy metal-contaminated soil has become a major global environmental
challenge. More than 5 million hectares of land worldwide have been contaminated by heavy
metals. For example, in China, India, and Egypt, the concentrations of cadmium (Cd), arsenic
(As), and lead (Pb) in a significant portion of the soil exceed the threshold limit value of
heavy metals in soil. Millions of hectares of farmland in Europe are contaminated by heavy
metals, and in Japan the area of farmland contaminated by heavy metals such as Cd and
copper (Cu) is 7.3x10° m? [3]. In 2014, the Bulletin of National Soil Pollution Survey issued
by the Chinese government showed that the total point location overlimit rate of soil pollution
in China reached 16.1 %, of which the overlimit rate of cultivated land was 19.4 %, and the
pollution was mainly caused by heavy metals such as Cd, As, and mercury (Hg) [4]. Crops
can absorb and accumulate heavy metals from soil through their roots thereby posing a
potential threat to human health via food chain. Heavy metal pollution in farmland soil thus
has seriously endangered food security and human health [5]. Therefore, the remediation of
heavy metal-contaminated soil has become one of the primary tasks in soil management.
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To minimize the harm of heavy metals, contaminated soil remediation has been
extensively investigated by several scholars. The key strategies include reducing the
absorption and fixation of heavy metals by crops or remove heavy metals [6, 7]. Currently,
the main remediation measures include: (1) the selection and breeding of low-metal varieties,
(2) physiological blockades, (3) moisture management, (4)soil amendments, and
(5) phytoremediation [8, 9]. Among these measures, soil improvement, as the most common
way of soil remediation, involves the mixing and blending of soil and heavy metal passivator
agents in the soil remediation unit, and the remediation effectiveness is directly influenced by
the mixing uniformity [10]. The practical remediation process faces significant challenges due
to difficulty in achieving uniform mixing of passivator particles and soil, and the primary
issue is that the passivator particles and soil cannot be fully blended due to the limitations of
mixing equipment, resulting in the passivator agglomeration, reduced soil utilization rates,
and increased remediation costs. Meanwhile, human health will be increasingly endangered
by the excessive use of passivators. Hence, to ensure effective remediation and protection of
contaminated soil, it is necessary to explore the interactions among soil, passivation
chemicals, and equipment, to improve the efficiency of soil remediation equipment, and to
increase the uniformity of mixing between passivator particles and soil.

In this study, soil improvement with passivators based on in situ remediation was
simulated via the Discrete Element Method (DEM). Specifically, the passivator was mixed
into the soil for remediation using a rotary tiller. The soil and passivator were crushed and
mixed at various travel speeds and blade roller speeds, with the goal of solve the mixing
uniformity problem of soil and passivator, thereby contributing to the remediation of heavy
metal-contaminated soil and providing optimized operating parameters for rotary tillers in
agriculture applications.

2. STATE OF THE ART

Currently, contaminated soil is primarily remediated through physical, chemical, and
biological methods. Passivators are mainly applied to chemical remediation, including biochar
and lime. Numerous studies have demonstrated that these passivators can effectively
eliminate or reduce heavy metals, such as cadmium and arsenic, in soil while improving soil
nutrients, enzyme activity, and microbial populations, with the characteristics of low input
costs, high remediation efficiency, fast remediation speed, and simple operation [11, 12].
Therefore, passivators have broad application prospects for soil pollution control.

For soil remediation involving mixing passivator particles with soil, numerous
experiments must be conducted to accurately verify the interaction mechanisms among
equipment, soil, and passivator particles. However, this process not only involves complex
multifactor coupling effects but is also accompanied by high economic and time costs. As a
result, numerical simulation based on the Discrete Element Method (DEM) has emerged as a
valuable research tool, enabling scientists to explore these mechanisms more efficiently
[13-15]. Referring to related research, Zhang et al. [16] used EDEM software to model rotary
tiller—soil-straw interactions, analysing micromechanical behaviours and optimizing rotary
blade design. Field experiments validated the model's accuracy, demonstrating its
effectiveness for simulating soil and particle interactions. Arnaut et al. [17] designed a novel
screw-mixing mechanical device based on the DEM to investigate particle mixing
homogeneity. By simulating the movement and interactions of particles during the mixing
process, the device analyses their distribution and mixing effects, providing strong references
and support for the development of EDEM toward mixing uniformity. Li et al. [18] proposed
a combined rotary and deep tillage method, which improved soil structure and crop yield but
lacked systematic analysis of parameter optimization (e.g., travel speed and blade roller
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speed). Sun et al. [19] used the Hertz—Mindlin contact model to simulate soil interactions with
bionic and common deep ploughing, validating the model's reliability for multiparticle mixing
analysis. Despite these advancements, there is limited data and theoretical analysis on how
travel speed and blade roller speed affect the mixing uniformity of passivator particles and
soil particles during in situ remediation. Further systematic research is needed to optimize soil
remediation technology and enhance its effectiveness. This would provide a stronger
theoretical foundation and technical support for improving remediation outcomes.

The mixing ability of rotary tillers depends on the soil-tool interaction. However, a
plough pan may be formed during the operation of the rotary tiller, which can adversely affect
soil moisture conservation and on the absorption and utilization of moisture in deep soil by
plant roots [20]. In addition, the power demand and torque of different types of rotary tillers
vary with their blade design, further influencing the travel speed of rotary tillers and the blade
roller speed [21]. Therefore, an important link in soil remediation is to optimize the rotary
blade to improve the working efficiency of rotary tillers.

The above research results mainly focused on passivators, EDEM software simulation,
and rotary tiller operation. The passivators have been applied in various scenarios, but their
uniformity when mixed with soil influences the exertion of their own characteristics. With
contaminated soil as the research object, this study aims to improve in situ soil remediation
efficiency. The overall structure of a rotary tiller was modelled using SolidWorks software,
and the rotary tillage process of mixing and blending viscous soil and soil heavy metal
passivator was simulated via EDEM software. This study provides a basis for optimizing the
rotary tillage process and offers key theoretical guidance for solving the mixing uniformity
problem of soil and passivator after rotary tillage.

The remainder of this study is organized as follows: Section 3 introduces the overall
mechanical structure of the rotary tiller; Section 4 examines the effects of travel speed and
blade roller speed on the mixing uniformity after primary and secondary rotary tillage;
Section 5 reviews the features of the entire equipment, and summarizes the study. This study
provides a valuable reference for the mixing uniformity of soil and passivator particles.

3. MATERIALS AND METHODS

3.1 Overall mechanical structure

As shown in Fig. 1, the horizontal rotary tiller mainly includes the power transmission part
(universal joint, and gearbox), the working part (blade roller, and rotary blade), the frame part
(main beam, side, and suspension device), and the soil covering and crushing device
(supporting plate, and press wheel).
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Figure 1. Schematic of the rotary tiller.
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The main parts of the rotary tiller are made of 1T245 65Mn. The blade and blade roller
adheres to Rotary Tiller—Rotary Blades and Blade Holders (Chinese GB/T 5669-2017) [22],
as shown in Fig. 2. Among them, the rotary blade measures 214 mm in length features an
angle of 30°. The blade roller has a diameter of 90 mm in diameter, the spacing between blade
holders is 110 mm, and the included angle between adjacent cutting edges within a single
period of revolution is 22.5°. The blade roller is one of the core parts of the rotary tiller, and
the rotary blade is installed on the blade roller.

Figure 2: Schematic of the rotary blade roller.
3.2 Determination of the mixing uniformity

The coefficient of dispersion (C,) is calculated through the following formula:
C, = %xlOO% (1)

where S is the standard deviation of heavy metal passivator content in the soil sample; X is
the mean value of heavy metal passivator content in the soil sample.

The uniformity of the mixture (M) is solved through C,, as seen in Eq. (2):

M=1-C, @)

Mixing uniformity is one of the indexes indicating the operating quality of rotary tillers,
while the mixing uniformity of discrete particles is generally reflected by the coefficient of
dispersion [23]. The greater the coefficient of dispersion, i.e., standard deviation, the poorer
the mixing uniformity of particles [24].

3.3 Simulation

In this study, a smooth solid sphere model was used to simulate the actual soil and the particle
shape of a heavy metal passivator [25]. The single sphere particle model was selected from
the EDEM software particle model library, and the soil particle radius was set to 5 mm, as
shown in Fig. 3. The radius of heavy metal passivator particle was set to be randomly
distributed within 1-5.6 mm, and the simulation model and random distribution parameters
are illustrated in Fig. 4. The simulated particle material properties and the contact attribute
parameters are listed in Table I and Table 11 [23].

5, 5, 5 9.8 2.8 2.8)
22 1% mm T ~ 2.8, 2.8, 2.1
j,/iw-'m" > > © 5 TS (2.8, 2.8, 2.8)
EREES / 78, 28 2.8) ’

\ /
\ |
5.6 mm

\LO my | ‘ / 2.8)

5, =5)

Figure 3: Soil particle model diagram. Figure 4: Passivator model diagram.
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Table I: Particle material property parameters [23].

Material Poisson’s ratio | Density (kg-m™®) | Shear modulus (Pa)
Soil 0.30 1385 2.79 x 108
Heavy metal passivator 0.25 1450 7.90 x 10%°
Steel 0.30 7850 7.90 x 10%°

Table 1I: Contact attribute parameters of interactive materials [23].

| . ial Coefficient of | Static friction | Rolling friction
nteractive materials restitution coefficient coefficient
Soil and soil 0.25 0.70 0.03

Soil and heavy metal passivator 0.25 0.60 0.02
Heavy mej[al passivator and heavy 0.20 0.50 0.01
metal passivator

Soil and steel 0.50 0.50 0.01
Heavy metal passivator and steel 0.50 0.50 0.01

This study aims to investigate the mixing uniformity of passivator and soil using the
rotary tiller. Given that soil contains water and is prone to cementation and agglomeration,
this simulation was performed in contact models, such as linear translation kinematic, linear
rotation kinematic, sinusoidal translation kinematic, and sinusoidal rotation kinematic.
Viscous soil was simulated using the Hertz—Mindlin with JKR contact model, and the
bonding energy was set to 8 J [26-29]. In accordance with the tillage width of the blade roller,
the tillage depth was set to 250 mm. A soil trough with dimensions of 2000 x 550 x 300 mm
was established, and a virtual plane with dimensions of 2000 x 220 mm virtual plane was set
up at the top of the soil trough as a particle factory for particle generation. The geometric
simulation model is displayed in Fig. 5. According to reference [30], the maximum passivator
addition amount of 20 kg was selected for the relevant research. In the experiment, the static
generation method was adopted. The total number of particles was 357,000, comprising
320,000 soil particles (yellow particles) and 37,000 heavy metal passivator particles (laid on
the soil surface). The created initial model is shown in Fig. 6.
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Figure 5: Geometric simulation model.

Figure 6: Soil and heavy metal passivator model.

3.4 Experimental method

According to the Rotary Tiller (Chinese GB/5668-2017) [31], the travel speed for dry tillage
was determined to be 2-3 km/h, the blade roller speed was 150-350 r/min, and the tillage
depth was 250 mm. Two parameters, travel speed and blade roller speed, were selected as
experimental factors, each with three levels. Therefore, a uniform design scheme was
obtained, as shown in Table IIl. The simulation experiments were conducted sequentially
using EDEM software, and the secondary rotary tillage was performed for a group of
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parameters with the optimal rotary tillage results to explore whether the number of rotary
tillage operations would affect the mixing uniformity of heavy metal passivator and soil.

Table H1: Uniform design scheme for rotary tillage parameters of the rotary tiller.

No. | Travel speed (km/h) | Blade roller speed (r/min)
1 2.0 150
2 2.5 150
3 3.0 150
4 2.0 200
5 2.5 200
6 3.0 200
7 2.0 250
8 2.5 250
9 3.0 250

Given the instability of rotary tillage at the beginning of the simulation experiment, the
simulation area of 500 x 500 x 250 mm in the middle of the soil trough was designated for data
extraction and recording. This area was divided into a 5 x4 x 3 grid, and the size of each grid
was 100 x 125 x 100 mm (only half of the top grids participated in data extraction; thus, the
average particle number of one vertical grid and three grids was divided by 2.5) to facilitate
data analysis and calculation. By reading the number of heavy metals passivator particles in
each grid, the data of one longitudinal grid (three grids) were taken as one piece of sample
data, the whole area was divided into 20 sample data points, and the coefficient of dispersion
of heavy metal passivator particles on the 20 sample data points was calculated to reflect the
mixing uniformity of heavy metal passivator particles in soil within this area. The grid
partition is illustrated in Figs. 7 and 8.
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Figure 7: Mesh delineation in the horizontal Figure 8: Delineation of the vertical grid.
and vertical directions.

4. RESULTS AND DISCUSSION

4.1 Mixing uniformity analysis

Mixing results in primary rotary tillage and analysis: Fig.9 presents the sample
uniformity data of nine groups of simulation experiments. Upon the comprehensive analysis
of the data of mixing uniformity in each longitudinal depth, the mixing uniformity (the
average value of 20 sample data points) in the whole grid area was accurately determined.
When the blade roller speed was set at 150 r/min and the travel speed at 2, 2.5, and 3 km/h,
the corresponding average mixing uniformities were 0.21, 0.17, and 0.09, respectively; when
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set to 200 r/min, the values increased to 0.27, 0.14, and 0.12; when set to 250 r/min, the
values increased to 0.32, 0.19, and 0.11.
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Figure 9: Mixing homogeneity of simulated experimental samples.

Blade roller speed and mixing uniformity: The data indicate that the mixing uniformity
did not always increase monotonically with the increase in the blade roller speed (from
150 r/min to 250 r/min) at the same travel speed. For example, when the travel speed was
3.0 km/h, the mixing uniformity increased from 0.09 (blade roller speed: 150 r/min) to 0.12
(blade roller speed: 200 r/min) and then decreased to 0.11 (blade roller speed: 250 r/min). At
the travel speed of 2.5 km/h, the average mixing uniformity decreased from 0.17 (blade roller
speed: 150 r/min) to 0.14 (blade roller speed: 200 r/min) and then increased to 0.19 (blade
roller speed: 250 r/min). This result revealed that the increasing blade roller speed might
increase the mixing uniformity, but an optimal speed existed, and when this speed was
exceeded, the mixing uniformity might no longer increase or even decline.

Travel speed and mixing uniformity: Within the range of test conditions, the mixing
uniformity could be improved by reducing the travel speed. Specifically, at the blade roller
speed of 150 r/min, the travel speed decreased from 3.0 km/h to 2.0 km/h and the mixing
uniformity grew from 0.09 to 0.21; at the blade roller speed of 200 r/min, the travel speed
declined from 3.0 km/h to 2.0 km/h, and the mixing uniformity increased from 0.12 to 0.27,
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when the blade roller speed was 250 r/min, the travel speed declined from 3.0 km/h to 2.0
km/h, and the mixing uniformity increased from 0.11 to 0.32. The possible reason is that a
relatively low travel speed provides soil particles with more time for more thorough mixing
and more even redistribution within the tillage area.

Interaction between blade roller speed and travel speed: At the same travel speed, the
blade roller speed influenced the mixing uniformity to different degrees. In the experiments,
the minimum mixing uniformity value observed was 0.09 (blade roller speed: 150 r/min,
travel speed: 3 km/h) and 0.32 (blade roller speed: 250 r/min, travel speed: 2 km/h). At the
travel speed of 2 km/h and the blade roller speed of 150 r/min, the average mixing uniformity
was 0.21, which was lower than that at the same travel speed and the blade roller speed of
250 r/min, thus indicating the interaction between travel speed and blade roller speed, which
jointly affected the mixing uniformity.

Influence mechanism of the blade roller speed: An elevation in the blade roller speed
would increase the centrifugal force and tangential force of soil particles, thus improving the
kinematic velocity and throwing distance of particles and promoting their mixing. However,
an excessively high speed may lead to excessive crushing or compaction of soil particles and
diminish the mixing uniformity on the contrary.

Influence mechanism of the travel speed: The decrease in the travel speed could
lengthen the time for soil particles to act on the rotary tiller, facilitating the mixing and
redistribution of particles and improving the mixing uniformity. Nevertheless, the operating
efficiency might be reduced when the travel speed is too low.

Comprehensive influence of interactions: At a low travel speed, the mixing uniformity
could be improved more remarkably by increasing the blade roller speed. The reason is that
the low travel speed provides longer time for soil particles so that the increasing blade roller
speed could fully exert its mixing action. On the contrary, the improvement effect of the blade
roller speed on the mixing uniformity might be restricted at a relatively high travel speed,
making it difficult to realize full mixing due to the short rotary tillage action borne by soil
particles.

In summary, the mixing uniformity was more prominently influenced by the travel speed
than by the blade roller speed. In the primary mixing process, the maximum mixing
uniformity (0.32) was achieved at a travel speed of 2 km/h and a blade roller speed of
250 r/min. This result provided the optimal initial process condition for optimizing the
secondary rotary mixing and establish a solid foundation for soil remediation and
improvement.

Related data analysis of secondary rotary mixing: In the course of the initial rotary
tillage and mixing operation, the optimal combination configuration was painstakingly
identified by means of a comprehensive and systematic analysis and evaluation approach.
Concurrently, the combination of the highest — achievable traveling operation velocity and the
maximum cutter — roller rotational speed within the experimental framework was selected.
Subsequently, a secondary rotary tillage and mixing operation was carried out for these two
sets of parameters. The mixing uniformity values of twice mixing were compared, as shown
in Fig. 10. The experimental data revealed that when the travel speed was 2 km/h and the
blade roller speed was 250 r/min, the mixing uniformity increased from 0.32 to 0.82 after the
secondary rotary tillage. When the travel speed was 3 km/h and the blade roller speed was
250 r/min, the mixing uniformity increased from 0.11 to 0.69 after the secondary rotary
tillage. As shown in the figure, the mixing uniformity of heavy metal passivator after
secondary rotary tillage was remarkably improved in comparison with that after primary
rotary tillage.

Influence of travel speed on mixing uniformity: The data revealed that the decrease in
travel speed (from 3 km/h to 2 km/h) was related to the improvement of mixing uniformity
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under the fixed blade roller speed. This result can be attributed to the fact that the lower travel
speed extended interaction time for soil particles to mix thoroughly and redistribute evenly,
thus improving the mixing uniformity.

Variation trend of mixing uniformity: When the travel speed was 3 km/h, the average
value of mixing uniformity indicates from 0.11 to 0.69 in primary rotary tillage, while when
the travel speed was 2 km/h, the average mixing uniformity grew from 0.32 to 0.82 in primary
rotary tillage. This variation trend indicated that the mixing uniformity was considerably
influenced by the travel speed and secondary rotary tillage, with an optimal value of the travel
speed that contributed to the maximum mixing uniformity.
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Figure 10: Comparison of data from two rotary tillage samples blade roller speed 250 r/min.

Interaction between travel speed and blade roller speed: The mixing uniformity
appears to be influenced by the interaction between the travel speed and blade roller speed.
Despite the fixed blade roller speed, it could be inferred from the working principle of the
rotary tiller that different blade roller speeds needed to be matched with different travel
speeds to realize the optimal mixing uniformity.

Correlation between speed and uniformity: A low travel speed seems to correlate with
the relatively high mixing uniformity. This correlation can be attributed to the fact that a low
speed extended time available to soil particles for mixing, reducing the likelihood of soil
stratification.

In summary, the travel speed after the secondary rotary tillage significantly impacts the
mixing uniformity. Moreover, the secondary rotary tillage has remarkable advantages in
improving the mixing uniformity, which can fully mix the passivator particles with soil.

4.2 Innovations and advantages

In this experiment, the mixing mode of secondary rotary tillage was proposed, aiming to
enhance the integration of the passivator with the soil, with the following advantages:

Improvement of operating efficiency: Despite the increase in the number of operations,
the operating time within unit area in secondary rotary tillage was effectively controlled
through the reasonable operating parameter setting and mechanical configurations. Moreover,
the increase in mixing uniformity facilitates smoother subsequent soil processing and planting
operations because of the increase in mixing uniformity, thus improving the agricultural
production efficiency on the whole.

Cost-benefit analysis: In the long run, the mixing uniformity of soil particles and
passivator was improved after the secondary rotary tillage, which facilitated passivator
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particles fully participating in the removal of heavy metals in soil, improved the overlimit
status of heavy metals in soil, and provided an improved environment for crop growth. The
yield growth compensates for the additional costs generated by the increasing number of
operations. Additionally, the good soil structure and fertility level could reduce the use of
fertilizers and pesticides, further decreasing the agricultural production cost and improving
the economic benefit.

4.3 Application prospects and challenges

In the passivator—rotary tiller collaborative action system, the improvement of the soil
structure by the rotary tiller created an extremely advantageous environment for the
remediation of heavy metal-contaminated soil. The integration of the passivation process and
the tillage operation not only optimizes the operational workflow but also substantially
enhances the operational efficiency. Meanwhile, the passivation repair process was
characterized by low equipment requirements, low energy consumption, and simple operation.
On the premise of ensuring effective soil remediation, the economic cost of soil remediation
could be considerably reduced by accurately regulating the amount of passivator applied.

In view of the uniqueness and complexity of plantation scenarios of different crops, the
rotary tiller can be combined with other soil remediation equipment to achieve better
remediation results. For example, in the vegetable plantation scenario, an integrated design of
the steam sterilizer and rotary tiller can be considered. High-temperature steam is transported
to the soil by a steam sterilizer, and harmful microorganisms and weed seeds in the soil can be
effectively killed under the cooperation of the rotary mixing operation, thus achieving a good
soil disinfection effect. In addition, combining the rotary tiller with the spray disinfection
system is a feasible scheme. When the rotary tiller ploughs and stirs the soil, the spray
disinfection system evenly sprays the disinfectant into the soil, which can effectively
eliminate the pests and diseases in soil. These combined strategies not only represent the
important future application direction in the field of soil remediation but also bring many
challenges to the technical innovation and engineering practice in this field. This situation is
worth exploring.

5. CONCLUSIONS

To improve the remediation effect of heavy metal pollution in soil, this study focuses on the
rotary tillage technology in promoting the mixing uniformity of passivator particles and soil
particles during efficient mixing and stirring. The rotary tiller was modelled using
SolidWorks and subsequently simulated in EDEM software to thoroughly analyse the mixing
process. Travel speed and blade roller speed were systematically studied to determine optimal
operating conditions. And a simplified model was created for numerical simulation with a
tillage depth of 25 cm. The optimal parameters identified were a travel speed of 2 km/h and a
blade roller speed of 250 r/min. These settings achieved a mixing uniformity of 0.82 after
secondary tillage, which represents 61% improvement compared to that achieved after
primary tillage. The study highlights that travel speed has a significant impact on mixing
uniformity. However, it notes that the influence of the rotary tiller casing was not considered
in this research, which could be a promising direction for future studies.
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