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General Abstract

A comprehensive understanding of the interactions between soil, crop residue, and tillage
implements is critical for advancing the efficiency and sustainability of conservation agriculture.
This study integrated laboratory and field experiments with discrete element method (DEM)
simulations to investigate soil-residue—machine dynamics across two common tillage practices
(disc tillage and subsoiling). A concave disc was used in a controlled soil bin experiment to
examine the effects of corn residue length and disc operational angles on soil cutting forces and
residue incorporation. Experimental findings showed that longer residue lengths increased both
draft force and residue incorporation rate, with the developed DEM model predicting these
responses with average relative errors of 9.0% for residue incorporation and 18.2% for draft force.
Further, a DEM model simulating soil—cornstalk—disc interactions was established and validated,
successfully predicting corn stalk cutting effectiveness and soil cutting forces with an overall
relative error of 16.4%. Micro-dynamic analysis revealed that soil bulk density and disc type
significantly influenced corn stalk sinkage and soil support forces. In addition to residue cutting
studies, the effects of soil heterogeneity defined as vertical spatial variation in soil properties, were
explored by developing layered DEM soil models. Simulations of subsoiler performance
demonstrated that incorporating heterogeneity improved the prediction accuracy for disturbed soil
area, while all models showed acceptable accuracy for predicting soil disturbance width. Finally,
the dynamics of wheat residue management with a tandem disc harrow were studied, showing that
tillage direction, disc angle, travelling speed, and working depth significantly influenced soil
surface roughness, draft force, and soil cutting efficiency. Tillage direction perpendicular to the
wheat stubble rows produced lower surface residue cover compared to the tillage direction parallel

to the wheat stubble rows. Collectively, these studies contribute to a deeper understanding of soil-



residue-machine interactions, offering validated simulation approaches and insights to optimize

tillage implement design and operation for enhanced conservation tillage.
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Chapter 1: General Introduction

1.1. Introduction

Soil tillage has been a cornerstone of agricultural practices for thousands of years,
shaping the development of farming and food production. Tillage provides numerous
benefits to crop production, such as managing crop residue (Aulakh et al., 2001), aerating
soil (Awe et al., 2024), fertilizing soil (Biichi et al., 2018), controlling weeds (Mishra and
Singh, 2012), breaking up soil hardpans (Raper et al., 2007), improving soil aggregation
(Gupta Choudhury et al., 2014), preparing seedbed (Fanigliulo et al., 2021), regulating soil
moisture (Wang et al., 2022), controlling pest and disease (Tamburini et al., 2016), and
increasing soil temperature (Liu et al., 2013). Modern agriculture requires sustainable
tillage practices to protect soil and environment. Conservation tillage, which has been

developed for decades, is such a sustainable tillage practice.

Conservation tillage is a tillage practice that improves soil structure (Madejon et al.,
2009), prevents soil erosion (Prasuhn, 2012), maintains the sustainability of crop yields
(He et al., 2011), and reduces production cost (Teng et al., 2023). To achieve these benefits,
conservation tillage involves minimizing soil disturbance and leaving a significant portion
of the previous crop residue (such as stems, leaves, and stalks of plants) on the soil surface.
Residue cover on soil surface not only can reduce soil erosion by wind and water, but also
increase water infiltration and retention, improve soil organic matter and structure, and

suppress weed growth.

However, conservation tillage practices also have drawbacks. For instance, the

excessive crop residue results in clogging of seeders, leading uneven seed placement, poor



seed-to-soil contact, and uneven seed germination (Torbert et al., 2007). The excessive crop
residue on the soil surface would decompose slowly (Lupwayi et al., 2006), which may
negatively impact the seeding quality in more than one year. Conservation tillage can also
cause soil surface compaction resulting from reducing soil disturbance and then limits plant
growth and productivity (Sidhu and Duiker, 2006). Therefore, tillage operations should
effectively incorporate a portion of crop residue into soil, while retaining some crop residue

on the soil surface to improve the soil health.

Many types of tillage machines can be used in conservation tillage. Discs have been
commonly used to manage crop residue, as they disturb the topsoil adequately, leaving an
appropriate crop residue coverage. Meanwhile, subsoiling, another form of conservation
tillage, was used to alleviate soil compaction in deeper soil layers without disturbing the
surface residue and topsoil (He et al., 2007; Martinez et al., 2012; Deng et al., 2025).
Although the interactions between these tillage machines, soil, and crop residues have been
studied, the understanding of their dynamics has largely been limited to macro-level
phenomena (the forces and displacements of bulk soil and residue). In contrast, the micro-
level dynamics, involving the forces and displacements of individual soil and residue

particles, remain poorly documented. This study aims to bridge that gap.

Traditionally, the interactions of soil, soil-engaging tools, and crop residue were
investigated in laboratory and field experiments (Kushwaha et al., 1986). Later, modelling
approach was used for examining the dynamic behaviours of soil and crop residue.
Traditional models were developed using analytical methods, such as mathematical
considerations (Magalhaes et al., 2007), laws of classical mechanics (Ahmadi, 2018), and

statistical regression techniques (Upadhyay and Raheman, 2019). These analytical methods



often rely on specific assumptions, which not fully capture the complexities of real-world.
In recent years, numerical methods have gained popularity to model complex systems with
interactions between multiple variables which are often difficult or impossible to solve
analytically. An early numerical method for modelling soil-tool interaction is the finite
element analysis (FEA) (Plouffe et al., 1999). A major limitation of FEA 1is its inability to
accurately model materials undergoing large displacements, like the soil and residue
movement during tillage operations. A more recent method, the discrete element method
(DEM) has been developed by Cundall (1971). DEM considers the discrete nature of
material particles (such as soil particles and crop residues) and their interactions with
interfacing objects (such as a soil-engaging tool) (Aikins et al., 2023; Wood, 2004). Unlike

FEA, DEM has no restrictions on particle displacements.

DEM models have been widely used in modelling soils and their interactions with soil-
engaging tools. However, challenges remain in conservation tillage where large amount of
crop residues present on the soil surface. Most existing models focus on the macro-dynamic
behaviour of soil and often exclude crop residue. Little research has addressed the micro-
dynamic behaviours of individual soil particles and crop residue particles. This study aims
to provide a comprehensive understanding of the soil-residue-machine interaction at the
microscopic level. The findings advance knowledge of soil dynamics, guide the
development of high-performance tillage machines, and contribute to improved field

efficiency in conservation tillage.



1.2. General Objectives

The general aim of this study was to develop, calibrate, and validate soil-residue-

machine interactions using DEM model, and to apply the models to simulate the dynamics

of soil and crop residue under varying soil, residue, and machine operational conditions.

The specific objectives of this study were to:

develop a residue-disc-soil interaction model using the DEM (Chapter 3)

calibrate and validate the residue-disc-soil interaction model using soil bin testing
data of residues with various lengths (Chapter 3)

apply the validated residue-disc-soil interaction model to investigate the effects of
tilt and disc angle on residue dynamic attributes (Chapter 3)

develop a DEM model to simulate soil-cornstalk—disc interactions (Chapter 4)
conduct experiments for soil-cornstalk—disc interaction model calibration and
validation using measured data (Chapter 4)

investigate the micro-dynamic behaviours of soil and corn stalks under two
different concave discs and varying soil bulk densities (Chapter 4)

develop a DEM model to simulate a disc harrow operated in two tillage directions:
parallel and perpendicular to the standing wheat stubble rows (Chapter 5)

validate the disc harrow model by comparing experimental data with simulated data
(Chapter 5)

simulate the dynamic behaviours of soil and wheat residue under different

operational parameters of the harrow (Chapter 5)



e develop and calibrate a soil-subsoiler interaction model with a layered structure to
mimic the soil heterogeneity along the depth profile (Chapter 6)

e use the model to investigate the micro-behaviours resulting from the subsoiling
(Chapter 6)

e compare models with varying degrees of soil heterogeneity in the resultant soil

disturbance characteristics (Chapter 6)

1.3. Thesis Structure

This thesis is structured in a collection of paper format (grouped manuscript style). It
includes a general abstract, followed by a general introduction and general literature review
in Chapters 1 and 2 respectively. Chapters 3 to 6 present four individual papers, each with
its own abstract, introduction, methodology, results and discussions, conclusions, and
references sections. These chapters involved four research topics, including crop residue
incorporation (Chapter 3), crop residue cutting (Chapter 4), disc harrow tillage (Chapter 5),
and subsoiling in layered soil structures (Chapter 6). They focused on tillage, soil and
residue, from top soil in shallow tillage to subsoil in deep tillage. Chapter 7 provides a

general conclusion and recommendations.

The four main chapters (Chapters 3 to 6) focused on distinct aspects of soil-residue—
machine interactions. The central theme was to apply the Discrete Element Method (DEM)
for modeling dynamic behaviours of soil and crop residue under various tillage conditions.
The investigation by quantifying the effects of disc angle and tilt angle on residue
incorporation was initiated in Chapter 3. The micro-scale interaction mechanisms between

discs, soil particles, and corn stalks were revealed in Chapter 4. Chapter 5 advanced this



understanding by introducing tillage direction relative to crop stubble rows as a field-
relevant variable influencing overall residue displacements. The studies of disc-soil-
residue interaction were expanded from a single disc in Chapters 3 and 4 to multiple-disc
implement in Chapter 5. Finally, the attention was shifted from surface soil (shallow
discing) to deep soil (subsoiling), extending the DEM to analyze disturbance of deeper soil
under layered soil conditions. In conclusion, this thesis formed a cohesive progression,
from surface-level of surface to subsurface soil disturbance, both of which dealing with
crop residue incorporations. This offers an integrated perspective to support tillage systems

for soil and residue management.

Chapter 3 has been published as Wu and Chen (2024) in Computer and Electronics in
Agriculture. Chapter 4 has also been published as Wu et al. (2025) in Smart Agricultural
Technology. Chapter 5 was submitted to Biosystems Engineering for publication (status:
under review). Chapter 6 was published in Smart Agricultural Technology as Wu et al.
(2024). In these publications and manuscripts, the candidate is the first author, and his
contributions include, not limited to, conceptualization, methodology, software, validation,
formal analysis, investigation, data curation, visualization, and paper writing. The other
coauthors’ contributions include conceptualization, methodology, resources, review and

editing, supervision, project administration, and funding acquisition.
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Chapter 2: General Literature Review

2.1. Tillage Implements

Tillage is a fundamental agronomic operation aimed at preparing the soil for planting
(Baker et al., 1996), controlling weeds (Wiese, 1985), incorporating residues (Al-Kaisi and
Guzman, 2013), and improving soil structure for optimal crop growth (Li et al., 2024).
Broadly, tillage can be classified into primary and secondary tillage (Tiessen et al., 2007).
Primary tillage is the first soil operation after harvest and involves deeper and more
aggressive soil disturbance. Secondary tillage is lighter, focused on refining the seedbed
and conserving soil moisture. The choice of tillage implements depends on the desired soil

condition, crop requirements, and environmental considerations.

Modern tillage equipment is designed to balance soil loosening, mixing, and residue
management while minimizing energy consumption and environmental degradation.
Among the wide range of tillage tools, disc implements and subsoilers represent two
distinct approaches. Discs are used for surface-level operations such as residue mixing and
weed control (Chen et al., 2004), while subsoilers are used for deep tillage to break

compacted layers and improve root penetration (Shahgoli et al., 2010).
2.1.1 Disc Tillage

Disc are rotary tools designed to be mounted on a frame (Figure 2.1) and are primarily
used to cut soil and crop residue and incorporate residue into the soil. There are several
types of discs implements for specific tillage needs. Disc plows are used for primary tillage
to break clods and mix surface residues (Al-Janobi, 1998). Disc harrows are for secondary

tillage. Disc harrows have different disc configurations. For instance, offset disc harrows
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are ideal for uneven terrains, offering improved residue handling and deeper penetration
(Upadhyay and Raheman, 2018), whereas tandem disc harrows feature both front and rear

gangs for enhanced soil pulverization and surface levelling (Adam and Erbach, 1992).

Figure 2.1. Example of disc equipment that managing soil and crop residue (designed and

manufactured by Versatile).

2.1.2  Subsoiling

Subsoilers are deep tillage implements designed to alleviate soil compaction by
breaking up hardpan layers without significantly disturbing the topsoil structure (Hipps and
Hodgson, 1987). Various types of subsoilers are used based on tillage requirements and
soil conditions, which influence the width of disturbed soil and the required draft force.
For example, straight shank subsoilers, such as rippers (Figure 2.2) offered minimal soil
disturbance while effectively penetrating compacted layers (Duiker, 2020). Curved shank
subsoilers were designed to fracture the soil, creating a broader disruption zone (Tong et
al., 2020). Winged subsoilers, equipped with lateral extensions, enhance soil shattering at

the same working depth, increasing tillage efficiency (Hang et al., 2017a). Subsoiling is
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highly energy-intensive, with high draft forces, necessitating to optimize performance and

reduce fuel consumption.

Figure 2.1. A subsoiler with wavy coulters and rippers.

2.2. Residue Incorporation into Soil

2.2.1 Crop Residue in Conservation Tillage

In conservation tillage, tillage tools must deal with crop residues, which make the soil-
tool interaction more complex. Inadequate residue management can lead to significant
clogging of tillage and seeding equipment. The approaches for appropriate residue

management through tillage are discussed below.

Residue cover, related to the quantity of crop residue per unit surface area, was

calculated by the following equation (Karayel et al., 2024):

y = (1 _ e—0.00064-4X) x 100 (21)

where y = residue cover (%), X = dried weight of the crop residue within a unit surface area
(Ib acre™!). The percentage of residue cover (40%, 55%, 80%, and 90%) for conservation
tillage had effects on seeding quality (Karayel et al., 2024). Experimental results
demonstrated that a high residue cover reduced seeding depth of double-disc furrow
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openers and seed germination rates, while delaying the plant emergence time. A proper
density of crop residue on the soil surface could reduce diurnal fluctuations in soil
temperature between day and night periods, which thus favoured the crop emergence and
growth (Morris et al., 2009). Therefore, the surface cover of crop residue should be adjusted
to an appropriate level for optimizing seeding depth, plant emergence speed, and crop
establishment. Incorporating crop residue into the soil with tillage helps to mitigate the
challenges associated with excessive crop residue. Tillage operations also have positive

effects on soil conditions, such as aeration, ultimately resulting in an increase in crop yield.

Residue incorporation is affected by many factors, including tillage operational
parameters and residue and soil conditions in fields. Field experiments showed that tillage
depth and residue incorporation affect the soil properties and crop yield (Tian et al., 2020).
Amounts and sizes of crop residue also affect residue incorporation, movement, and
decomposition in soil. Liu et al. (2010) have investigated the effect of oat straw length
ranging from 50 to 250 mm on tillage performance of a sweep. The forward displacement
of oat straw increased by 20% when straw length increased from 50 to 250 mm. Long
straws were less buried into soil by the sweep compared to short straws. Oat straws decayed
faster when tilled into the soil than if left undisturbed (Vigil, 1995). Using tillage equipment,
such as discs, crop residues can be cut into smaller pieces, which can speed up the residue

decomposition.

In addition to residue incorporation, residue hairpinning is another problem associated
with crop residue management. Hairpinning refers to a condition where crop residue (such
as straw or stalks) is pushed into the seed furrow by seed openers (often disc openers),

rather than being cleanly cut or moved aside (Chen et al., 2016). Instead of allowing seeds
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to be placed directly into the soil, the opener bends and presses the residue into the furrow,
forming a "hairpin” shape, and thus, the seed ends up sitting on top of or surrounded by
residue rather than making firm contact with the soil. Hairpinned residue causes poor soil-
seed contact, inconsistent seeding depth, and compromised moisture and nutrient access
by the seedling. Hairpinning could be alleviated via operating tillage tools with appropriate
working depths and cutting angles (Zeng et al., 2021), reducing the residue coverage to a
balanced level (Torbert et al., 2007), and chopping crop residue into smaller size (Aikins

et al., 2020).

2.2.2 Interactions of Soil and Soil-Engaging Tools

Understanding the dynamics between soil and soil-engaging tools is crucial for
optimizing agricultural practices, improving tillage efficiency, and enhancing soil
sustainability. Soil cutting force and soil disturbance are important dynamic attributes in
tillage. Previous studies examined the soil cutting force of mouldboard plows (Makange et
al., 2020; Ucgul and Saunders, 2020). The tool geometries were found to have significant
influence on the soil cutting forces (Hoseinian et al., 2022). The influence of operational
parameters, such as working speed and working depth, also influenced soil cutting forces
(Onwualu and Watts, 1998) and soil disturbance characteristics (Zhao et al., 2020) of soil-
engaging tools. In the design of soil-engaging tools, adequately considering the soil cutting
forces and soil disturbance mechanisms (Tan et al., 2025) is crucial for improving working
performance of the tools. In agricultural fields, stones present significant challenges during
soil preparation, as they damage equipment and hinder efficient tillage. The soil-tool
interactions of a seedbed clearing and shaping device was studied for efficiently removing

stones from the seedbed and forming seeding furrows, resulting in a high-quality seedbed
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(Li et al., 2022). In practice, compacting devices are sometimes used to prepare a uniform
soil seedbed. Understanding the interaction of soil and a compacting device helps to

improve the seedbed uniformity (Zhang et al., 2024a).
2.2.3 The Effect of Residue

Existence of crop residue can complicate achieving the desired depth and uniformity,
resulting from increasing resistance to tool penetration and causing uneven interaction of
tool with the soil. To address this, a toothed rolling coulter was developed to enhance the
penetration ability to the soil with corn residue cover (Magalhaes et al., 2007). Laboratory
experiments comparing toothed coulters with notched and smooth coulters further
confirmed that crop residue significantly affects the ability of penetration (Bianchini and
Magalhaes, 2008). The penetration depth of a disc coulter is different as the type of crop
residue changes. For example, compared to fields with wheat and rice residues, the disc

coulters penetrated deeper in fields with corn residue (Kumar et al., 2021).

2.3. Modelling Approaches

Agricultural soils are complex systems with a heterogeneous mixture of solid (sand, silt,
clay, and organic matter), liquid (moisture), and gaseous components (oxygen, carbon
dioxide, and other gases). This multiphase nature of soil creates significant challenges to
modelling of soil. For instance, changes in moisture content affect soil mechanical
properties (compaction and strength) (Zheng et al., 2021). Moreover, the soil structure
(porosity and aggregation) might be different under tillage practice and weather (Boizard
et al., 2013). As a result, accurately modelling the behaviours of soils under various

agricultural conditions should consider the movement nonlinearity, spatial variability, and
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coupled processes from different perspectives. This complexity makes soil modelling both
scientifically challenging and computationally demanding, often simultaneously requiring

model accuracy and practical feasibility.

Modelling approaches are effective for studying tillage dynamics by offering insights
into how different variables interact, guiding machinery design, soil management, and
residue management. There have been numerous studies in tillage research utilizing

various modelling approaches, including empirical, analytical, and numerical methods.

2.3.1 Empirical and Analytical Models

Empirical models are based on observed data and make predictions without requiring
an in-depth understanding of the underlying complex processes. For example, field data of
soil penetrometer resistance and soil conditions (e.g. bulk density and water content) were
collected for developing an empirical model that predicted soil penetrometer resistance at
different soil conditions (Wang et al., 2021). An empirical model was developed for
predicting the increase in bulk density of topsoil as the soil was deformed under the traffic

compaction (Schjenning, 2023).

Analytical models help streamline soil tillage research by providing a controlled, cost-
effective and predictive framework for studying the effects of different tillage practices
(Liu et al., 2021). Early analytical models were represented by the Universal Earth Moving
Equations for simple soil-engaging tools, such as blades (McKyes, 1985). Later, analytical
models were developed for soil-engaging tools with more complex geometries. Using

analytical models, soil cutting forces were typically predicted for different soil-engaging
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tools, such as convex-type wide cutting blade (Gupta et al., 1989), sweeps (Liu et al., 2010),

and curved subsoiler (Jiang et al., 2020).

However, analytical models have several limitations. Analytical models often require
simplifying assumptions. For example, in the Universal Earth Moving Equations, soil
failure was assumed to be passive, and the failure line is fixed within a soil body (McKyes,
1985). This assumption works only for problems with simple shapes (e.g. a blade soil-
engaging tool) and well-defined boundary conditions (e.g. flat soil surface). Complex
geometries or loading scenarios are difficult to solve analytically. Also, analytical solutions
are not easily adaptable to changes in soil properties, boundary conditions, or system
configurations. Soil is non-homogeneous with nonlinear behaviour (such as large
deformations and frictional contact) and is very difficult to handle analytically. Soil-
residue-machine systems involving discrete particles (like soil particles and crop residue

particles) are typically beyond the reach of analytical models.

2.3.2  Numerical Models

Numerical models offer several advantages over analytical models, particularly when
dealing with complex and real-world problems. Unlike analytical models, which often
require simplifying assumptions and are limited to simple geometries and linear behaviour,
numerical models can handle complex shapes, heterogeneous soil, and nonlinear dynamics
with high precision. They are especially useful for simulating large deformations, time-
dependent phenomena, and interactions between discrete elements, such as soil particles
or crop residues. Common numerical approaches are the finite element analysis (FEA) and
discrete element method (DEM). Both methods provide flexibility to model a wide range

of physical conditions and boundary scenarios that would be impractical or impossible to
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solve analytically. As a result, numerical methods are more powerful tools for gaining

deeper insights into dynamic systems, such as soil-residue-machine interaction systems.

2.3.2.1 Finite Element Models

In modelling soil-tool interactions using the FEA, soil is treated as a continuous medium.
Soil body is divided into smaller elements that are connected at specific points (nodes).
Soil is typically assumed as elastic-plastic material. To simulate the mechanical behaviours
of soil, different model descriptions were applied in the literatures. An arbitrary
Lagrangian-Eulerian description was introduced to solve soil deformations resulting from
the cutting action of soil-engaging tools (Zhang et al., 2018). The Drucker-Prager
constitutive law was also adopted with the flow properties of soil, therefore being applied
in the finite element simulations (Armin et al., 2014; Mouazen and Neményi, 1999). The
working performance of the tool was evaluated using the model by simulating soil
deformation and draft forces for various tools, such as mouldboard plow (Bentaher et al.,
2013), disc plow (Abu-Hamdeh and Reeder, 2003), and simple blades (Abo-Elnor et al.,

2004; Armin et al., 2014).

In reality, soil consists of discrete particles. The discrete nature is difficult to be captured
by a finite element model. Especially in loose and non-cohesive soils, such as sandy loam
soil, the granular interactions between individual soil particles are not naturally accounted
by the FEA. A finer meshing (to capture the soil-tool interaction in sufficient detail) is
required in the finite element model for simulating the localized soil heterogeneity
(Mouazen and Neményi, 1999), resulting in computational challenge. In addition, the
contact forces, sliding, rolling, and rotation between soil particles are important for soil

tillage research, but cannot be fully captured in a finite element model. Thus, the FEA
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excels for studying macroscopic dynamic behaviours of continuum (soil), rather than

evaluating the microscopic dynamic behaviours of discrete soil particles.

2.3.2.2 Discrete Element Models

Discrete Element Method (DEM), a numerical simulation technique (Cundall, 1971),
has been widely used for modelling the behaviours of discrete particles, such as soil and
crop residue. Newton’s laws of motion and mathematical relation of force-displacement
are the principles followed by particle movement and interaction. A DEM model simulates
how particles move, collide, and displace in response to external loads or forces. Under an
applied external load, particle behaviours in the simulation are monitored, including
displacement, contact force, and velocity. The DEM allows for the consideration of
different particles, such as soil particles and crop residue particles. The method allows for
easily monitoring the forces and displacements of individual soil and residue particles.

Thus, the DEM was used for modelling soil-residue-machine interactions in this study.

DEM has been successfully applied to soil mechanics and dynamics, enabling
researchers to simulate soil behaviours under various environments. Existing studies have
explored how DEM can model soil deformation and soil failure under the action of soil-
engaging tools, including soil compaction (Acquah and Chen, 2021), shear (Liu et al.,
2023), and flow properties (Qi et al., 2019). DEM allows for simulating the characterization
of soil particles and their responses to external forces, which is crucial for understanding

how soil-engaging tools interact with soil in tillage operations.

Soil body can be modelled as a dis-continuum in DEM. The model provides detailed

dynamic attributes of individual particles as they interact with machines. These attributes

22



include the non-linear behaviours of soil, such as plastic deformation (Cheng et al., 2004),
irregular soil stress-strain curves (De Pue et al.,, 2019; Zhang et al., 2019), and
heterogeneous properties of field soils (Zeng et al., 2017). Such microscopic-level

behaviours may not be captured by continuum-based methods like FEA.

Two commonly used DEM commercial software are EDEM (Altair Engineering Inc.,
USA) and Particle Flow Codes in Three-Dimensions (PFC?P) (Itasca Consulting Group,
Inc., USA). The basic elements of DEM are spherical particles. For simplicities, spheres
are commonly used to replicate agricultural soil particles in DEM. The forces on normal
and tangential direction between two particles were generated in accordance with different
particle contact models (Liu, 2021). In PFC3P, the common contact models for mimicking
soil particle contact are parallel bond contact model, linear cohesion model, Hertz-Mindin
with bonding model. The hysteretic spring contact model in software EDEM has also been
used in soil tillage research. Different soil textures and conditions were modelled with
different particle contact models, but the standards regarding which contact models fit
which soil textures have not been established. The contact model for sandy loam soil was
represented by the linear cohesion model (Ucgul et al., 2018a), hysteretic spring contact
model (Barr et al., 2018), and parallel bond contact model (Li et al., 2016). Hertz-Mindin
with bonding model was used for mimicking loamy soil (Wang et al., 2019a). The
properties of agricultural sandy soil were mimicked by the parallel bond contact model
(Tamas et al., 2013). These suggest that soil condition (such as cohesion and friction),
rather than soil texture, is a dominant factor in determining which particle contact model

to be used.
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DEM has been widely used to study the soil behaviours as influenced by soil-engaging
tools (disc plows, subsoilers, sweeps, mouldboard plows, and rotary tiller blades). Results
help optimize tool design, reduce energy consumption, and improve the performance of
tillage operations. For instance, the traditional rotary tiller was designed and tested in the
discrete element models (Du et al., 2022; Ucgul et al., 2018b; Zhang et al., 2022b). The
soil-subsoiler interactions were modelled for analysing the soil behaviours (Hang et al.,
2017b; Wang et al., 2019b), optimizing the structural parameters (Wang et al., 2019a; Wang
et al., 2020; Zhang et al., 2022a), and reducing tillage resistance (Li et al., 2014; Sun et al.,
2018). DEM models were developed to study the soil dynamic behaviours resulting from
sweeps (Nagy et al., 2024; Tamas, 2018; Tamas et al., 2013). Tillage force of mouldboard
plows was also predicted in several DEM models, for improving its working performance
(Makange et al., 2020; Saunders et al., 2021; Ucgul et al., 2017). A new disc furrow opener
was biomimetically designed and tested with the help of a DEM model (Wang et al., 2019c¢).
Also, soil displacements and soil cutting forces of the disc plow were monitored using

DEM models (Murray and Chen, 2018; Sadek et al., 2021).

Additionally, the characteristics of soil itself were studied using a DEM model. This
method is valuable for predicting how soil behaves under shear stresses, such as in shear
box tests, plate sinkage tests, and confined compression tests, where it helps understand
soil friction, shear strength, and yield behaviour (Bahrami et al., 2020; 2022; Ucgul et al.,
2015). The interaction and displacement of soil particles under load pressure were revealed

using DEM models (Acquah and Chen, 2021; 2023).
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2.4. DEM Modelling and Simulation

Crop residue is a critical factor that influenced the DEM modelling for conservation
tillage systems. The presence of crop residue can alter dynamics of soil-tool interaction by
exerting additional impact to soil and soil-engaging tools. Therefore, including crop residue

in DEM models is essential for model accuracies.
2.4.1 Applications of Soil-Residue-Machine Interaction Models

Crop residue has been considered as an essential component in a DEM model that
optimizes the structural and operational parameters of tillage tools. Considering the
performance in crop stubble cutting and clearing, a disc was optimized and analysed using
a DEM model (Li et al., 2025). The structural and operational parameters of a potato
stubble pulling device were optimized in a DEM model developed by Wang et al. (2025).
A DEM model of maize stubble was developed for investigating the interaction between a
tool and maize stubbles to optimize the tool design (Liu et al., 2024). Optimal tilt angles
and disc angles for different disc coulters were determined using a DEM model for
improving residue managing efficiency (Zhang et al., 2024b). A DEM model with three
blades interacted with soil and maize residue was developed to simulate the residue-cutting

efficiency (Zhang et al., 2025).

DEM models were also used to analyse the mechanism of crop residue mixing with soil.
The parameters of the soil-residue interference were determined and recommended for
future research (Xie et al., 2024). Residue movements were simulated in DEM models for

understanding dynamic behaviours of residue resulting from soil-engaging tools, including
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the residue trajectories, residue burial mechanism, and residue displacement (Lin et al.,

2024; Zeng et al., 2020; Zeng and Chen, 2019).

2.4.2  Gaps in Soil-Residue-Machine Interaction Modelling

Soil is heterogeneous and has different properties along the depth profile, such as soil
bulk density, saturated hydraulic conductivity, and moisture content (Yang et al., 2021).
These differences are likely influenced by factors such as tillage practices, levels of
machinery compaction, and methods of managing crop residue (Hu et al., 2024; Jabro et
al., 2016; Li et al., 2024). Modelling heterogeneous soils is difficult because of the
variability of soil properties across the depth profile. Existing studies have modelled
agricultural soil by dividing the deep soil profile into multiple layers, each characterized
by distinct properties. For example, existing DEM soil models feature a one-layer structure
(Makange et al., 2021), a three-layer structure (Hang et al., 2018; Hang et al., 2017b), or a
four-layer structure (Tong et al., 2023; Wang et al., 2022; Zhao et al., 2023). These studies
were carried out under different soil conditions and machines. Also, they were based on
varying assumptions about the soil-layer structure in the DEM models. This makes it
difficult to choose the appropriate model, in terms of the number of soil layers in the model.
Therefore, this study investigated the impact of soil layers on model prediction accuracies

for the same soil-engaging tool under the same soil and field conditions.

Concave discs are commonly used to incorporate crop residue into the soil. It is assumed
that a large concave design enhances the mixing process, affecting residue incorporation
rate. In practice, disc and tilt angles are often set along with the aggressiveness of the disc
blade’s curvature. Angle configurations affect the amount of crop residue incorporated into

the soil (Malasli and Celik, 2023) and the soil and residue movement. Additionally, the
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length of the crop residue significantly impacted the residue displacements (Liu et al.,
2010). However, there is a lack of DEM modelling and simulation studies that examine the
micro-dynamic behaviours of crop residue displacement under various disc configurations

and residue lengths.

Concave discs are utilized in conservation tillage to cut and incorporate crop residue.
The aggressiveness of the disc’s cutting action varies depending on several factors. As
reported by Zhang et al. (2024b) who developed a soil-disc-maize residue interaction DEM
model, a larger disc angle resulted in a higher residue management efficiency. A DEM
model that included the disc, soil, and straw was developed by Li et al. (2025) for
investigating the effects on the straw cutting and clearing process. However, the dynamic
behaviours of crop residue and soil during disc cutting remain poorly understood. In
particular, soil properties have been found to influence the effectiveness of crop residue
cutting (Aikins et al., 2020). Therefore, this study developed a DEM model to examine the

dynamic behaviours of soil and residue under varying soil bulk densities.

Modelling a single disc tool in a tillage implement makes it easier to isolate and
understand the behaviour of individual components, such as the effect of tool geometries,
speeds, or angles on soil disturbance and residue movement. Researchers often used single-
disc models to develop and validate basic assumptions or to compare different operational
settings (Murray and Chen, 2018; Sadek et al., 2021; Wang et al., 2019¢c). However,
modelling a single disc does not fully capture the collective behaviour and interactions that
occur in actual multi-disc tillage implements. In real field conditions, multiple discs operate
simultaneously, often influencing each other's performance through soil displacement, and

overlapping working widths. These interactions can affect draft forces, soil disturbance,

27



residue incorporation and displacement. As such, modelling a disc harrow with multiple

discs provides a more realistic and comprehensive simulation of field performance.

Major performance indicators of disc harrow include soil resistance, soil and residue
cutting, and residue incorporation. Existing studies suggested that the soil resistance was
affected by disc angles, working depths, and working speeds (Ahmadi, 2018; Kogut et al.,
2016; Upadhyay and Raheman, 2019). Those operational parameters also had influence on
tillage quality (Damanauskas et al., 2019). But the effects of tillage directions relative to
residue stubble rows on these dynamic attributes have not been well documented. Also,
there was little research on DEM modelling of an entire disc harrow. This study fills in this
gap by developing a soil-residue-harrow model to simulate the dynamic behaviours of soil

and residue resulting from the tillage action of multiple discs.
2.5. Summary

This research presented a comprehensive investigation into the interactions among disc-
type tillage implements, soil, and crop residue through both experimental and numerical
approaches. The performance of disc implements depended on key structural parameters
such as disc geometry, gang angle, and tilt angle. All of which influenced soil cutting,
residue and soil displacement, and power requirements. Operational parameters, such as
working depth and forward speed also significantly affected tillage quality, residue
incorporation, and energy consumption. Additionally, soil properties (such as soil bulk
density) and residue characteristics (such as residue length) directly impacted the

implement’s performance.
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Although numerous previous studies have focused on soil-tool interactions, the role of
crop residue has often been underrepresented. This study addressed this gap by
systematically studying dynamic behaviours of different crop residue under shallow and
deep tillage. Residue cutting, incorporation, and displacements were examined under both
laboratory and field conditions. To complement the experiments, Discrete Element Models
(DEM) were developed to simulate the interactions among soil, residue, and tillage tools.
These models were incorporated with layered soil structures, variable bulk densities,
realistic residue properties, and multiple-disc interactions. The models provided accurate

predictions of tillage processes under various field conditions.
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Chapter 3: Discrete Element Modelling of the Effect of Disc Angle
and Tilt Angle on Residue Incorporation Resulting from a

Concave Disc *

*Published in Computer and Electronics in Agriculture 224, €109222

3.1. Abstract

Understanding crop residue behaviour during tillage is critical for improving performance of
tillage tools for conservation agriculture. A laboratory experiment was conducted using a concave
disc to incorporate corn residue into sandy loam soil. Dynamic attributes, including soil cutting
forces and residue incorporation, were measured under different lengths (75, 125, and 200 mm) of
corn residue at constant disc and tilt angles. A residue-disc-soil interaction model was developed
using discrete element method (DEM). Model parameters were calibrated and validated using
experimental data. The validated model was used to predict the dynamic attributes at different disc
and tilt angles. Experimental results demonstrated a general increasing trend in draft force (£p)
and residue incorporation rate (R;), as the corn residue length increased. The two calibrated model

parameters, stiffness of soil particle and stiffness of soil-residue interface were 1.15 x 10° and 13.5

N m! respectively. The validated model had an average relative error of 9.0% and 18.2% for
predicting R; and Fp respectively, as compared with the measurements. Within the angle range of
10° to 30°, the Fp and R; decreased as the tilt angle (a) increased, whereas increased as the disc
angle (/) increased. The effects of f were more pronounced than those of a. The optimal angles

were o = 20°, f = 25° which resulted in a minimum Fp and a maximum R;. The results provided

47



new insight into residue-disc-soil dynamics and could be used to guide the selection of disc

operating parameters.

Keywords: Residue length; DEM; Disc; Displacement; Corn

3.2. Introduction

Crop residue management is one of the themes for conservation agriculture systems. Leaving
crop residue on the soil surface can reduce soil erosion and runoff. However, excessive residue
remaining in fields hinders the early crop growth, resulting in losses of the crop yield (Li et al.,
2022). Therefore, understanding the effectiveness of residue displacement and incorporation is
important for tillage tools (Hobbs et al., 2008; Lal et al., 2007). Some traditional tillage implements,
such as mouldboard ploughs (Arvidsson and Hillerstrom, 2010), rotary tillers (Zhou et al., 2020;
Zhu et al., 2023), and power harrow (Celik and Altikat, 2022), were designed to incorporate residue
into soil. Other tools were designed to displace only the portion of crop residue (Li et al., 2024;
Chen et al., 2024). But those tools aggressively disturb soil and leave little residue on the soil
surface, therefore increasing the risk of soil erosion and runoff. Concave discs are designed to
partially incorporate crop residue into soil meanwhile keeping some residue on the soil surface for

soil conservation and environment protection.

Existing studies on discs mainly concerned the effects on tillage forces, soil disturbance, and
residue cutting performance of discs. For example, a study was conducted to evaluate the draft
requirement and straw cutting performance of different disc openers (Ahmad et al., 2015). The
effects of different disc coulters and operational speeds on soil disturbance and residue cutting
were investigated in Kumar et al. (2021). A biomimetic disc was evaluated in comparison with

several traditional discs in terms of tillage forces, residue cutting efficiency, and soil disturbance
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(Torotwa et al., 2021). As the disc advanced in the field, crop residue was displaced and mixed
with soil. Research into this process could lead to a better understanding of the mechanisms of
residue incorporating. However, residue incorporation and displacements caused by a concave disc

have not been well documented yet.

In practice, disc plow was tilted at an angle and placed at a disc angle. Therefore, the tilt angle
and disc angle were considered to be critical indicators affecting the working effect of the disc.
For instance, the increase in tilt angle of plain disc from 0° to 20° resulted in higher soil
displacement (Murray and Chen, 2018). For notched concave disc harrow, an increase of disc
angle from 12° to 21° and tilt angle from 7° to 15° caused an increase in draft force while a decrease
in vertical force (Kogut et al., 2016). But the draft force of concave plain disc was positively
affected by disc angle while negatively affected by tilt angle (Sadek et al., 2021). It is foreseeable
that the effects of tilt angle and disc angle were complex and due to the difference in residue
conditions, soil textures, disc physical parameters, etc. However, most of existing literature was
limited to evaluate soil displacements and tillage forces. There was a lack of deep understanding

of the difference in residue behaviours caused by adjusting disc angle and tilt angle.

Regardless of the types of tillage tool, residue length prior to tillage operation affects residue
incorporation and displacement. For instance, the effects of rice straw length were investigated by
Xu et al. (2022a; 2022b), indicating that less rice residue was incorporated into soil by a rotary
tiller when the residue length increased from 30 to 150 mm. A soil bin experiment was conducted
to study the influence of residue length on residue movement and incorporation by tillage with a
sweep. The results showed that less cereal residue was incorporated into soil as the residue length
increased (Liu et al., 2010). Moreover, no particular trend of wheat residue displacement was found

with the increasing of residue lengths from 130 to 230 mm in a rotary blade test (Fang et al., 2016).
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These existing studies focused on cereal residue. Little research was done on effects of residue

length for corn.

To better understand residue incorporation and displacement resulting from discs, the
prerequisite is to understand the interaction of residue-disc-soil that is a complex system. A
numerical modelling method, discrete element method (DEM) has become an effective approach
in modelling dynamic behaviours of soil and tillage tools (Tekeste et al., 2019; Zhao et al., 2021).
This method has been applied to study soil dynamic attributes resulting from different tillage tools,
such as subsoilers (Zeng et al., 2017), mouldboard plows (Saunders et al., 2021), and sweeps (Zeng
et al., 2020; Zeng and Chen, 2019). DEM has also been applied to discs. For example, inspired by
digging animals, Wang et al. (2019) designed biomimetic discs and analysed their resistance-
reduction performance using the DEM. The effects of disc operating parameters on draft forces
were examined using DEM (Sadek et al., 2021). The tillage forces affected by disc angles were
predicted in DEM model (Murray and Chen, 2018; Khosravani et al., 2023). Different types of
discs were evaluated in terms of the draft force using DEM simulation (Ahmad et al., 2020). Soil
movement analysis was conducted using the DEM simulation of soil-disc plough interaction
(Ucgul, 2023). As for the interaction between soil, residue, and disc, some studies using DEM
models aimed at the residue cutting behaviours of disc openers (Liu et al., 2023; Zhong et al.,
2023), or optimized the operating angles of disc coulters (Zhang et al., 2024). However, disc plows,
the leading tillage tools in conservation tillage system, have not been well documented, in terms

of DEM modelling of corn residue dynamic behaviours under a concave disc.

In summary, there was the shortage of current research on concave disc for managing soil and
residue. Specifically, soil and residue dynamic behaviours as concave disc advanced, such as

tillage forces, residue displacements, residue incorporation, residue trajectories, and velocity
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distribution of soil and residue have not been well documented. There was also lacking
investigation of the effects of corn residue length and angle setup of disc (disc angle and tilt angle)
on soil and residue dynamic behaviours. Therefore, DEM model was used to fill up the current
shortage of concave disc research. The specific objectives of this study were to (1) develop a
residue-disc-soil interaction model using the DEM, (2) calibrate and validate the model using soil
bin testing data of residues with various lengths, and (3) apply the validated model to investigate

the effects of tilt and disc angle on residue dynamic attributes.

3.3. Methodology

3.3.1 Description of the Disc

A shallow concave plain disc (Figure 3.1a) was studied. The disc was a commercial disc, and
it was designed for primary tillage. The disc was 508 mm in diameter, 38 mm in concavity, and
6.5 mm in thickness. The radius of the concave arc was 760 mm. The centre of the disc was a
circular plane with a diameter of 130 mm. The disc was tested in a laboratory condition and its

interaction with soil and corn residue was modelled, as described in the following sections.
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Dynamometer

Figure 3.1. Soil bin setup: (a) disc and shank mounted on the carriage via a plate dynamometer; (b) tilt
angle, a; (c) disc angle, B; (d) three different lengths of corn residue; and (e) corn residue randomly spread

on the soil surface prior to tillage and residue tracers (blue colour) for measuring residue displacement.

3.3.2 Experiment

3.3.2.1 Soil Bin Test Setup

The disc was tested in an indoor soil bin at the Soil Dynamics and Machinery Lab, University
of Manitoba, Canada. The disc was mounted on the original twisted rigid shank that was attached
to the soil bin carriage. A plate dynamometer was located in between disc shank and soil bin
carriage to measure soil cutting forces exerted on the disc in perspective directions (Figure 3.1a).
The soil bin was 10 m in length, 0.9 m in width, and 0.6 m in depth and filled with sandy loam soil
(70% sand, 16% silt, and 14% clay). A standardized procedure of tilling by a cultivator, levelling

by a plate, and compacting by a roller was used for soil preparation prior to each test to ensure a
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consistent soil physical condition. Before tests, a core sampler (50 mm in diameter and 100 mm in
height) was used to take soil samples randomly from eight locations in the soil bin. The average
moisture content and dry bulk density of soil were 19.7% (d.b.) and 1209.9 kg m™ respectively

measured using the oven-drying method (ASABE Standards, 2020; ASTM Standards, 2016).
3.3.2.2 Experimental Design

The experiment was a completely randomized design with three lengths of corn residue
segments as treatments, i.e., 200, 125, and 75 mm (namely L200, L125, and L75). These lengths
represented three major ranges of distribution of residue length in the field (Hanajima, 2020). Tests
were done with one residue length at a time, i.e. the length of all corn residues in each test was
consistent. For each test, a total of 500 g of corn residue segments was spread on the soil surface,
regardless of residue length. This amount of residue was an equivalent reported residue cover
(Shinners and Binversie, 2007). Each treatment was replicated four times, giving a total of 12 test
runs. For all treatments, the disc was operated at a depth of 80 mm, a common working depth in
conservation tillage system (Wang et al., 2018). Limited by the soil bin testing facilities, a
travelling speed of 8 km h™! was used. The disc was set at a tilt angle of 20° (a, the angle between
the circumferential plane of disc and the vertical plane, as shown in Figure 3.1b) and a disc angle
of 17° (p, the angle between the circumferential plane of disc and the direction of disc travelling,
as shown in Figure 3.1c), as they were commonly used in conservation tillage research (Zeng et
al., 2021). The definitions of o and f were referred to Sadek et al. (2021). These operational

parameters were kept constants for all treatments.

Corn stovers were collected in a field at the end of growing season. The stalk part accounts
for over 60% of total residue biomass of corn stover (Shinners and Binversie, 2007), and the stalk

part of stover has a regular shape than any other parts of stover. Thus, to reduce experimental errors,
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corn stovers were stripped of leaves, ears, husks, and upper one third of height. The rest of the
stalk was cut into segments to be used in the experiment (Figure 3.1d). The corn residue segments
were weighed and oven-dried at 55 °C for 72 h and then re-weighed to determine the moisture
content, giving an average moisture content of 4.3% (w.b.). Such a low moisture content was the
result of the corn stalk being stored in the laboratory for two weeks before the experiment. For a
test, corn residue segments were randomly spread over a 2 m by 0.9 m soil surface area in the soil

bin (Figure 3.1e).

3.3.2.3 Measurements

Corn residue tracers were used to measure the displacements of corn residue resulting from
the disc operation. Residue tracers had the length corresponding to the length of corn residue
segments of the current test run, and they were coloured by blue dye. Seven tracers were placed
across the soil bin, as shown in Figure 3.1e. To determine the positions of tracers relative to the
disc, the disc was inserted into soil at the target depth, disc angle, and tilt angle, then a contact
contour (4-B) of soil surface intersects with the disc was formed (Figure 3.2a). The first tracer was
positioned on the front point of the contact contour (point A4), which represented a zero distance
(Do) of residue relative to disc. The rest of the six tracers represented distances of 60 (Dsp), 120
(Di20), 180 (Diso), 240 (D240), 300 (D3po), and 360 mm (D3s0). The forward and lateral
displacements of tracers were recorded using two rulers laid perpendicular to each other (Figure
3.2b). The vertical displacements of tracers were measured using a horizontal pole, extended from
a burette stand relative to the soil surface (Figure 3.2¢). The difference between the measurement

in vertical direction before and after tillage was defined as the residue vertical displacement.

Residue incorporation rate (R;) was indirectly measured by image analysis. An image of the
soil surface with residue was taken before the tillage operation. Then, an image was taken after the
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tillage operation (Figure 3.2d). In MATLAB, a thresholding method was implemented to binarize
the image (Figure 3.2¢) as black-and-white with white pixels representing residue and black pixels
representing soil. The difference in the number of white pixels before and after tillage was

determined. The R; was defined as ratio of the difference to the total number of pixels.

The soil cutting forces exerted on the disc in three perspective directions, namely draft (Fp),
vertical (Fy), and lateral forces (F7) were measured by the plate dynamometer aforementioned.

The force signals of the dynamometer were recorded using a datalogger and a computer at 65 Hz.
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Figure 3.2. Measurements during the experiment: (a) the layout of residue tracers, where curve A-B is the
contact contour between soil surface and disc, Do to Dsso represent the residue tracer distances relative to
the disc, from 0 to 360 mm with an interval of 60 mm; (b) measurements of forward and lateral residue
displacements; (c) measurements of vertical residue displacement; (d) original images after tillage

operation; and (e) binarized images using MATLAB processing.

3.3.2.4 Data Analysis

Analysis of variance (ANOVA) of test results was performed using statistical software (R
studio). This analysis was used to determine if the residue length had a significant effect on
measured variables and to examine the variation of residue displacement at different distances
relative to the disc. The means of each measurement were compared with Duncan’s multiple range

test at the significance level of 0.05.
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3.3.3 Residue-Disc-Soil Interaction Model

3.3.3.1 Model Development and Monitoring of Soil and Residue Dynamics

A residue-disc-soil numerical model was developed using DEM software, Particle Flow Code
in Three Dimensions (PFC?P). In the model, soil was represented by an assembly of spherical
particles. In the literature, several studies showed that soil disturbance and tillage forces were not
significantly affected by the particle size when the particle diameter was less than 18 mm (Wang
et al., 2021). In addition, many studies have used uniform particle size for DEM soil-tool-residue
interaction models (Chen et al., 2024; Zhu et al., 2023; Zeng et al., 2020). Therefore, the particle
diameter in this study was 10 mm for maintaining computation time to be practical, meanwhile
not significantly affecting the model results. The interaction between soil particles was described
by a PFC?P built-in contact model, parallel bond model (PBM) (Potyondy and Cundall, 2004). The
PBM features bonds between particles, which reflects the cohesion of agricultural soils. Soil
particles were generated in a virtual soil bin of 1700 mm in length and 1100 mm in width (Figure
3.3a). After soil particles were stabilized (reached an equilibrium state), extra soil particles were
deleted to form a flat soil surface. The final soil assembly in the virtual soil bin had a total of

314,286 particles and a depth of 160 mm.

A corn residue segment was modelled as a cylinder (Figure 3.3a) using a rigid block (named
RBlock in PFC?P). The model corn residue segment was not breakable. To be consistent with the
soil bin test, the model residue segment also had three lengths (200, 125, and 75 mm). The diameter
of the model residue segment was 17.7 mm, determined by the measured average diameter of the
residue samples used in soil bin test. The density of model residue segment was 178.3 kg m>,
determined by the average values of dimensions and mass (assuming that the residue segment is

an isotropic cylinder). A total of 520 g of model residue segments were randomly spread over the
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1.7 m by 1.1 m soil surface area, representing the same residue cover as in the soil bin test (Figure
3.3a). Given the dimensions and density of each length of model residue and total mass of residue,
the numbers of model residue segments were determined, and there were 54, 85, and 158 segments
for the treatments of L200, L125, and L75 respectively. The PFC3P built-in linear contact model

(LM) was used to imitate the interaction between residue and soil.

A model disc was created using a 3D computer-aided design software and then imported into
PFC3P. Before running the model, the disc was set at a desired disc angle and tilt angle, and it was
positioned at one end of the soil bin at a desired working depth. Then, the model disc was assigned
a desired travelling speed (linear speed). Its rotation speed was derived from the linear speed,
assuming the rotational radius of the disc being equal to the radius of the disc (Murray and Chen,
2018). As the disc travels through the soil and residue, the disc interacted with soil particles and

residue, resulting in displacements of soil and residue, as shown in Figure 3.3b.

The model outputs monitored included draft force (£p), lateral force (F), vertical force (Fr),
residue trajectory, residue displacements, and residue incorporation rate (R;). The Fp, Fi, and Fy
of disc were obtained by recording contact forces between disc and soil and residue in perspective
directions, as the disc travelled. Seven residue tracers were placed on the soil surface (Figure 3.3a)
with the same orientation, positions, and spacing as in the soil bin test. The trajectory of each
residue tracer was traced as the disc advanced. After the disc ran through the soil, the position of
the tracer was recorded to determine the residue displacements. Images of the soil surface before
and after disc tillage were taken and then processed in MATLAB using the thresholding method

to evaluate the R;.
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(b)

Figure 3.3. The residue-disc-soil interaction model: (a) the soil particle assembly and corn residue segments

on the soil surface; (b) the disc running through soil. The dimensions are in mm.

3.3.3.2 Calibration and Validation of the Model

Parameters in PFC3P were required to be assigned to model elements: soil particles, residue
segments, disc, and the contacts between them. Among the required parameters, soil particle
stiffness (Ky) and stiffness of soil-residue interface (Ks) were found having significant influences
on the interaction between soil and residue (Adajar et al., 2021; Sadek and Chen, 2015). Therefore,
two parameters (K, and K,;) were calibrated. All other parameters were adopted from the studies
by Zeng et al. (2020) and Adajar et al. (2021) who modelled the interaction of corn residue with
soil that was the same as that used in this study. All parameters are summarized in Table 3.1. The
other parameters required for the model were the stiffness and friction of disc and soil bin, and the
corresponding values were assumed to be 1 x 108 N m™ and 0.5 respectively, which were common

values (Zeng et al., 2017).
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Table 3.1. Model parameters of sail, residue, and their contacts.

Parameters Value Source

Soil particle normal stiffness (N m-1) To be calibrated

Soil particle shear stiffness (N m-1) = soil particle normal stiffness
Soil particle friction coefficient 0.36 (Zeng et al., 2020)
Soil particle density (kg m-3) 2650 (Zeng et al., 2020)
Soil particle local damping ratio 0.1 (Zeng et al., 2020)
Soil normal critical damping coefficient 0.0 (Zeng et al., 2020)
Soil shear critical damping coefficient 0.0 (Zeng et al., 2020)
Soil bond radius multiplier 0.5 (Zeng et al., 2020)
Soil bond normal stiffness (Pa m-') 4.95e7 (Zeng et al., 2020)
Soil bond shear stiffness (Pa m-') 4.95e7 (Zeng et al., 2020)
Soil bond tensile strength (Pa) 3.82¢e4 (Zeng et al., 2020)
Soil bond cohesion (Pa) 1.39e4 (Zeng et al., 2020)
Residue local damping ratio 0.5 (Zeng et al., 2020)
Residue — residue normal stiffness (N m-") 5e4 (Adajar et al., 2021)
Residue — residue shear stiffness (N m) 5e4 (Adajar et al., 2021)
Residue — residue friction 0.05 (Adajar et al., 2021)
Residue — soil normal stiffness (N m-') To be calibrated

Residue — soil shear stiffness (N m™") = half of residue-soil normal stiffness
Residue — soil friction 0.05 (Adajar et al., 2021)
Residue density (kg m3) 178.3 Determined

The residue-disc-soil model was run for model calibration and validation with the following
disc operational parameters: tilt angle (a) of 20°, disc angle (5) of 17°, working depth of 80 mm,
and travelling speed of 8 km h™! which were the same as those in the soil bin test. The time of each

simulation was approximately 20 hours using a Dell Workstation with 192 GB RAM, a 2.10 GHz
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Intel (R), and Xeon (R) Silver 4110 CPU (2 processors). The default timestep (approximately 2e-

6 s) that was automatically calculated was used throughout simulations.

For model calibration, experimental data of the medium residue segment length (L/25) was
used. The model outputs of draft force (Fp) and residue incorporation rate (R;) were compared
with experiment results. The values of K;and K,s were adjusted until the simulation results matched
the experiment results. For model validation, experimental data of the short and long residue
segment lengths (L75 and L200) were used. The model outputs, including Fp, Fi, Fy, R;, and
residue displacements were compared with the corresponding experiment results. The

discrepancies between the simulations and the measurements were evaluated as follows:

1 |M;—S;]
RE =—¥, (—) x 100% (3.1

M;
where RE = relative error between the measured and simulated values, M = measured values, S =

simulated values, N = number of evaluation indicators, and i = i-th of the indicator.

3.3.3.3 Model Application

The validated model was applied to investigate the effects of disc angle and tilt angle on soil
and residue dynamic attributes. The short residue segment length (L75) was used in this application.
To examine effects of a, the value of o was varied while the § remained constant. Similarly, the a
remained constant to examine the effects of . Soil cutting forces and residue incorporation rates

were monitored in these simulations.

The model was also applied to investigate the combined effects of @ and f, and to determine the
optimal combination of a and f that resulted in the minimum Fp for improving the energy-

efficiency and maximum R; for enhancing residue decomposition in soil. For this application, five
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values of a and f from 5° to 25° at an interval of 5° were chosen as control factors (Table 3.2). The

orthogonal design of simulation was used to select the value groups of two angles.

Table 3.2*. Factors and levels of orthogonal design.

Control factors of disc parameters

Level code
a(’) B(°)
-1 5 5
-0.5 10 10
0 15 15
0.5 20 20
1 25 25

* a = tilt angle and 8 = disc angle.

3.4. Results and Discussion

3.4.1 Experimental Results

3.4.1.1 Measured Residue Incorporation Rate and Soil Cutting Forces

The residue incorporation rate (R;) resulting from the disc increased with the length of the
residue segment. The R; of the L200 treatment was 19.9% and 34.3% larger than those of L7125
and L75 respectively, but no statistical differences were detected due to the high variation of the
data (Figure 3.4a). As for the soil cutting forces, the L200 had draft force (Fp) of 181.3 N, which
was significantly higher than that of L75 (Figure 3.4b). The reason for the increasing trend in Fp
was considered to be the blockage effect of residue on the tillage path of the disc; the longer the
residue, the more blocking action the residue had. A similar increasing trend was found for the

vertical force (Fy) (Figure 3.4c). The Fy of the L200 was 43.3% and 28.1% larger than that of L75
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and L125. However, the trend was not statistically significant. There were no significant

differences in F between three residue lengths (Figure 3.4d).

250 r 250 ¢
200 200 |
Z 150 = 150
oS 100 w100
50 50
0 0
L75 L125 L200 L75 L125 L200 L75 L125 L200 L75 L125 L200
Residue length (mm) Residue length (mm) Residue length (mm) Residue length (mm)

(a) (b) (c) (d)
Figure 3.4. Experiment results at different residue lengths (L75 =75 mm, L7125 =125 mm, L200 = 200 mm)
for: (a) residue incorporation rate (R)); (b) draft force (Fp); (c) vertical force (Fv); and (d) lateral force (F.);
means followed by different letters represent significantly different among different residue lengths,

according to Duncan’s multiple range test at the significance level of 0.05; error bars are standard deviations.

3.4.1.2 Measured Residue Displacements

The residue displacements in three directions had both differences and similarities. Here the
effects of residue length and distance relative to the disc were demonstrated in the same graphs.
For all forward, lateral, and vertical directions, much larger displacements were observed at 0 to
120 mm away from the disc as compared with the distances further away from the disc (180 —360
mm) (Figure 3.5). As for the effect of residue length, the forward displacement of residue appeared
to be smaller for the L/25 treatment than the L75 and L200 within the distance of 0 to 120 mm
(Figure 3.5a). In contrary, the lateral displacement appeared to be larger for the L/25 treatment
than the L75 and L200 treatments within the distance of 0 to 240 mm (Figure 3.5b). Whereas no
particular trend was found in this regard for the vertical displacement (Figure 3.5c). However, in
all cases, residue length at a given distance from the disc did not significantly affect the residue

displacement in any direction.
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Figure 3.5. Experiment results: (a) forward; (b) lateral; and (c) vertical displacement of three residue lengths
(L75=75mm, L125 =125 mm, L200 = 200 mm) at various distances relative to the disc (Do = 0 mm, Deo
=60 mm, D120 =120 mm, D180 =180 mm, D24o =240 mm, D300 =300 mm, and Daao = 360 mm); error bars

are standard deviations.

3.4.2 Calibrated Model Parameters

A total of 25 simulation runs were performed in the calibration. Five values of soil particle
stiffness (K;) for model inputs were le4, Se4, 1e5, 5e5, and 1e6 N m’!, and each of them was
combined with five values (9.7¢0, 9.7¢e1, 9.7¢2, 9.7¢3, and 9.7e4 N m™!) of the stiffness of residue-
soil interface (Ks). The draft force (Fp) and residue incorporation rate (R;) were monitored. Results
of response surface showed that Fp increased as the K increased, but no noticeable change was
found as the K,y increased (Figure 3.6a). The R; was kept steady as the K, increased, while
decreased at an increased K, (Figure 3.6b). The response surfaces of Fp and R; can be described

by the following polynomial functions:
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Fp = 79.0574 — 29.6589(lgK,) — 4.7940(lgK,) + 0.6003(lgK,) (lgK,s) +
7.3426(lgK)? + 0.3907(IgK,)? (3.2)

R, = —8.3828 + 8.7312(IgK,) — 4.5713(lgK,s) + 0.0938(lgK,) (lgK,s) —
1.8534(lgK,)? + 1.3777(lgK,s)? — 0.0068(lgK;)2 (lgK,s) — 0.0124(lgK) (IgK,s)? +
0.1294(IgK;)3 — 0.1291(lgK,)? (3.3)

where Fp = draft force (N), R; = residue incorporation rate (%), K = soil particle stiffness (N m™),

and K = stiffness of residue-soil interface (N m™).

The coefficients of determination (R?) were 0.99 and 0.97 for Egs. (3.2) and (3.3) respectively,
indicating that a high degree of fitting of the regression models. The regression models were used
to predict the K and K,5. The Fpp in Eq. (3.2) was substituted by the value (168.4 N) measured from
the experiment under the same residue length and disc operational parameters. Similarly, the R; in
Eq. (3.3) was substituted by the measured value (1.93%). There were multiple solutions that
satisfied the regression models. After removing non-realistic solutions, the predicted K and K
were 1.15e6 and 13.5 N m™! respectively. The predicted K, and K, were assigned to the calibration
model to verify the prediction accuracy of the regression models (Egs. 3.2 and 3.3). The overall
relative error of Fp and R; that yielded by the predicted K and K was 2.5%. This set of parameters

(Ks=1.15¢6 Nm™!, K,; = 13.5 N m'") were therefore used throughout the following simulations.
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Figure 3.6. Response surface: (a) draft force (Fp); (b) residue incorporation rate (R;) with respect to
soil particle stiffness (Ks) and stiffness of soil-residue interface (K;s) on a base 10 logarithm scale.
Residue length = 125 mm; disc operational parameters: tilt angle (a) = 20°, disc angle (B) = 17°,

working depth = 80 mm, travelling speed = 8 km h-'.

3.4.3 Model Validation Results

Using the calibrated parameters, the model prediction accuracy was evaluated against the
experimental values for treatments of L75 and L200 (Table 3.3). The results showed that this
residue-disc-soil interaction model had average RE of 9.0% and 18.2% as compared with the
experimental measurements of the R; and Fp respectively. This model was therefore reasonably
accurate to predict the R; and Fp. For F; and F, the model had an average RE of 82.1% and 37.5%

respectively. Thus, the model had less accuracy in predicting F; and Fy.
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Table 3.3*. Summary of the relative errors (%) between the experiment and simulation; disc operational

parameters: tilt angle (a) = 20°, disc angle (8) = 17°, working depth = 80 mm, travelling speed = 8 km h-'.

RE (%)
Treatment
Ri Fo Fr Fv
L75 2.3 7.4 100.9 21.5
L200 15.7 28.9 63.2 53.4
Average 9.0 18.2 82.1 37.5

* Ry = residue incorporation rate, Fp = draft force, F. = lateral force, Fy = vertical force, RE = relative
errors, L75 = residue length of 75 mm, and L200 = residue length of 200 mm.

The relative errors of the predicted residue displacements varied, depending on the distance of
the residue relative to disc. Overall, the model underpredicted the residue displacements. However,
there were similarities in the trends between simulation and experiment results. In both experiment
and model simulation, the displacement was continuously decreasing within the distance of 0 to
180 mm (from Dy to D;so), and the displacement was kept generally constant from 180 to 360 mm
(from Djso to Dsso) (Figure 3.7). The trends of forward displacement (Figure 3.7a) and those of
lateral displacement (Figure 3.7b) could be described with an exponential function with high
coefficients of determination (R’). A similar exponential trend but lower R’ was found for the
predicted vertical displacements, but the predicted exponential curve was close to the experiment

curve (Figure 3.7¢).
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Figure 3.7. Measurements and simulations of average values of two treatments (i.e., residue lengths of 200
and 75 mm): (a) forward; (b) lateral; and (c) vertical displacement at various distances relative to disc (Do
=0 mm, Dsp = 60 mm, D120 =120 mm, D10 = 180 mm, D24p = 240 mm, D39 = 300 mm, and D3zso = 360 mm);
means followed by different letters represent significantly different among various distances, according to

Duncan’s multiple range test at the significance level of 0.05; error bars are standard deviations.
3.4.4 Simulated Soil and Residue Dynamics at Various Angles of Disc
3.4.4.1 Effects of Tilt and Disc Angles on the Draft Force and Residue Incorporation Rate

With the increasing of tilt angle (a) from 10° to 30°, the Fp had a decreasing linear trend (Figure
3.8a). However, the Fp showed an increasing exponential trend with the increasing of disc angle
(B) from 10° to 30° (Figure 3.8b). The coefficients of determination (R?) were all over 0.99. The

experimental results in existing literatures (Damanauskas et al., 2019; Kogut et al., 2016; Malasli

and Celik, 2019) also found this similar trend, proving the reliability of DEM simulation. The
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simulations in Sadek et al. (2021) did not involve residues, but they obtained similar conclusions,

implying that the presence of residue may not significantly change the effect of @ and § on Fp.

The R;decreased linearly from 1.96% to 1.33% as the o increased from 10° to 30° (Figure 3.8c¢).
The reason for this observation was that the Fp decreased as the a increased, resulting in fewer
soil particles being pushed and thereby less soil particles being mixed into residue. However, the
Ry increased as the S increased, which followed a logarithmic trend (Figure 3.8d). The possible
reason was that a higher £ caused a larger Fp, and then, more soil particles were rolled up and

mixed with residue.

200 'y =.5.49x + 237.66 600 r
150 ®.o R*=0.99 480 | L
— I '0._‘ y =10.48e011x
< e, = 360 T Re=099
o100 | ., 3 K
S0 ¢ 120 | o’
.o’
0 I I 1 I 1 ) 0 1 1 1 1 1
5 10 15 20 25 30 35 5 10 15 20 25 30 35
a() B ()
(@) (b)
25 r 35 1
y = 2.40In(x) - 5.10 4
20 | 4o o 28 | R2=0.99 ¢
15 r =21
9_\,1 5 . 0._._“’ S .’__0
10 | y =-0.04x + 2.40 e 14 N
= &
0.5 | R*=0.85 07 b -
¢
0.0 1 1 1 1 1 ) 0_0 L 1 1 1 1 J
5 10 15 20 25 30 35 5 10 15 20 25 30 35
a(®) B ()

(c) (d)
Figure 3.8. Model results on the effects of angles (a = tilt angle, 8 = disc angle) on response indicators (Fp
= draft force, R, = residue incorporation rate): (a) Fp vs. a; (b) Fp vs. B; (c) Ry vs. a; and (d) R, vs. B; disc

operational parameters: working depth = 80 mm, travelling speed = 8 km h-'; residue length = 75 mm.
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3.4.4.2 Optimization of Tilt and Disc Angle

Results from the simulation run groups based on orthogonal design are shown in Table 3.4. The
combined effect of o and f on response indicators (¥p and R;) was fitted to polynomial regression
analysis equations, which are shown as:

Fp, = 48.22 + 3.76a — 3.918 — 0.41af — 0.09a? + 0.85p32 (3.4)
R; =—-0.19 — 0.02a + 0.128 (3.5)

where Fp = draft force (N), R; = residue incorporation rate (%), a = tilt angle (°), and f = disc

angle (°).

Table 3.4*. Orthogonal design and results of simulations; disc operational parameters: working depth = 80

mm, travelling speed = 8 km h-', residue length = 75 mm.

No. a(®) p(C) Fo(N) R (%)

1 20 20 181.2 2.07

2 20 10 58.8 0.40

3 10 25 412.6 2.62

4 5 10 94.7 0.72

5 25 25 261.3 2.30

6 15 5 50.8 0.16

7 10 5 57.8 0.22

8 25 5 32.7 0.07

9 5 15 162.9 1.82

10 15 15 123.2 1.36

11 10 20 2531 2.18

* Ry = residue incorporation rate, Fp = draft force, a = tilt angle, and 8 = disc angle.
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The results obtained from the variance analysis of simulation results are listed in Table 3.5,
which concludes the combined effect of the a and f. It can be seen that a, f, a8, and £ had a
significant influence on Fp, meaning that the factors affected Fp were disc angle, tilt angle, and
the interaction of disc and tilt angles. The P value of ? was smaller than that of 2, indicating that
disc angle had more significant influence on Fp than tilt angle. For R;, the interaction of disc and
tilt angles had no significant influence, due to the P value of af being larger than 0.05. Compared

with the tilt angle, the disc angle had a larger impact on R;.

In applications of tillage, minimum draft force is desired for a reduced tractor power
requirement. As for corn residue incorporation by discs, higher incorporation rate is considered
better to avoid the interference of corn residue with the subsequent seeding operation. Therefore,
maximum residue incorporation rate was desired in this study. For the optimization, the dependent

variables were Fp and Ry, and the objectives and constraint range (CR) of the angles are shown as:

min(Fp)
max(R;)
CR. (3.6)
5<ac<?5
5<p <25

where Fp = draft force (N), R; = residue incorporation rate (%), o = tilt angle (°), and f = disc

angle (°).

The Egs. (3.4) and (3.5) were the objective functions, and they were imported into MATLAB
to optimize the a and f under the constraint. The results showed the optimal values for a and S
were 20° and 25° respectively, which gave a minimum Fp of 136.7 N and a maximum R; of 1.72%

simultaneously within the angle range of 5° to 25°.
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Table 3.5*. Simulation results and ANOVA of regression equations.

Sources of Fo (N) Ri (%)

variance  gr  pyalyue df  Pvalue

Model 5 <0.0001 2 <0.0001

a 1 <0.0001 1 0.04

B 1 <0.0001 1 <0.0001

aB 1 <0.0001 0.45

a? 1 0.0906

B 1 <0.0001

Residual 5 8

Sum 10 10

* Fp = draft force, R) = residue incorporation rate, df = degree of freedom, a = tilt angle, 8 = disc angle,

and P < 0.05 (significant).
3.4.5 Simulated Residue and Soil Particle Behaviours

3.4.5.1 Trajectories and Disturbed Condition of Residue

The simulated residue trajectories of the treatments of L75 and L200 had similar behaviours.
Therefore, the average trajectory of two treatments was used to analyse the instantaneous dynamic
attributes. The simulated trajectory of each of the seven residue tracers were plotted against the

disc travelling distance from the original location of tracers (Figure 3.9).

As the disc travelled closer to the residues, the residue at Dy was moved first. Residue at seven
distances relative to disc had different trajectories in all three directions. The forward and lateral
trajectories showed that each of the residue continuously moved away from the original position
as the disc travelled (Figure 3.9a and 3.9b). The trajectories could be described as exponential

plateau curves. The vertical trajectories had totally different trends (Figure 3.9¢). Residues moved
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in bell-shaped curves in the vertical direction, where 22.2, 15.3, and 1.2 mm respectively above
original soil surface. This indicated that the residues dropped on a new soil surface lifted by disc.
The steady-states of D;sp and D249 were below the original soil surface, implying that residue were
buried into the soil. The Ds3pp and D3sp experienced almost no vertical disturbance by the disc

(Figure 3.9¢).

The steady-state of tracer trajectories demonstrated three distinct residue disturbed zones,
namely “tossed zone”, “buried zone”, and “perturbed zone”, corresponding to the distances of 0 —
120 mm, 120 — 240 mm, and 240 — 360 mm relative to the disc respectively (Figure 3.9d). In the
“tossed zone”, corn residue was pushed away by the disc and eventually drop back to the soil
surface in the “buried zone” or further. Therefore, there was almost no residue. The residue in the
“buried zone” was covered by the soil thrown up by disc, causing the negative steady-state of
tracer vertical movement in this zone. The soil particles thrown up by the disc were scattered to
the “perturbed zone”, forcing the residue to move slightly. In practice, multiple discs were
assembled to form a disc harrow. Based on the phenomenon of three distinct residue disturbed
zones, the lateral adjacent disc should be positioned within the buried zone (i.e., disc spacing of

120 to 240 mm), to ensure uniform crop residue disturbance across the harrow width.
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Figure 3.9. Residue displacement: (a) forward trajectories; (b) lateral trajectories; and (c) vertical trajectories
of seven distances of residue (Do, Dso, D120, D180, D240, D300, and D3so represent the distance of 0, 60, 120,
180, 240, 300, and 360 mm relative to the disc respectively) as the disc travelled far away from the original
location of residue tracers; and (d) residue disturbed conditions in different zones (T = “tossed zone”, B =
“buried zone”, P = “perturbed zone”). Disc operational parameters: tilt angle (a) = 20°, disc angle (8) = 17°,
working depth = 80 mm, travelling speed = 8 km h-'. Each data point was the average of L75 and L200

treatments.

3.4.5.2 Velocity Flow Distribution of Soil and Residue Particles

Velocity distribution of soil and residue particles were observed visually. The velocity of residue
was represented by an arrow beam, and soil particles were merely coloured to indicate the
magnitude of velocity (Figure 3.10). The particles of soil and residue affected by the disc were
observed to move in a peculiar manner in the residue-disc-soil interaction model. This peculiar

flow behaviour could be characterized by two distinct regions: lifting and side throwing regions.
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The particles in “lifting region” flowed upwards at low velocities. This was possible due to the
contact force generated by the raised outer edge of disc, pushing the particles of soil and residue
upward. The phenomenon of lifting corresponds to the linear vertical stress distribution assumed
by Ahmadi (2018). As the disc continued to move, the lifted particles were thrown sideways by
the tilted disc to form the “side throwing region”. In this region, particles moved towards the
normal direction of disc surface. The velocity of both residue and soil particles reached a maximum
value. The disc functioned similarly to a mouldboard plow in this region, where some of the side

thrown soil was inverted, burying the residue (Ucgul et al., 2017).
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Figure 3.10. Velocity (unit: m s') flow distribution of soil (Ball) and residue (RBlock Arrow) particles during
the passage of disc. Residue length = 125 mm; disc operational parameters: tilt angle (a) = 20°, disc angle

(B) = 17°, working depth = 80 mm, travelling speed = 8 km h-'.
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3.5. Conclusions

A DEM model was developed to simulate dynamic attributes of corn residue and soil resulting
from a disc. The model was calibrated and validated using measurements from a laboratory

experiment. The following conclusions were drawn. Model parameters calibrated were 1.15 x 10°

N m'! for stiffness of soil particle and 13.5 N m™! for stiffness of soil-residue interface. The
calibrated model had an average relative error of 9.0% for predicting residue incorporation rate
and 18.2% for predicting draft force, as compared with the experimental measurements. The

simulation results showed that:
1. The model was less accurate in predicting residue displacements.

2. The models allowed for varying disc parameters, such as tilt and disc angles. The simulated
disc draft force and residue incorporation rate decreased linearly as the tilt angle increased,
whereas increased non-linearly as the disc angle increased. The changes in draft force and residue
incorporation were more sensitive to the change in disc angle than that in tilt angle. The optimal
tilt and disc angle were 20° and 25° respectively for a minimum draft force and a maximum residue

incorporation rate.

3. The model made it possible for tracing the trajectories of residue as the disc was traveling in
soil. The traced trajectories of residue featured exponential plateau curves in the forward and
lateral directions, and bell-shaped curves in the vertical direction. Results from this study have
advanced the understanding of corn residue-disc-soil dynamics and effects of operation parameters

of disc on its working performance.

The limitations of this study include the use of only stalk part of corn residue and the certain
orientation of residue tracers for residue displacement measurements. Caution should be taken
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when extending the results, particularly to other types of crop residue. Other limitations are the
assumption of soil particles as uniform 10 mm spheres and corn residue segments as unbreakable
rigid blocks in the model. Further research on model development is needed to better represent the

real-life characteristics of soil and residue.
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Chapter 4: Simulation of the Micro-Dynamics in Soil-Cornstalk—

Disc Interactions Using the Discrete Element Method *

*Published in Smart Agricultural Technology 11, €¢100984.

4.1. Abstract

Understanding the interactions between soil, crop residue, and tillage tools is essential for
improving tillage quality in conservation agriculture. This study developed a discrete element
model to simulate soil-cornstalk—disc interactions, replicating the cutting of corn stalks by a
concave disc in sandy loam soil. A soil bin experiment was conducted using a notched concave
disc to cut corn stalks, measuring draft forces, vertical forces, and corn residue cutting
effectiveness. Experimental data were used to calibrate and validate the model. After validation,
the model was applied to analyse the micro-dynamic behaviours of corn stalks and soil under
varying soil bulk densities and disc types. Three key parameters calibrated for the corn stalk model
were 2.0 x 10° N m™" for particle normal stiffness, 8.0 x 10° Pa for bond tensile strength, and 0.5
for particle friction coefficient. The model effectively predicted corn stalk cutting effectiveness,
draft force, and vertical force, with an overall relative error of 16.4%. Micro-dynamic analysis
showed that as soil bulk density decreased (within a range of 1.06 to 1.52 Mg m™), corn stalk
sinkage and soil supporting force increased, while corn stalk intrusion force decreased. Compared
to the notched disc, the plain disc exhibited greater corn stalk sinkage and soil supporting force
but lower corn stalk intrusion force. This research provides a validated model for simulating soil—
cornstalk—disc interactions, enhancing the understanding of disc performance in cutting crop

residue.
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4.2. Introduction

Crop residues were retained in agricultural fields where conservation practices were used for
controlling soil erosion, improving soil quality, and increasing crop yields (Laborde et al., 2021;
Zhang et al., 2015; Wang et al., 2018). However, excessive residue, particularly corn residue, is
detrimental to seed germination, plant emergence and growth. To eliminate these adverse effects,
concave discs are commonly used for seedbed preparations, as they are effective for cutting residue
while maintaining some crop residue on the soil surface for preventing soil erosion (Chen and Li,
2016). Many previous studies had been conducted on disc cutting crop residue as affected by disc
types, geometric shapes, dimensions, and operational parameters. For example, among several
types of discs, toothed disc coulters performed better in cutting sugar cane crop residue (Bianchini
and Magalhaes, 2008), while no differences were found among notched, rippled, and plain discs
in the effectiveness of cutting corn residue (Zeng et al., 2021) (Figure 4.1). A disc opener having
a diameter of 450 mm provided better performance in cutting rice residue than the discs with larger
or smaller diameters (Ahmad et al., 2015). Kumar et al. (2021) had investigated the disc
operational speeds on residue cutting, showing that within the speed range of 0.56 to 1.11 m s,
the residue cutting performance did not change significantly. Discs cut rice straw more efficiently

when working at a shallower depth ranging from 90 mm to 30 mm (Ahmad et al., 2017).
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Toothed disc Notched disc Rippled disc Plain disc

Figure 4.1. The illustration of different types of disc tillage tools, toothed disc referred to Bianchini and
Magalhaes (2008).

The above existing studies were limited to the residue cutting effectiveness of discs. There was
lack of in-depth understanding on the causes resulted in the differences. Soil bulk density has
influence on crop residue cutting effectiveness, as reported by Aikins et al. (2020) that a failure of
cutting crop residue was sometimes attributed to the low soil strength. However, this inference has
not been well documented yet, and most existing studies were on how soil bulk density affected
soil cutting forces (Sanchez-Giron et al., 2005; Roul et al., 2009). Few studies were carried out on
force analysis of corn stalk cutting using discs. Such force analysis was beneficial to the disc

structural design and practical operation (Torotwa et al., 2021; Kumar et al., 2021).

Existing methods for the analysis of forces resulting from disc cutting were categorized as
experimental, analytical, and numerical methods. Experimental methods detected the changes in
cutting resistance caused by crop residue (Wang et al., 2018; Bianchini and Magalhaes, 2008), but
failed to identify the instantaneous cutting state of soil and crop residue. Classical mechanics was
applied in analysing the instantaneous state of residue cutting by plain disc coulter (Torotwa et al.,
2021), notched disc coulter (Kushwaha et al., 1986), and toothed rolling disc coulter (Magalhaes
etal., 2007). But tool geometries and work conditions were simplified in those analyses. Numerical

method, particularly discrete element method (DEM), could examine mechanical attributes of crop
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residue cutting without encountering the above limitations. The DEM has been used to simulate
bending behaviours of wheat stalk (Schramm and Tekeste, 2022; Schramm et al., 2019) and corn
stalk (Liu et al., 2023). However, the micro-dynamic cutting behaviours of corn stalk induced by

concave discs in different bulk densities of soil have not been conducted yet.

This study aimed to: (1) develop a DEM model to simulate soil-cornstalk—disc interactions, (2)
conduct experiments for model calibration and validation using measured data, and (3) investigate
the micro-dynamic behaviours of soil and corn stalks under two different concave discs and

varying soil bulk densities.

4.3. Methodology

4.3.1 Description of Disc and Corn Stalk

Two commercial discs: plain disc (Figure 4.2a) and notched disc (Figure 4.2b) were tested.
The thickness and diameter of two discs were 6.5 mm and 508 mm respectively. The concave had
a radius of 760 mm. The notches of the notched disc had a chord length of 79 mm and a depth of

29 mm in the radial direction. Ten cutting notches were evenly distributed along the circumference.

(a) (b)

Figure 4.2. Two discs studied: (a) plain disc and (b) notched disc.
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Corn stovers were collected from a field after harvest. To have uniform experiment conditions,
all corn stovers had their leaves, ears, and husks removed, and were cut into 200 mm long corn
stalks. The diameters of the corn stalks varied from 20.3 to 24.0 mm, averaging to 22.8 mm. Ten
corn stalks were oven-dried at 55 degrees Celsius for 72 hours, the weights before and after oven-

dried were used to calculate the average moisture content, which was found to be 9.6% + 2.1%.

4.3.2  Soil-Cornstalk—Disc Model

4.3.2.1 Model Development

A DEM software (PFC3P) was used for developing the soil-cornstalk—disc interaction model
(Figure 4.3). A large number of spherical particles (10 mm in uniform diameter) were used to
replicate the agricultural soil particles. The Parallel Bond Model (PBM) (Potyondy and Cundall,
2004) was used for mimicking the adhesion between soil particles. The soil domain was 900 mm
(width), 1200 (length), and 500 mm (depth). After reaching equilibrium, soil particles above 200
mm were removed to create a flat soil surface. In the end, 240,327 bonded particles remained in

the soil domain.

A model corn stalk was created using 10,148 spheres with uniform diameter. These spheres were
filled into a cylinder having a diameter of 22.8 mm and a height of 200 mm, forming a corn stalk
with the same average dimensions as the corn stalk collected from the field. These particles were
bonded together using PBM, becoming a cylindrical, breakable solid like a real corn stalk. Then,
the cylinder wall was deleted. To simulate residue cutting using discs, ten of such corn stalks were
created with a specific longitudinal spacing and placed in the model soil domain in a row that was
225 mm away from the side of soil domain (Figure 4.3). This would leave enough distance (675

mm wide) to avoid the sidewall effect.
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The models of the notched disc and plain disc were built by SolidWorks (CAD software). Then,
the CAD disc models were imported into PFC3P. Desired working depth, travelling speed, disc
angle, and tilt angle were set to run the model disc in the soil. In addition, the disc was assigned
with a rotation speed for representing a free rolling disc (Nalavade et al., 2010). The rotation speed
was calculated by the desired travelling speed of disc, with an assumption that the rotation radius

of the disc corresponds to its geometric radius (Murray and Chen, 2018).

Figure 4.3. The soil-cornstalk—disc interaction model with soil particle assembly, corn stalks, and the

notched disc. The dimensions are in mm.

4.3.2.2 Monitoring of Soil and Corn Stalk Micro-Dynamics

The disc interacted with the soil and corn stalks as it travelled through the soil (Figure 4.4). The
resistances of disc, soil supporting force, corn stalk cutting effectiveness, corn stalk intrusion force,
and corn stalk sinkage were quantified. The resistances of disc resulted from soil and corn stalks
in horizontal and vertical directions, namely draft force and vertical force respectively, were

monitored by built-in history functions in the software.

After the disc passed, corn stalks were either fully cut into two separate halves or remained
intact. The number of corn stalks being fully cut was recorded. The corn stalk cutting effectiveness

was determined as the percentage of fully cut corn stalks out of the original ten corn stalks.
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It was observed that when the particle velocity of corn stalk was greater than 2 m s™! (Figure
4.4a), the corn stalk was fully cut by the disc. The maximum depth that corn stalk embedded into
soil was recorded as corn stalk sinkage (Figure 4.4b). The corn stalk sinkage was used to evaluate
the risk of forming “compressed corn stalk”, a scenario of uncut on corn stalk as shown in the
following experiment. A larger corn stalk sinkage creates an increasing of risk of “compressed

corn stalk™.

At the moment the corn stalk was cut fully, the contact force of each soil particle and each corn
stalk particle was monitored (Figure 4.4c). The maximum contact force of soil particles was
defined as soil supporting force for examining the bearing effect of soil on corn stalk during the
disc cutting. The maximum contact force of corn stalk particles was defined as corn stalk intrusion

force for investigating the aggression of disc on cutting corn stalk.
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Figure 4.4. Model monitoring: (a) the resultant micro-dynamics (velocities, unit: m s*) of soil and corn stalk
after the cutting by the plain disc; (b) the definition of corn stalk sinkage; and (c) the definition of soil

supporting force and corn stalk intrusion force.
4.3.2.3 Calibrating Parameters for Model Corn Stalk

The model disc and boundary of soil domain were set the stiffness (1 x 108 N m™) and friction
(0.5), while model parameters of soil (sandy loam soil) were referred to Mak and Chen (2015).
The PBM contact models used for corn stalk were determined by several model parameters. The
particle normal and shear stiffness, particle diameter, particle density, and particle local damping
ratio were adopted from Adajar et al. (2021). The bond radius multiplier was determined as a
common value of 0.5. Other parameters, including particle friction coefficient («), bond normal
stiffness (k,,), bond shear stiffness (kg), bond tensile strength (¢), and bond cohesion (c) were

calibrated in this study. The k,, and o were set to be equal to k¢ and c respectively for simplicities.
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Thus, only three parameters, kg, o, and x were calibrated. Table 4.1 shows the details of model

parameters for soil and corn stalk.

Table 4.1. Summary of model parameters.

Model parameter

Symbol

Values and source

Soil (Mak and Chen, 2015)

Corn stalk

Particle normal stiffness, N m! k,

Particle shear stiffness, N m! ks

Friction coefficient u
Particle density, kg m Jol
Particle diameter, mm dp

Particle local damping ratio 0
Bond radius multiplier A
Bond normal stiffness, Pa m"’
Bond shear stiffness, Pa m-
Bond tensile strength, Pa o

Bond cohesion, Pa c

=~
S

==
1%

3,000
3,000
0.36

2650

10

0.1

0.5

4.95 x 107
4.95 x 107
38200

13900

50,000 (Adajar et al., 2021)
50,000 (Adajar et al., 2021)
To be calibrated

450 (Adajar et al., 2021)

2 (Adajar et al., 2021)

0.7 (Adajar et al., 2021)

0.5 (Selected)

To be calibrated

= bond normal stiffness

To be calibrated

= bond cohesion

A corn stalk cutting model was developed for calibrating the parameters of model corn stalk,

indicated in Table 4.1. The model simulated a notched blade moving downward, cutting a corn

stalk as shown in Figure 4.5a. This setup was the same as the experimental setup in Igathinathane

et al. (2010). Therefore, data from that study was used for calibrating corn stalk parameters. The

model corn stalk for this simulation was 25 mm in length and 22.8 mm in diameter. It was formed

with a total of 1,264 particles (2 mm in diameter) in the same way as the corn stalk in the soil—

cornstalk—disc model. The SolidWorks software was used to create the CAD model of the notched

blade, and the CAD model was imported into PFCP. For cutting simulation, the corn stalk was

placed on a flat surface. The notched blade was assigned with a desired downward cutting speed.
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The corn stalk cutting force (the resistance to the notched blade) in the vertical direction was
monitored as the blade moved down to fully cut corn stalk. Figure 4.5b shows the changes in corn

stalk cutting force as the blade moves downward.

Notched blade 400 r Maximum corn
4 < stalk cutting force
lCutting g 320
direction Ke}
o 240
=
3160 |
=
)
S 8o |
E
e 8 0 1 1 1 1
Corn stalk 0 9 18 27 36 45

Travel distance of the blade (mm)

(a) (b)
Figure 4.5. Simulations for model calibrations: (a) corn stalk cut by a blade and (b) an example of force-
distance curve from the simulations.

During the calibration, five values of k,, for model inputs were 1.0 x 10%, 1.5 x 10°, 2.0 x 10°,
2.5 % 10% and 3.0 x 10° N m!. Each value of k,, was paired with five values of & of 7.0 x 10°, 7.5
x 105, 8.0 x 10, 8.5 x 10°, and 9.0 x 10° Pa, as well as five values of u 0of 0.3, 0.4, 0.5, 0.6, and
0.7, resulted in a total of 125 simulation runs. The orthogonal experiment design (Table 4.2) was
used for selecting the parameter sets required to be calibrated from 125 simulation runs. For each
simulation, the maximum corn stalk cutting force as shown in Figure 4.5b was recorded. This
simulated force was compared with the measured maximum corn stalk cutting force as reported

by Igathinathane et al. (2010) to obtain the relative error (Mak and Chen, 2015).
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Table 4.2*. Factors and levels of model simulation runs in the orthogonal experimental design for calibrating

corn stalk parameters.

Code value k, (Nm™) o (Pa) p(Dimensionless)
-2 1.0x10° 7.0%x108 0.3
-1 1.5x10° 7.5x%x108 0.4
0 20x%x10° 8.0x108 0.5
1 25x10° 8.5x108 0.6
2 3.0x10° 9.0x108 0.7

* k, = bond normal stiffness, o = bond tensile strength, and u = particle friction coefficient.

4.3.2.4 Model Validation

For validating model, measured data were collected from tests conducted on the notched disc
in an indoor soil bin. The soil bin measured 10 metres in length, 0.9 metres in width, and 0.6 metres
in depth, filled with sandy loam soil consisting of 70% sand, 16% silt, and 14% clay. Prior to each
test, soil was prepared using the procedure of tilling-levelling-compacting, for obtaining relatively
homogenous soil condition. The soil moisture content (d.b.) was 20.3% + 0.2% and dry soil bulk
density was 1.15 + 0.03 Mg m™, determined using the soil core and oven-drying method (ASABE

Standards, 2020).

The disc was mounted on the soil bin carriage at zero-degree angles (Figure 4.6a). A
dynamometer between the disc shank and the soil bin carriage measured the resistances of disc.
Along the length of the disc travelling path, 41 corn stalks were placed with 50 mm apart (Figure
4.6b). Then the disc travelled at 10 km h™! and 100 mm working depth. Four tests were performed
to minimize measurement error. As the disc moved through the soil, the dynamometer recorded

the draft force and vertical force at a force signal frequency of 65 Hz. The corn stalks experienced
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three different scenarios: fully cut, partially cut, and uncut (Figure 4.6c). Measured corn stalk

cutting effectiveness was calculated as the ratio of cut corn stalks (both fully and partially cut) to

the total number of the original corn stalks.

g 4.' Dynamometer

T

2000 mm

c
S
o=

O

@
=
o
)

>

©

S
[ =

Uncut (compressed corn stalk)
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Figure 4.6. Experimental setup: (a) the soil bin testing facility showing the dynamometer, shank and notched

disc; (b) corn stalks placed on soil surface before tillage; and (c) corn stalks after tillage, demonstrating

three different cutting scenarios.

Simulations were performed using the soil-cornstalk—disc model to replicate the above tests. In
the simulations, ten model corn stalks were evenly positioned with a spacing of 50 mm on the soil

surface, and the disc travelled at the same operational parameters as in the tests. The resistances of
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disc and corn stalk cutting effectiveness were used to validate the soil—cornstalk—disc model, by

evaluating overall relative error between simulated data and measured data as following:

1 |M;—S;l
RE =<3, (B2) x 100% (4.1

M;
where RE = overall relative error, M = measured data, S = simulated data, N =number of variables,

and i = i-th of the variables.

4.3.2.5 Model Application

Simulations were performed using the validated model for investigating the effects of disc
types and soil bulk densities on micro-dynamic behaviours of soil and corn stalk. The types of disc
were notched disc and plain disc. The levels of soil bulk density were Low-Density (1.06 Mg m
%), Medium-Density (1.29 Mg m™), and High-Density (1.52 Mg m™), representing typical bulk
densities of sandy loam soil (Dam et al., 2005; Acquah and Chen 2022). The levels of soil bulk
density were created by adjusting the soil particle densities of 1880, 2290, and 2700 kg m>,
corresponding to the soils of Low-Density, Medium-Density, and High-Density respectively
(Bahrami et al., 2020). The disc angle and tilt angle were set as 10° and zero-degree respectively
for matching the practical use (Kogut et al., 2016). The disc was run at a 20 km h™! travelling speed
and a 100 mm working depth. The time of each simulation was approximately 120 hours using a
Dell Workstation with 192 GB RAM, a 2.10 GHz Intel (R), and Xeon (R) Silver 4110 CPU (2
processors). The default timestep (approximately 3e-7 s) that was automatically calculated was

used throughout simulations.
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4.4. Results and Discussion

4.4.1 Model Calibration Results

During the model calibration, corn stalk cutting was simulated using the same setup as the test
by Igathinathane et al. (2010), except for the downward cutting speed. A higher downward cutting
speed was used, as the downward cutting speed (0.00042 m s!) used by Igathinathane et al. (2010)
was too low to run due to the limited computer capacity. To find an appropriate downward cutting
speed to be used in simulations, a preliminary simulation was conducted to examine how
downward cutting speeds affect the maximum corn stalk cutting force. Four downward cutting
speeds (0.0042, 0.021, 0.042, and 0.42 m s™') were used and each speed was replicated four times
in the simulations. Eventually, there was no significant difference on maximum corn stalk cutting
force when the downward cutting speed of blade was 0.042 m s and lower (Figure 4.7). Thus, the
speed 0.042 m s™!, a value that was appropriate for the computer capacity without sacrificing the

model reliability, was used in model parameter calibrations.
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Figure 4.7. Maximum corn stalk cutting force at different downward cutting speeds of blade in model
calibration; bond normal and shear stiffness = 2.0 x 107 N m!, bond tensile strength = 5.0 x 10° Pa, bond
cohesion = 1.0 x 10% Pa, particle friction = 0.7; different letters (a or b) represent significantly different

between according to Duncan’s multiple range test (0.05 significance level).
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Using the chosen downward cutting speed of blade, twenty simulations were run for different
parameter sets of bond normal stiffness (k,,), bond tensile strength (o), and particle friction (u).
Simulated results of maximum corn stalk cutting force are shown in Table 4.3. These simulated
forces were compared with the measured maximum corn stalk cutting force of 3959 N
(Igathinathane et al., 2010). It was found that the run number 11 had the least relative error that is

2.0% (Table 4.3). Therefore, the calibrated parameters were 2.0 x 10° Nm™, 8.0 x 10° Pa, and 0.5

for k,,, o, and u respectively. These three values were used in all subsequent simulations.
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Table 4.3*. Simulation results for calibrations of corn stalk model parameters.

RUN kn o (Pa) u Maximum corn stalk Relative
(N m) (Dimensionless) cutting force (N) error (%)
1 1.5x10% 7.5x106 0.6 464.23 14.7
2 1.0x10° 8.0 x 108 0.5 523.29 24.3
3 20x10° 7.0 x 106 0.3 359.13 10.2
4 3.0x10° 7.5x108 0.7 255.38 55.0
5 2.0x10° 9.0 x 106 0.5 465.59 15.0
6 2.0x10° 9.0x 108 0.7 555.39 28.7
7 1.5x10% 7.5x108 04 569.19 30.4
8 2.0x10° 8.0 x 10° 0.7 537.47 26.3
9 3.0x10° 7.0x108 04 292.22 35.5
10 1.0x10° 7.0 x 106 0.3 539.19 26.6
1 2.0x10° 8.0 x10° 0.5 403.99 2.0
12 1.0x10° 7.0 x 108 0.7 469.95 15.8
13 1.0x10° 9.0 x 106 0.3 751.76 47.3
14 1.5x10° 8.5x 106 04 629.85 371
15 3.0x10° 9.0 x108 0.6 375.85 5.3
16 20x10° 7.0 x 106 0.5 376.14 5.3
17 3.0x10° 8.5x108 0.3 346.40 14.3
18 1.0x10° 9.0 x 106 0.7 528.59 25.1
19 2.0x10° 8.0 x 108 0.3 427.09 7.3
20 1.0x10° 8.0 x 108 0.5 523.49 24 .4

*k, = bond normal stiffness, o = bond tensile strength, u = particle friction coefficient.
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4.4.2 Model Behaviours and Validation Results

Model behaviours were examined using the results of velocity distribution of corn stalk
particles. As the disc travelled in the soil and passing the corn stalks, three distinct regions were
characterized based on the particle flow behaviours. Several corn stalks were cut simultaneously
by the front edge of disc, named cutting region (Figure 4.8a). The disc concave shape resulted in
a calming region where corn stalks were cut into two halves. Particle velocity of corn stalk in this
region was lower than that in the cutting region, indicating the little disturbance on corn stalks in
the calming region. As the disc continuously travelled forward, two halves of corn stalk
approached into a side throwing region. In this region, one half of corn stalk on the concave side

of disc was thrown aside, while the other half on the convex side left on original position.

Corn stalks in the cutting region had two scenarios: edged cutting and notched cutting, as shown
in Figure 4.8b. In the scenario of the edged cutting, corn stalk was cut by the outer edge of disc.
The particle at cutting point had larger velocity than its two ends, indicating that the edged cutting
occurred immediately when the disc edge contacted with the corn stalk. In the scenario of the
notched cutting, corn stalk particles that contacted with soil had lower velocities than the others.
Corn stalk particles were decelerated by the friction caused by relative movement of soil and corn

stalk, as the corn stalks were compressed into soil.
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Figure 4.8. Particle velocity (unit: m s') flow distribution of corn stalks: (a) top view and (b) side view, as
the notched disc travelled at zero-degree tilt angle, 10° disc angle, 100 mm working depth, and 20 km h-'
traveling speed in the soil of High-Density (1.52 Mg m-3).

The soil-cornstalk—disc model was evaluated by comparing results from the soil bin tests and
simulations (Table 4.4). Test results showed that the notched disc had 76.2% of corn stalk cutting
effectiveness. In the simulation, 100% of model corn stalks were fully cut, due to the homogeneous
properties of corn stalks and soil, resulting in a high relative error. The model had low relative
errors for predicting the draft force and vertical force. The overall relative error was 16.4%,

suggesting that the accuracy of the soil-cornstalk—disc model was acceptable.
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Table 4.4. The results of model validation using the overall relative error (RE) between the measured data
and simulated data as the notched disc travelled at zero-degree angles, 100 mm working depth, and 20 km

h-1 travelling speed.

Indicator Measurement Simulation  Relative error (%)

Corn stalk cutting

76.2 100.0 31.2
effectiveness (%)
Draft force (N) 301.9 272.4 9.8
Vertical force (N) 323.8 297.3 8.2
Overall relative error, RE (%) 16.4

4.4.3 Applications of the Soil-Cornstalk—Disc Model for Different Disc Types and Soil Bulk

Densities

4.4.3.1 Simulated Corn Stalk Micro-Dynamics

The transient states of behaviours of corn stalk in soils can be directly observed from the velocity
fields of corn stalks. As the notched disc approached, the corn stalks on the soil of High-Density
were cut by both edges and notches simultaneously (Figure 4.9a). A similar phenomenon was also
observed in the soil of Medium-Density (Figure 4.9b). As the soil changed to Low-Density, the
corn stalks were no longer cut directly by the disc edges, instead all corn stalks to be cut were
gathered by the disc notches (Figure 4.9c). Therefore, the corn stalk cutting process of notched
disc can be summarized as “touching-compressing-cutting” in the soil of High-Density and
Medium-Density, while as “touching-gathering-compressing-cutting” in the soil of Low-Density.
The “gathering” behaviour of notched disc in the soil of Low-Density had complex effect on corn
stalk cutting effectiveness. The positive effect was that the corn stalk at the disc notch was less

likely to be pushed ahead, resulting from the small angle of the absolute velocity acting on the
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corn stalk (Kushwaha et al., 1986). However, the negative effect was, the cutting resistance
increased as several corn stalks were gathered into the notch. From the circumstance of all corn
stalks being cut in the simulation, the “gathering” behaviour had greater positive effect than the
negative effect on corn stalk cutting under current operational parameters (i.e., zero-degree tilt

angle, 10° disc angle, 100 mm working depth, 20 km h'! travelling speed).

For the plain disc, all corn stalks were touched, compressed, and cut by the disc edge of plain
disc (i.e. “touching-compressing-cutting’’). There were several minor differences on the corn stalks
that were fully cut among three soil bulk densities. Intuitively, the corn stalks in the soil of High-
Density (Figure 4.9d) statically stayed in a shallower soil than that in the soils of Medium-Density
(Figure 4.9¢) and Low-Density (Figure 4.9f). The possible reason was that, in the soils of Medium-
Density and Low-Density, the soil provided low soil supporting to corn stalks at the same soil
depth (Zhong et al., 2023). Overall, the corn stalk that was fully cut in the soils of Medium-Density
and Low-Density had larger particle velocity than that in the soil of High-Density, indicating a

more severe disturbance on corn stalks.
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Figure 4.9. Cutting behaviours of corn stalks observed by particle velocity (unit: m s-1) flow distribution when
using notched disc in the soils: (a) High-Density; (b) Medium-Density; (c) Low-Density; as well as when
using plain disc in the soils: (d) High-Density; (e) Medium-Density; and (f) Low-Density, as the disc travelled
at a zero-degree tilt angle, 10° disc angle, 100 mm working depth, and 20 km h-" travelling speed. Soil bulk
density: High-Density = 1.52 Mg m-3, Medium-Density = 1.29 Mg m-3, and Low-Density = 1.06 Mg m-3.
The corn stalk sinkage in the soil of Low-Density was 60.8 mm, a maximum value among three
soil bulk densities (Figure 4.10). The minimum corn stalk sinkage occurred in the soil of High-
Density, a slightly smaller 2.6% than the maximum value. Therefore, the soil bulk density had
minor effect on the corn stalk sinkage. It was speculated that the high speed (20 km h™!) of disc
lowered the required corn stalk cutting force (Soleimani et al., 2023), thereby weakening the
influence of soil bulk density on corn stalk sinkage. However, a tendency was still observed that
corn stalk sinkage increased as the soil bulk density decreased from 1.52 to 1.06 Mg m=. The corn
stalks in the soil of Low-Density were compressed deeper into the soil. It was therefore inferred

that the scenario of uncut corn stalk (compressed corn stalk) was prone to be resulted in the soil of
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Low-Density. This inference agreed the results reported by Aikins et al. (2020) that failure of

cutting corn residue would be more severe in wetted or loosen soil.

The corn stalk sinkage caused by the plain disc was larger than that the notched disc, a gap of
22.2% (Figure 4.10). The reason was attributed to the superior ability of penetration of notched
disc, reducing the phase of “compressing” on corn stalks. From the difference of corn stalk sinkage,
an inference was stated that notched disc fully cut more corn stalks, thus creating less uncut corn
stalks (compressed corn stalk) in practice. This agreed to the comparison of corn stalk cutting
effectiveness in the study of Zeng et al. (2021). When the disc travelled at zero-degree tilt angle,
10° disc angle, 100 mm working depth, and 20 km h™! travelling speed, the variation of corn stalk
sinkage resulted from the difference on disc type was greater than from the difference on the soil

bulk density, implying a greater influence of disc type on corn stalk cutting effectiveness.
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Figure 4.10. Corn stalk sinkage at different discs and soil bulk densities (Soil: High-Density = 1.52 Mg m-3,
Medium-Density = 1.29 Mg m-3, and Low-Density = 1.06 Mg m-3), as the discs travelled at a zero-degree tilt
angle, 10° disc angle, 100 mm working depth, and 20 km h-' travelling speed.

The corn stalk intrusion forces at different disc types and soil bulk densities are shown in Figure
4.11. The corn stalk intrusion force quantifies the resistance a disc blade must overcome to
penetrate a corn stalk. High intrusion forces suggest that sharper disc edges are needed to reduce

energy loss and ensure effective cutting, especially under high-coverage of crop residue conditions.
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The corn stalks in the soil of High-Density experienced maximum corn stalk intrusion force
(43.3 N), followed by 26.5 N in the soil of Medium-Density and 20.6 N in the soil of Low-Density.
The corn stalk intrusion force decreased as the soil bulk density decreased. The difference on corn
stalk intrusion force was attributed to the “buffer” effect of discrete soil particles. A lower soil bulk
density buffered a greater corn stalk intrusion force. The notched disc resulted in the corn stalk
intrusion force of 42.6 N, 58.5% larger than the plain disc. This circumstance further confirmed

that the structure of notch enhanced the penetration on corn stalk.
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Figure 4.11. Corn stalk intrusion force at different disc types and soil bulk densities (Soil: High-Density =
1.52 Mg m-3, Medium-Density = 1.29 Mg m-3, and Low-Density = 1.06 Mg m-), as the discs travelled at a

zero-degree tilt angle, 10° disc angle, 100 mm working depth, and 20 km h-' travelling speed.

4.4.3.2 Simulated Soil Micro-Dynamics

The transient states of behaviours of soils can be directly observed from the contact force fields
of soil particles. The soil particles had contact forces up to 0.7 N. These “high force” particles (red
particles in Figure 4.12) were highlighted to observe soil disturbance characteristics. As the
notched disc travelled, the “high force” particles in the soil of High-Density were evenly
distributed along the edge of the disc (Figure 4.12a), while those in the soil of Medium-Density
were clearly concentrated under the corn stalks (Figure 4.12b). Under the corn stalk, more soil
particles participated in supporting corn stalks in the soil of Medium-Density than in the soil of

Low-Density. More critical feature occurred in the soil of Low-Density, where few “high force”
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particles were distributed along the disc edge, as corn stalks were gathered to the notch (Figure

4.12c). This phenomenon further illustrated the influence of soil as corn stalk was cut by disc.

In the simulations, the number of “high force” affected by the plain disc was greater than that
of the notched disc. In the soils of High-Density (Figure 4.12d) and Medium-Density (Figure
4.12¢), the “high force” particles were concentrated under the corn stalks. However, the “high
force” particles were evenly distributed along the cutting edge in the soil of Low-Density (Figure
4.12f). The number of “high force” particles increased observationally as the soil bulk density
decreased. This further confirms the differences in the supporting effect of soils with different bulk

densities, thus quantitively analysing later.
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Figure 4.12. Soil micro-dynamic behaviours observed by soil particle contact force (unit: N) flow distribution
when using notched disc in the soils: (a) High-Density; (b) Medium-Density; (c) Low-Density; as well as
when using plain disc in the soils: (d) High-Density; (e) Medium-Density; and (f) Low-Density, as the disc
travelled at a zero-degree tilt angle, 10° disc angle, 100 mm working depth, and 20 km h-! travelling speed.
Soil bulk density: High-Density = 1.52 Mg m-3, Medium-Density = 1.29 Mg m, and Low-Density = 1.06 Mg
m3.

Soil provides support to enable more efficient corn stalk cutting, which is affected by the residue
quantity and soil property. To quantitatively examine this soil supporting effect, soil supporting
force was defined and recorded (Figure 4.13). On average, the soil supporting force was 285.8 N
when the notched disc was travelling, which was 33.8% less than that of the plain disc. Therefore,

it was predicted that the greater the soil supporting force required, the more difficult the corn stalks

were cut fully.

The soil of High-Density experienced the minimum soil supporting force of 246.9 N under the

simulation of notched disc. The soil of Medium-Density had the maximum soil supporting force,
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29.5% higher than the minimum value. There was no linear trend on soil supporting force as the
soil bulk density changed, because of the complexity of corn stalk cutting behaviours caused by
the structure of notch. For plain disc, the soil supporting force had a gradual increasing trend from
141.2 N to 598.9 N, a difference of 76.4%, as the soil bulk density decreased from 1.52 Mg m™ to

1.06 Mg m™. The corn stalks on the soil of low bulk density were obviously not conducive to be

cut by the plain disc.
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Figure 4.13. Soil supporting force at different disc types and soil bulk densities (Soil: High-Density = 1.52
Mg m3, Medium-Density = 1.29 Mg m3, and Low-Density = 1.06 Mg m-3), as the discs travelled at a zero-

degree tilt angle, 10° disc angle, 100 mm working depth, and 20 km h-! travelling speed.

4.5. Conclusions

A soil-cornstalk—disc interaction model was constructed using the DEM. By matching
experimental results to simulation results, the model parameters were calibrated to 2.0 x 10° N m"
! for particle normal stiffness, 8.0 x 10° N m™! for bond tensile strength, and 0.5 for particle friction.
The model produced an overall relative error of 16.4% for predicting corn stalk cutting
effectiveness, draft, force and vertical force of a concave disc. When the notched disc was used,
corn stalks were cut by both disc notches and disc edges in the soils of High-Density and Medium-
Density, while merely cut by disc notches in the soil of Low-Density. As the soil bulk density

decreased, the simulated corn stalk sinkage increased slightly, while the corn stalk intrusion force
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decreased. The soil supporting force increased continuously as the soil bulk density increased when
using the plain disc, but no obvious trend was found when using notched disc. As the corn stalks
were cut by notched disc, the soil supporting force was required 33.8% less than by the plain disc.
The plain disc had larger corn stalk sinkage but smaller corn stalk intrusion force than the notched
disc. The corn stalk sinkage and corn stalk intrusion force were more significantly affected by disc
type than soil bulk density. This research advances the understanding of tillage equipment for crop
residue management by providing insights into residue and soil micro-dynamics. While the model
effectively simulates these interactions under controlled conditions, further investigation is

required to validate its applicability across different soil types.
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Chapter S: DEM Modelling of Crop Residue and Soil Dynamics as

Affected by the Tillage Direction of a Disc Harrow *

*Published in Biosystems Engineering (in press)
5.1. Abstract

A comprehensive understanding of crop residue and soil dynamics under tillage is critical for
improving the operational efficiency of tillage implements. A tandem disc harrow and its
interaction with wheat residue in a sandy loam soil was modelled using the discrete element
method. The model was able to simulate two tillage directions: perpendicular and parallel to
standing wheat stubble rows (named as Perp-Direction and Para-Direction respectively). The
model was validated using field measurement data. Experimental results revealed that Perp-
Direction produced significantly lower residue cover compared to Para-Direction. Both tillage
directions exhibited similar stubble forward displacements, averaging 354 mm. The model
predicted these variables with an overall relative error of 19.7%. Simulation results also showed
that stubble trajectories and soil cutting forces varied among individual discs due to the tandem
arrangement of the harrow. These variables were further influenced by operational parameters:
disc angle, harrow travelling speed and working depth. Lowering these parameters led to decreased
soil surface roughness for both tillage directions. Conversely, increasing these operational
parameters required higher total draft forces and disturbed a larger soil area. However, the soil
cutting efficiency, a performance index incorporating both total draft force and soil disturbance
area, was reduced under these conditions. These findings offer valuable insights for optimizing

tillage direction and operational parameters of tandem disc harrows to enhance field performance.
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5.2. Introduction

The amount of crop residue remained on the soil surface is critical for mitigating soil
degradation and increasing crop yields (Prosperi et al., 2011). In conservation tillage, the disc
harrow is a key implement to maintain some residue on the soil surface while tilling the soil for
preparation of good seedbeds. A disc harrow features multiple discs arranged according to
specified parameters, such as disc spacing, disc angle, and the offset distance between adjacent
discs. These parameters influence the performance, such as the soil resistance of disc harrow
(Kogut et al., 2016). Disc gang angle affected fuel consumption, while had not significant impact
on soil tilth (Serrano et al., 2003). The spacing of discs affected the soil disturbance area (Zeng et
al., 2019). However, existing studies on disc harrows have primarily focused on tillage forces and
soil disturbance, and their impact on the dynamics of crop residue was overlooked. A
comprehensive understanding of the interactions between soil, crop residue, and disc harrow is

essential for enhancing the performance in crop residue management.

Comparing with flat laying crop residue, standing crop stubble is more effective in reducing
soil erosion and water evaporation (Bilbro and Fryrear, 1994). Wheat stubbles are arranged in
dense and well-defined rows across the field, which has been shown to affect the seeding quality
and plant growth (Strydhorst et al., 2019; Verrell et al., 2017). A straw clearing mulching device
was typically set to travel parallelly to the wheat stubble rows (Hou et al., 2022). The reason was
attributed to minimize disruption of the soil, prevent the residue clogging, and preserve residue
coverage. The seeder openers were performed perpendicular to the oat stubble rows (Doan et al.,

2005), which improves soil-to-seed contact for proper germination. It has been assumed that the
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tillage direction relative to wheat standing stubble rows influences the tillage performance of disc

harrow; however, this assumption has not yet been confirmed.

As a disc harrow travelled through a field, operational parameters significantly affected tillage
performance (Damanauskas et al., 2019; Damanauskas and Janulevicius, 2022). For example,
Kogut et al. (2016) stated that as the gang angle of disc harrow increased from 12 to 21°, the soil
resistance increased in the horizontal direction but decreased in the vertical direction. The disc
harrow worked in a greater depth had higher soil cutting area ratio and soil loosening efficiency
(Zeng et al., 2019). However, the effects of operational parameters on the dynamics of residue
have not been well documented yet, leaving a gap in effectively use of disc harrow for residue

management.

Modelling approaches have been used in predicting dynamic behaviours of soil and crop residue
in tillage. For example, a mathematical regression model was developed for predicting the soil
resistance of an offset disc harrow, achieving relatively accurate prediction (Upadhyay and
Raheman, 2019). A theoretical model was developed based on the classical soil mechanics for
predicting draft force of disc harrow (Ahmadi, 2018). Discrete element models (DEM) provide
deeper insights into the dynamic attributes of crop residue, beyond soil forces. For example, the
residue displacements, moving trajectories, and incorporation were predicted in a DEM model
(Zeng and Chen, 2019; Liu et al., 2023; Zeng et al., 2020). Zhong et al. (2023) examined the effects
of soil moisture content on the residue-cutting ability in DEM model. However, there was a lack
of DEM modelling of an entire disc harrow that involves dynamic interactions between individual

discs on the harrow, a real-life situation.

This study therefore had the following objectives: (1) developing a DEM model to simulate a

disc harrow operated in two tillage directions: parallel and perpendicular to the standing wheat
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stubble rows, (2) validating the model by comparing experimental data with simulated data, and
(3) simulating the dynamic behaviours of soil and wheat residue under different operational

parameters of the harrow.

5.3. Methodology

5.3.1 Field Experiment

The purpose of the experiment was to support model development and validation by providing
measurement data. Rather than large-scale data collection, the experiment was specifically
designed to capture key parameters and variables sufficient for parameter selection and assessing

the accuracy of model predictions.

5.3.1.1 Experimental Field and Equipment Setup

A field experiment was performed in the Municipality of Piney, Manitoba, Canada, on a sandy
loam soil (composition: 2.9% clay, 23.6% silt, and 73.5% sand). The field had wheat residue.
Tillage was performed using a tandem disc harrow with eight notched front discs and eight plain
rear discs (Figure 5.1a). The concave sides of front discs and rear discs were in opposite directions.
The disc spacing (S») was 190 mm and the total working width (W},) of the harrow was 1520 mm.

The disc gang angle (#) was 20° and the disc diameter was 460 mm (Figure 5.1b).

5.3.1.2 Experimental Design

A completely randomized design was used in this experiment. The treatments were disc harrow
tillage directions: perpendicular and parallel to the standing wheat stubble rows, named as Perp-
Direction and Para-Direction, respectively (Figure 5.1c). Prior to the tillage, most of the lying flat
residue were removed to minimize the effects of lying flat residue. Each treatment was replicated

four times, giving eight test runs. The plot for each test run was 1.5 m wide and 50 m long,
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accommodating for one pass of the harrow. The disc harrow was operated at fixed travelling speed

4 km h™") and working depth (100 mm) for both treatments.
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Figure 5.1. Field experiment setup: (a) the tandem disc harrow; (b) parameters of disc harrow: total working
width (W), disc spacing of harrow (Sy), and disc gang angle (8); and (c) illustration of tillage directions: disc
harrow travelling perpendicular or parallel to the standing wheat stubble rows, i.e. Perp-Direction or Para-

Direction treatments respectively.
5.3.2 Measurements

5.3.2.1 [Initial Soil Properties and Characteristics of Standing Wheat Stubble

Before tillage, soil samples were collected randomly at five locations of the field using a core
sampler (51.5 mm diameter and 98.6 mm high). The oven-dried method was used to obtain the

soil moisture content (gravimetric) and soil bulk density (dry basis) (ASABE Standards, 2020).
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The characteristics of standing wheat stubble were measured in the area defined by a 600 x 600
mm quadrat (Figure 5.2a). Within this measured area, standing stubble row spacing, wheat stubble
height, and wheat stubble diameter were measured. Then, the standing wheat stubbles were cut at

the soil surface, collected and oven dried (55 °C for 72 hours). The dry mass of the sanding stubble

per hectare was determined. These measurements were repeated at five random locations of the

field before tillage.

5.3.2.2 Soil Surface Residue Cover

Soil surface residue cover was measured using image analysis before and after tillage. Image of
soil surface area within the quadrat (600 x 600 mm) was captured by a camera (Figure 5.2a). For
image analysis, the area outside the quadrat was cropped off (Figure 5.2b). Then, the image was
binarized into black-and-white image (Figure 5.2¢) using a thresholding method in MATLAB. The
ratio of white pixels (residue) to total pixels of the image was defined as the residue cover (Chen

et al., 2004).

5.3.2.3 Forward Displacement of Standing Wheat Stubble

Tracer method was used to monitor the forward displacement of standing wheat stubble. Paper
straws (200 mm long) were used as tracers, and they were labelled and inserted into soil (Figure
5.2d). Fifteen tracers were aligned in a row with a tracer spacing of 95 mm. The tracers' row was
oriented perpendicular to the traveling direction of disc harrow in all plots, with the middle tracer
being positioned along the centre of the disc harrow path. The tracer position was quantified using
the lateral distance. The middle tracer had a lateral distance of zero, and the other tracers had lateral

distances of 95, 190, 285, 380, 475, 570, and 665 mm.
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Prior to tillage, two ropes (Rope A and Rope B as shown in Figure 5.2e) were positioned
perpendicularly, creating a coordinate system. Rope A was aligned with the row of standing wheat
stubble tracers, while Rope B was placed along the centre of the harrow path. The tracer
coordinates were recorded both before and after tillage, and changes in these tracer coordinates

were calculated to determine the forward displacements.

Figure 5.2. Field measurements: (a) Image taking using a camera and a 600 x 600 mm quadrat for residue
cover analysis; (b) an example of images after tillage; (c) the binary image for determining the residue cover;
(d) paper straw tracers for displacement measurements of standing wheat stubble; and (e) two

perpendicular ropes as references for recording the coordinates of the tracers after tillage.
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5.3.2.4 Data Analysis

R-Studio was used to perform the analysis of variance (ANOVA) on the measured results. The
means of displacements of different tracers were compared with Duncan’s multiple range test (0.05
significance). Additionally, the means of displacement and residue cover between the two tillage

directions (Perp-Direction and Para-Direction) were compared with t-test (0.05 significance).

5.3.3 Tillage Model for Disc Harrow

5.3.3.1 Model Development

A commercial discrete element software, PFC>P (Particle Flow Code in Three Dimensions) was
used to model the tillage operation of the disc harrow. In the model, soil was represented by
spherical particles, and the contact between particles were described by the Parallel Bond Model
(PBM) of PFC*P (Potyondy and Cundall, 2004). The PBM mimicked the cohesion of agricultural
soil (Sadek and Chen, 2015). A large soil domain (2000 mm wide and 1500 mm long) was used to
accommodate the pass of the disc harrow and movement of soil and crop residue. Soil particles
with a 10 mm diameter were filled into the central 1000 mm of the soil domain along the harrow
path, where the interactions between discs and soil/crop residue occurred. Larger particles (20 mm
diameter) were filled into the two side sections (500 mm wide) (Figure 5.3a) to reduce the
computing time (Zeng and Chen, 2019). Soil particles were stabilized to an equilibrium state under
gravity and a local damping ratio (0.5). The soil surface was levelled by removing the soil particles

exceeding 200 mm in height. The final soil domain had 367,171 soil particles.

To replicate the field condition, wheat residues were created on the soil surface. For the two
tillage direction treatments: Perp-Direction and Para-Direction, wheat stubble rows were arranged

to be perpendicular (five rows) to (Figure 5.3a) and parallel (four rows) to (Figure 5.3b) the
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traveling direction of the disc harrow in the model. Both orientations included some lying flat

residue on the soil surface.

The model wheat residue was formed using the Rblock feature in PFC3P. Each residue piece
was a rigid cylinder. The diameter of the model residue was 3.62 mm, the length was 210 mm, and
the density was calculated as 148.7 kg m™, based on the measurements in the field experiment. To
replicate the same masses of wheat residue as measured in the field, the model included a total of
345 standing wheat stubbles (blue residue in Figure 5.3) randomly standing in the stubble rows,
and a total of 1,200 lying flat residues (orange residue in Figure 5.3) randomly placed within the
stubble rows. Wheat residues were stabilized using a local damping ration of 0.75. Wheat residue
contacted with soil and disc harrow through the linear contact model of PFC®P (Zeng and Chen,

2019).

Due to the symmetric feature of the tandem disc harrow, the harrow was simplified to a half
configuration, consisting of four front notched discs and four rear plain discs in the same layout as
the real harrow. The modelled discs were created in SolidWorks and imported into the PFC3P
software. Desired working depth and travelling speed were assigned to each of the discs. The
rotation speed of disc was calculated using the travelling speed and the diameter of the disc

(Murray and Chen, 2018).
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Figure 5.3. The disc harrow tillage models: (a) harrow travelling perpendicular to the standing wheat stubble
rows (Perp-Direction); and (b) harrow travelling parallel to the standing wheat stubble rows (Para-Direction).
Disc numbering (D4, D2, D3, and D4 were the front notched discs, Ds, Ds, D7, and Dg were the rear plain
discs) and model tracers (Ty to T7) for monitoring purposes.

Model inputs included parameters for soil, disc harrow, wheat residue, and contacts between
them. These model parameters were adopted from Zeng and Chen (2019), who developed a straw-

sweep-soil interaction model using the same soil type and a cereal straw. The parameters are

summarised in Table 5.1.
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Table 5.1. Summary of model parameters; source (Zeng and Chen, 2019).

Property Symbol Value
Wall normal stiffness, N m-’ Kn-wal 1e8
Wall shear stiffness, N m-! Ks-wall 1e8
Wall friction coefficient M-wan 0.5
Soil normal stiffness, N m-! Kn-soit 8.73e3
Soil shear stiffness, N m-" Ks-soit 8.73e3
Soil friction coefficient U-soil 0.36
Soil particle density, kg m-3 P-soil 2650
Soil bond radius multiplier A-soil 0.5
Soil bond normal stiffness, Pa m-" K, -soil 4.95e7
Soil bond shear stiffness, Pa m™" K -soi 4.95e7
Soil bond tensile strength, Pa 0-soil 3.82¢e4
Soil bond cohesion, Pa C-soil 1.39¢e4
Wheat residue normal stiffness, N m-! Kn-residue 332
Wheat residue shear stiffness, N m-" Ks-residue 332

5.3.3.2 Model Validation

For model validation, surface residue cover and forward displacement of standing wheat
stubble were simulated using the model and then were compared with the field measurements. The

agreement was assessed using the overall relative error.

During the simulation, disc harrow travelled at the same speed (4 km h™') and depth (100 mm)
as in the field experiment. After tillage, the resultant residue cover was quantified using the same
image analysis method as in the field experiment. Forward displacement of standing wheat stubble
was also determined using the tracer method. Model tracers were positioned 10 mm apart on the
soil surface, namely Ty, T}, 1>, T3, T4, Ts, Ts, and T7, perpendicularly aligned to the tillage direction
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(red residue in Figure 5.3b). The Ty and 77 were located at the harrowed edges. The trajectories of
standing wheat stubble tracers were monitored in the simulation, and the forward displacement

was determined at the steady states of the tracers.

5.3.3.3 Model Applications

The model was used to examine effects of different operational parameters on some dynamic
attributes soil and residue. The operational parameters included disc gang angles (£) (10°, 15°, and
20°), travelling speeds (¥) (5, 9, 13 km h!), and working depths (D) (50, 75, and 100 mm). For
this application, only one operational parameter was changed at a time, and other parameters
remained constant. The constant values of f, V, and D were 20°, 13 km h'!, and 100 mm

respectively.

The resultant dynamic attributes monitored include soil cutting forces and soil disturbance
characteristics, as described below. The time of each simulation was approximately 25 hours
(varying with different travelling speeds) using a Dell Workstation with 192 GB RAM, a2.10 GHz
Intel (R), and Xeon (R) Silver 4110 CPU (2 processors). The default timestep (approximately Se-

6 s) that was automatically calculated was used throughout simulations.

The soil cutting forces on each individual disc, which is difficult to measure in practice, were
predicted using the model. To track the performance of individual discs, discs were numbered from
D to Ds in the sequence in which they engaged with the soil, as shown in Figure 5.3b. The soil
cutting forces tracked were draft force (Fp), lateral force (£7), and vertical force (Fy). Using these
forces, the force imbalance ratio (/) was determined to measure the force variation among the discs,
which is an important indicator of the disc stability. A larger / indicate greater interferences

between discs in a disc implement. The / was calculated by:
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where I = force imbalance ratio, Fp = draft force of a disc (N), F; = lateral force of a disc (N), Fr=

vertical force of a disc (N), i = i number of disc.

Soil disturbance characteristics were quantified using soil surface roughness, furrow bottom
roughness, soil disturbance area (4;), and soil cutting efficiency (7). After tillage, the soil surface
profile and furrow bottom profile were extracted within the total working width of disc harrow
(W1), and the fluctuations (standard deviations) of the profiles were defined as soil surface
roughness or furrow bottom roughness (Figure 5.4). The soil disturbance area (4;) defined in

Figure 5.4 was determined using image analysis.

Soil surface profile
Furrow bottom profile

{

-1000 -800 -600 -400 -200 0O 200 400 600 800 1000
Lateral distance (mm)

Soil depth (mm)
o
o

Figure 5.4. Model screenshot showing the soil cross-section after tillage, illustrating soil disturbance
characteristics; At = soil disturbance area, W, = total working width of the harrow.

The total draft of harrow (F;) was calculated as the sum of Fp of all eight discs. This variable is
an important performance indicator, as it determines the power requirement of the harrow and in
turn the drawbar power required from the tractor. Another performance indicator is the soil
disturbance area (4x), reflecting amount of work done by the harrow. Considering both F; and 45,
a soil cutting efficiency () (McKyes, 1985) was used as an overall performance indicator of

harrow, and it was defined as the following:
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(5.2)
where 5 = soil cutting efficiency (mm?® J!), 4 = soil disturbance area (mm?), F, = total draft of
harrow (N), d, = travel distance of harrow (mm). The ratio of disturbed soil volume per hectare to

the # was converted into energy requirement per hectare. This approach was commonly adopted

in tillage energy analyses (Godwin, 2007)
5.4. Results and Discussion

5.4.1 Experiment Results

5.4.1.1 Initial Soil and Residue Condition

Table 5.2 presents the measured results of initial soil and residue conditions. The average soil
moisture content and soil bulk density of the field were typical for this soil type (Dam et al., 2005).
Before tillage, the field had an average standing wheat stubble of 735.6 kg ha! (dry mass), slightly
lower than the typical value (Kushwaha et al., 1986a; 1986b). The characteristics of standing wheat

stubble are listed in Table 5.2, and they were used for developing the model.
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Table 5.2. Initial soil conditions and characteristics of standing wheat stubble.

Measurement Mean Standard deviation
Soil moisture content, % 21.8 2.3

Soil dry bulk density, kg m-3 1187.0 48.8
Standing wheat stubble dry mass, kg ha! 735.6 134.9
Single standing wheat stubble dry mass, g 0.32 0.08
Standing wheat stubble row spacing, mm 285 30
Standing wheat stubble height, mm 210 50
Standing wheat stubble diameter, mm 3.62 0.17

5.4.1.2 Measured Forward Displacement of Standing Wheat Stubble

Overall, the forward displacement of standing wheat stubble was quite large (Figure 5.5). The
greatest stubble displacement did not occur at the centre of the harrow path, due to the tandem
arrangement of disc gangs. When the harrow travelled in perpendicular to the stubble rows (Perp-
Direction) (Figure 5.5a), the greatest stubble forward displacement was observed at the lateral
distance of 190 mm from the centre of the harrow path, where stubble was moved as much as 484
mm. For the further lateral distances, the stubble forward displacements were reducing by 50% at
the 570 mm or 665 mm lateral distances. When the harrow travelled in parallel to the stubble rows
(Para-Direction) (Figure 5.5b), the greatest stubble forward displacement was observed at the
lateral distance of 95 mm from the centre of the harrow path, where stubble was moved forward
over 550 mm. Stubble forward displacements were quite variable in either treatment. No statistical
differences were observed along the lateral distances from the centre of the harrow path. The

reasons for this trend might be attributed to the complex effects of overlapping passes of two disc

131



gangs and its interaction with stubble rows. This further demonstrates the necessity of studying an

entire tillage implement, rather than individual tillage tools as existing studies focused on.

If forward displacements of standing wheat stubble were averaged over all the lateral distance,
Para-Direction had an average of 371 mm, which was 8.1% larger than that that of Perp-Direction.
There were no statistically significant differences in the average forward displacement between

Perp-Direction and Para-Direction.

Perp-Direction
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5 180 3 180 1
(] w
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0 95 190 285 380 475 570 665 0 95 190 285 380 475 570 665
Lateral distance (mm) Lateral distance (mm)

(a) (b)
Figure 5.5. Measured forward displacement of standing wheat stubble over the lateral distance from the
centre of the harrow path: (a) Perp-Direction and (b) Para-Direction (two tillage directions: harrows traveling
perpendicular and parallel to the standing wheat stubble rows respectively). Means followed by same letters

were insignificantly different according to Duncan’s multiple range test (significance 0.05); error bars are

standard deviations.

5.4.1.3 Measured Surface Residue Cover

The field initially had a surface residue cover of 45.7%. After tillage, the residue cover
decreased by 38.1% under Para-Direction (Figure 5.6a) and 48.8% under Perp-Direction (Figure
5.6b). Statistical analysis showed that the residue cover under Para-Direction was significantly
larger than that under Perp-Direction. This confirmed that tillage direction influences the reduction
in residue cover. Under Para-Direction, the discs tended to push the standing wheat stubble to the

sides along the row lines, rather than thoroughly mixed standing wheat stubble into the soil.

132



However, when the disc harrow travelled perpendicularly across the standing wheat stubble rows,
the discs interacted more aggressively with the standing stubble, resulting in better mixing with
the soil. Choosing an appropriate tillage direction depends on the desired level of residue

incorporation.

5.4.2 Model Validation

The model prediction accuracy was validated by comparing simulations and measurements in
the average forward displacement of residues and average residue cover. The simulated average
forward displacements of standing wheat stubble were 282 mm and 281 mm for Perp-Direction
and Para-Direction respectively, which underpredicted the displacements compared with the
measurements (Figure 5.6a). The simulated residue cover under Perp-Direction and Para-Direction
were 27.4% and 34.0% respectively, which overpredicted residue covers compared with the
measurements (Figure 5.6b). The corresponding relative errors were 17.1% for Perp-Direction and
20.1% for Para-Direction. The overall relative error for the two variables was 19.7%, which

showed that the model had an acceptable prediction accuracy.
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Figure 5.6. Comparisons between experimental and simulation results and relative error between them: (a)
forward displacement of standing wheat stubble and (b) surface residue cover. Perp-Direction and Para-
Direction are two tillage directions: the harrow traveling perpendicular and parallel to the standing wheat

stubble rows respectively.

5.4.3 Model Applications

5.4.3.1 Simulated Dynamic Behaviours of Soil and Residue

Amount of soil disturbed by a disc can be visualized by the particle velocity contour (Figure
5.7a). Disc D; was the first that interacted with soil and residue among all other discs, resulting in
the least amount of disturbed soil. The soil disturbed by discs D2, D3, and D, were extended to the
adjacent discs, meaning an appropriate disc spacing that did not leave undisturbed soil between
discs. The rear discs displaced the soil in opposite lateral directions. The soil regions disturbed by
disc D7 and Ds reached to the adjacent discs. However, the disc Ds was unexpectedly smaller. As
the front disc D, and rear disc Ds displaced the soil in the opposite directions, a trench was formed

between discs Dy and Ds. It is interesting to see that disc Ds pushed less soil than discs D7 and Ds.

The residue displacement contour is shown in Figure 5.7b. As the harrow travelled, the four

front discs laterally throwed the wheat residue, thus creating four residue flow streams. The residue
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flow stream created by each of discs D>, D3, and D4 was split into two smaller residue flow streams
by discs Ds, D7, and Ds respectively, as illustrated in Figure 5.7b. This scenario showed the close
“cooperation” between the front row discs and rear row discs for even distributions of residue in
the field. A residue flow stream was also formed at each side of the harrow along the edges (i.e. by

discs D; and Ds), but these two flow streams did not undergo a splitting.
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Figure 5.7. Particle contours: (a) velocity (unit: m s™) of soil particles and (b) displacement (unit: m) of wheat
residues resulting from the harrow. D+, D,, D3, and D4 are the front notched discs, and Ds, D, D7, and Dg
are the rear plain discs. Disc harrow: travelling perpendicular to the wheat stubble rows (Perp-Direction),

travelling speed = 4 km h-', working depth = 100 mm, and disc gang angle = 20°.
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5.4.3.2 Simulated Trajectories of Standing Wheat Stubble

The trajectories in three directions were monitored for each of the stubble tracers (labelled as
Ty to T7 shown in Figure 5.3b) at different lateral distances from the centre of the harrow path. The
forward trajectories (red lines in Figure 5.8) demonstrated that standing wheat stubble consistently
moved away from its initial position as the disc harrow advanced forward, regardless of its lateral
distance from the centre of the harrow path, with the tracers at the harrowed edges (7 and 77)
being moved the least forward distance (Figure 5.8a and 5.8h). Laterally, wheat stubbles at
harrowed edges (7 and 77) were displaced beyond the working width of the harrow (green lines
in Figure 5.8a and 5.8h), while the rest of stubbles (7, to 7s) were displaced left or right (green
lines in Figure 5.8b-g). The vertical trajectories showed that some stubbles were continuously
pushed down to the deeper soil (7o, T2, T3, and T5) (blue lines in Figure 5.8a, 5.8c, 5.8d, 5.8g),
some were brought up above the soil surface level (7 and T5) (Figure 5.8e and 5.8f), and some
moved up and then down the surface level (77 and 77) (Figure 5.8a and 5.8h). The results of vertical
trajectories suggested that significantly amount of wheat residue were pushed downward and

buried into soil.
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Figure 5.8. The trajectories (in forward, lateral, and vertical directions) of standing wheat stubble over the
harrow travel distance: (a) Tracer Ty; (b) Ty; (c) T2 (d) T3 (e) T4 (f) Ts; () Ts; and (h) T7. Disc harrow:
travelling perpendicular to the wheat stubble rows (Perp-Direction), travelling speed = 4 km h-!, working

depth = 100 mm, and disc gang angle = 20°.
5.4.3.3 Simulated Soil Cutting Forces of Individual Discs

Soil cutting forces in three directions simulated for eight individual discs (D; to Ds) are shown
in Figure 5.9. Over the travel distance, the increases in the forces at the beginning and the decrease
at the end represent the discs entering and leaving the soil respectively. Thus, the following
discussion focuses on the constant forces in the middle section of the travel distance. Results
showed that the soil cutting forces were not evenly distributed among individual discs, depending
on types (notched or plain) of disc and the position of the disc on the harrow within the same type

of disc.
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Disc D; was the leading disc of harrow, and it interacted with the largest amount of undisturbed
soil, resulting in the highest draft force (Fp) (blue line in Figure 5.9a) and lateral force (¥7) (orange
line in Figure 5.9a). Discs D2, D3, and D4 had similar Fp and F; (Figure 5.9b-d). Therefore, the

interference between these three discs led to a reduction in the Fp and F of each individual disc.

As expected, the values of F} for the rear discs were in opposite directions of those for the front
disc, which allowed the lateral forces to be cancelled, favouring the stability of the harrow. Rear
discs Ds, Ds, D7, and Ds had slightly lower Fp and F7 (Figure 5.9e-h), compared with the front
discs, as the formers worked on the loosened soil disturbed by the latter discs. This explains why
a mirrored half harrow was indeed necessary for balancing the lateral force of a tandem disc harrow.
However, not all lateral forces of individual discs were cancelled out completely in this particular
harrow. The total lateral force of the harrow was 40.7 N, rather than 0 N, due to the different in
disc types between front and rear discs. The other reason was that the front discs interacted with
untilled soil while the rear discs interacted with soil that had already been tilled by the front discs.
Vertical forces (Fr) (purple line) of discs were low, near zero or slightly above zero. Only disc Ds

had a negative F (-27.1 N) (Figure 5.9¢), indicating a downward vertical force.
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Figure 5.9. Soil cutting forces, including draft force (Fp), lateral force (F.), and vertical force (Fv) of individual
discs over the harrow travel distance: (a), (b), (c), and (d) the 1st, 2nd, 34 and 4t front notched discs (Dy,
D», D3, and Dy) respectively; (e), (f), (g), and (h) the 5", 6, 7t and 8™ rear plain discs (Ds, Ds, D7, and Ds)
respectively. Disc harrow: travelling perpendicular to the wheat stubble rows (Perp-Direction), travelling
speed = 4 km h-', working depth = 100 mm, and disc gang angle = 20°.

Force imbalance ratios (/) determined using Eq. (5.1) from the soil cutting forces of individual
discs showed that variations of the / was different in terms effects of the operating parameters.
Varying f would cause complex changes in soil cutting forces due to the complex nature of the
interaction between the disc concave and gang angle. Thus, effects of f had different trends
between Para-Direction and Perp-Direction (Figure 5.10a). The 15° of f had lower [ for Perp-
Direction, while the 10° of § had lower [ for Para-Direction. The trends of effects of /' were more
predictable between Perp-Direction and Para-Direction. A lower / was found at a higher V' (Figure
5.10b), indicating that an increased V helps balance the soil cutting forces. The lowest / was

obtained when the harrow worked at 75 mm depth for both tillage directions (Figure 5.10c).
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Varying in D primarily influences the contact area between the disc harrow and soil/wheat residue,
resulting in consistent trends of 7 between the two tillage directions. Overall, the harrow was more
balanced or stable when working at 15° disc gang angle, 13 km/h travelling speed, and 75 mm

working depth.
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Figure 5.10. Simulated force imbalance ratios (/) under different operational parameters of harrow: (a) disc
gang angles (8), with fixed travelling speed of 13 km h-" and working depth of 100 mm; (b) travelling speeds
(V), with fixed disc gang angle of 20° and working depth of 100 mm; and (c) working depths (D), with fixed
disc gang angle of 20° and travelling speed of 13 km h-'. Perp-Direction and Para-Direction are two tillage

directions: the harrow traveling perpendicular and parallel to the standing wheat stubble rows respectively.

5.4.3.4 Simulated Soil Roughness

Soil surface roughness was similar between Perp-Direction and Para-Direction. In both tillage
directions, soil surface roughness consistently increased with an increasing of f (Figure 5.11a).
The greatest change in soil surface roughness resulted from variations in the £, showing an 57.2%
increase. The soil surface roughness increased from 10.3 to 25.4 mm as the f increased from 10°
to 20° on average over the two tillage directions. The " had the less impact on the soil surface
roughness, and lower V' cause lower soil surface roughness (Figure 5.11b). An increasing trend
was also found for the effects of D (Figure 5.11c). In practice, soil surface roughness is maintained

at either a high value for reducing soil erosion (Zhou et al., 2023), or a low value for a smooth
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seedbed (Chen et al., 2023). Therefore, the harrow operational parameters should be adjusted for

suiting the specific tillage practice.

Compared to the soil surface roughness, the furrow bottom roughness was much lower in all
cases. Also, furrow bottom roughness showed less variation with the operational parameters (5, V,
and D). There were no obvious differences in furrow bottom roughness between Para-Direction
and Perp-Direction. Furrow bottom roughness was the highest for the f of 15° for both tillage
directions (Figure 5.11d). The effects of V' (Figure 5.11¢) and D (Figure 5.11f) had no particular
trends. Lower bottom roughness is more desirable for plant growth. Thus, the recommended
operational parameters are # = 10°, =9 km h'!, and D = 75 mm for Perp-Direction and = 20°,

V=13 km h!, and D = 100 mm for Para-Direction.
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Figure 5.11. Simulated soil roughness resulting from the harrow: (a), (b), and (c) soil surface roughness for
different disc gang angles (B) with fixed travelling speed of 13 km h-' and working depth of 100 mm,
travelling speeds (V) with fixed disc gang angle of 20° and working depth of 100 mm, and working depths
(D) with fixed disc gang angle of 20° and travelling speed of 13 km h-! respectively; and (d), (e), and (f)
furrow bottom roughness. Perp-Direction and Para-Direction are two tillage directions: the harrow traveling

perpendicular and parallel to the standing wheat stubble rows respectively.

5.4.3.5 Simulated Soil Cutting Efficiency of the Harrow

Soil cutting efficiency () of harrow depends on the total draft (¥7), and total soil disturbance
area (A;) as defined in Eq. (5.2). Variables F; and A, were simulated using the model. The results
of F; demonstrated overall consistency between the two tillage directions. The F; increased linearly
for both Perp-Direction and Para-Direction with an increasing of disc gang angle () (Figure 5.12a).
Similar increasing trends were observed for the effects of the travelling speed (V) and working
depth (D) (Figure 5.12b and 5.12c). The increasing trends under varying S, V, and D were

consistent with the findings of a previous study on a single concave disc (Sadek et al., 2021).
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Regardless of the tillage directions, the soil disturbance area (4;) consistently increased with
increasing of the disc gang angles (f), travelling speeds (V), and working depths (D). The disc
harrow experienced an average of 18.9% higher 4, at a f of 20° compared to that at 10° (Figure
5.12d), possibly because of the larger working width associated with a larger f (Zeng and Chen,
2018). The A4 at the ¥ of 13 km h™! was 18.7% larger for Perp-Direction and 20.7% larger for Para-
Direction, than those at the ¥ of 5 km h™! (Figure 5.12¢). Effects of D on 4, was more pronounced.
The A, was increased by 47.9% for Para-Direction and 43.3% for Perp-Direction when the D

changed from 50 to 100 mm (Figure 5.12f)

As discussed about, the F; increased with the increase in £, V, and D. So did the 4;. But the soil
cutting efficiency (#) decreased (Figure 5.12g-1), due to the lower increase rate of the 4, compared
with that of F;. Effects of /" on 5 were more pronounced than those of 5 and D. Para-Direction had
slightly higher values of # than Perp-Direction. On average, the harrow resulted in a 44.2% larger
n ata B of 10° compared to 20° (Figure 5.12g), while the # at a ¥ of 5 km h™! was more than twice
as large as at a V' of 13 km h™! (Figure 5.12h). The # decreased from 60.6 to 37.3 mm?> J!' in Perp-

Direction and from 62.2 to 40.1 mm? J'! in Para-Direction, with an increasing of D (Figure 5.121).

Zeng et al. (2019) reported a larger magnitude of efficiency than this study and an increasing
trend as the D increased, which was contrary to this study. The differences between the two studies
were due to the differences in the tilt angle of disc that affect the total draft and soil disturbance
area of the disc. In other tillage contexts, such as subsoiling practices, it is desired to have greater
soil disturbance area (Wang et al., 2023), which improves soil cutting efficiency for being cost-
effective. Whereas in conservation tillage, minimum soil disturbance is desired, which sacrifices

soil cutting efficiency (Hayes and Itri, 1985) for protecting the soil.
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Figure 5.12. Simulated performance indicators of the harrow: (a), (b), and (c) total draft of harrow (F;) for
different disc gang angles (B) with fixed travelling speed of 13 km h-' and working depth of 100 mm,
travelling speeds (V) with fixed disc gang angle of 20° and working depth of 100 mm, and working depths
(D) with fixed disc gang angle of 20° and travelling speed of 13 km h-! respectively; (d), (e), and (f) soil
disturbance area (As); and (g), (h), and (i) soil cutting efficiency (n). Perp-Direction and Para-Direction are

two tillage directions: the harrow traveling perpendicular and parallel to the standing wheat stubble rows

respectively.
5.5. Conclusions

A tillage model of a tandem disc harrow was developed using the discrete element method

(DEM) and validated with field measurement data. The model was employed to simulate the
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dynamics of wheat stubble and soil under two tillage directions and a range of operational
parameters: disc angle (10° to 20°), traveling speed (5 to 13 km h™), and working depth (50 to 100

mm).

The model accurately predicted the forward displacement of standing wheat stubble and the
residue cover on the soil surface. Tillage direction significantly influenced the residue cover but
had minimal effect on the forward displacement of stubble. These variables were more accurately
predicted for the tillage direction perpendicular to the wheat stubble rows (Perp-Direction) than
for the parallel direction (Para-Direction). Simulation results revealed variation in soil dynamics
among individual discs on the harrow. The leading disc disturbed the least amount of soil but
experienced the highest soil cutting forces (both draft and lateral). Discs positioned at the harrow's
outer edges contributed the least to forward displacement of stubble. Balanced soil cutting forces
across all discs were observed when the harrow operated at a 15° disc angle, a traveling speed of
13 km h™', and a working depth of 75 mm. Lowering these operational parameters helped reduce
soil surface roughness regardless of tillage direction. Increasing the disc angle, speed, or working
depth led to higher total draft forces and a larger soil disturbance area. However, the increase in
disturbance area was not proportional to the increase in draft force, resulting in decreased soil

cutting efficiency defined as the ratio of soil disturbance area to total draft force.

This study provides valuable insights into the interactions between wheat stubble, soil, and the
tandem disc harrow, offering practical guidance for optimizing harrow operation to improve tillage
performance. Nonetheless, the model has limitations, including the use of fixed dimensions for
wheat residue and soil particles and a specific soil type (sandy loam soil). Caution should be taken

when generalizing these results to other residue conditions or soil types.

145



5.6. Acknowledgements

This study was financially supported by Hainan Province Foreign Experts Program, China

(G20250218002Y), CSC, China (202007565032), and NSERC of Canada (RGPIN-2019-05861).

5.7. References

Ahmadi, 1., 2018. A draught force estimator for disc harrow using the laws of classical soil
mechanics. Biosystems Engineering, 171, 52-62.

https://doi.org/10.1016/j.biosystemseng.2018.04.008

ASABE Standards, 2020. ASABE Standard S633: Testing protocol for landscape irrigation soil
moisture-based control technologies. American Society of Agricultural and Biological

Engineers, St. Joseph, M1

Bilbro, J. D., and Fryrear, D. W., 1994. Wind erosion losses as related to plant silhouette and soil
cover. Agronomy Journal, 86(3), 550-553.

https://doi.org/10.2134/agronj1994.00021962008600030017x

Chen, H., Gao, L., Li, M., Liao, Y., and Liao, Q., 2023. Effect of soil surface roughness on
emergence rate and yield of mechanized direct-seeded rapeseed based on 3D laser
scanning. International Journal of Agricultural and Biological Engineering, 16(3), 110—

119. https://doi.org/10.25165/J.1JABE.20231603.7276

Chen, Y., Tessier, S., and Irvine, B., 2004. Drill and crop performances as affected by different
drill configurations for no-till seeding. Soil and Tillage Research, 77(2), 147-155.

https://doi.org/10.1016/j.sti11.2003.12.001

146



Dam, R. F., Mehdi, B. B., Burgess, M. S. E., Madramootoo, C. A., Mehuys, G. R., and Callum, I.
R., 2005. Soil bulk density and crop yield under eleven consecutive years of corn with
different tillage and residue practices in a sandy loam soil in central Canada. Soil and

Tillage Research, 84(1), 41-53. https://doi.org/10.1016/].st111.2004.08.006

Damanauskas, V., and Janulevicius, A., 2022. Effect of tillage implement (spring tine cultivator,
disc harrow), soil texture, forward speed, and tillage depth on fuel consumption and
tillage quality. Journal of Agricultural Engineering (Pisa, Italy), 53(3), e1371.

https://doi.org/10.4081/jae.2022.1371

Damanauskas, V., Velykis, A., and Satkus, A., 2019. Efficiency of disc harrow adjustment for
stubble tillage quality and fuel consumption. Soil and Tillage Research, 194, e104311.

https://doi.org/10.1016/j.still.2019.104311

Doan, V., Chen, Y., and Irvine, B., 2005. Effect of oat stubble height on the performance of no-

till seeder openers. Canadian Biosystems Engineering, 47, 2.37-2.44.

Godwin, R. J., 2007. A review of the effect of implement geometry on soil failure and implement
forces. Soil and Tillage Research, 97(2), 331-340.

https://doi.org/10.1016/j.5ti1.2006.06.010

Hayes, W. A., and D’Itri, F. M., 1985. Conservation tillage systems and equipment requirements.
In A Systems Approach to Conservation Tillage, 1, 21-40.

https://doi.org/10.1201/9781351070850-3

Hou, S., Zhu, Y., Ji, Z., Zhu, X., and Zhou, C., 2022. Design and test of elastic tooth type lateral
straw clearing roller based on the straw clearing and mulching no-tillage precision

planter. Sustainability (Switzerland), 14(12), €7238. https://doi.org/10.3390/su14127238

147



Kogut, Z., Sergiel, L., and Zurek, G., 2016. The effect of the disc setup angles and working depth
on disc harrow working resistance. Biosystems Engineering, 151, 328-337.

https://doi.org/10.1016/j.biosystemseng.2016.10.004

Kushwaha, R. L., Vaishnav, A. S., and Zoerb, G. C., 1986a. Performance of powered-disc
coulters under no-till crop residue in the soil bin. Canadian Agricultural Engineering, 28,

85-90.

Kushwaha, R. L., Vaishnav, A. S., and Zoerb, G. C., 1986b. Soil bin evaluation of disc coulters
under no-till crop residue conditions. Transactions of the ASAE, 29(1), 40—44.

https://doi.org/10.13031/2013.30098

Liu, W,, Su, Q., Fang, M., Zhang, J., Zhang, W., and Yu, Z., 2023. Parameters calibration of
discrete element model for corn straw cutting based on Hertz-Mindlin with Bonding.

Applied Sciences (Switzerland), 13(2), e1156. https://doi.org/10.3390/app13021156
McKyes, E., 1985. Soil cutting and tillage. Elsevier.

Murray, S. E., and Chen, Y., 2018. Soil bin tests and discrete element modeling of a disc opener.
Canadian Biosystems Engineering, 60(1), 2.1-2.10.

https://doi.org/10.7451/CBE.2018.60.2.1

Potyondy, D. O., and Cundall, P. A., 2004. A bonded-particle model for rock. International
Journal of Rock Mechanics and Mining Sciences (Oxford, England: 1997), 41(8), 1329—

1364. https://doi.org/10.1016/j.ijrmms.2004.09.011

Prosperi, P., Terres, J. M., Doublet, S., and Pointereau, P., 2011. Conservation agriculture effects
and policy support to mitigate soil degradation in Midi-Pyrénées (France). Land

Degradation and Development, 22(1), 70-83. https://doi.org/10.1002/1dr.1021

148



Sadek, M. A., and Chen, Y., 2015. Feasibility of using PFC3D to simulate soil flow resulting
from a simple soil-engaging tool. Transactions of the ASABE, 58(4), 987-996.

https://doi.org/10.13031/trans.58.10900

Sadek, M. A., Chen, Y., and Zeng, Z., 2021. Draft force prediction for a high-speed disc
implement using discrete element modelling. Biosystems Engineering, 202, 133—141.

https://doi.org/10.1016/j.biosystemseng.2020.12.009

Serrano, J. M., Peca, J. O., Pinheiro, A., Carvalho, M., Nunes, M., Ribeiro, L., and Santos, F.,
2003. The effect of gang angle of offset disc harrows on soil tilth, work rate and fuel
consumption. Biosystems Engineering, 84(2), 171-176. https://doi.org/10.1016/S1537-

5110(02)00261-1

Strydhorst, S. M., Yang, R. C., Gill, K. S., and Bowness, R., 2019. Inter-row stubble seeding and
plant growth regulators to improve field pea standability and production. Canadian

Journal of Plant Science, 99(2), 184—198. https://doi.org/10.1139/cjps-2018-0237

Upadhyay, G., and Raheman, H., 2019. Specific draft estimation model for offset disc harrows.

Soil and Tillage Research, 191, 75-84. https://doi.org/10.1016/j.5ti11.2019.03.021

Verrell, A. G., Simpfendorfer, S., and Moore, K. J., 2017. Effect of row placement, stubble
management and ground engaging tool on crown rot and grain yield in a no-till
continuous wheat sequence. Soil and Tillage Research, 165, 16-22.

https://doi.org/10.1016/j.sti11.2016.07.005

Wang, X., Zhou, H., Wang, S., Zhou, H., and Ji, J., 2023. Methods for reducing the tillage force
of subsoiling tools: A review. Soil and Tillage Research, 229, e105676.

https://doi.org/10.1016/5.sti11.2023.105676

149



Zeng, Z., and Chen, Y., 2018. Performance evaluation of fluted coulters and rippled discs for
vertical tillage. Soil and Tillage Research, 183, 93-99.

https://doi.org/10.1016/5.sti11.2018.06.003

Zeng, 7., and Chen, Y., 2019. Simulation of straw movement by discrete element modelling of
straw-sweep-soil interaction. Biosystems Engineering, 180, 25-35.

https://doi.org/10.1016/j.biosystemseng.2019.01.009

Zeng, Z., Chen, Y., and Qi, L., 2019. Soil cutting by a compact disc harrow having various disc
arrangements. Transactions of the ASABE, 62(2), 429-437.

https://doi.org/10.13031/trans.13106

Zeng, Z., Ma, X., Chen, Y., and Qi, L., 2020. Modelling residue incorporation of selected chisel
ploughing tools using the discrete element method (DEM). Soil and Tillage Research,

197, €104505. https://doi.org/10.1016/].stil1.2019.104505

Zhong, G., Li, H., He, J., Wang, Q., Lu, C., Wang, C., Tong, Z., Cui, D., and He, D., 2023.
Design and test of single-disc opener for no-till planter based on support cutting.

Agriculture (Switzerland), 13(8), e1635. https://doi.org/10.3390/agriculture13081635

Zhou, S., Ren, J., Chen, Q., and Zhang, Z., 2023. Dynamic change patterns of soil surface
roughness and influencing factors under different tillage conditions in typical Mollisol
Areas of Northeast China. Agronomy (Switzerland), 13(7), e1817.

https://doi.org/10.3390/agronomy 13071817

150



Chapter 6: DEM Simulation of Subsoiling for Soil Disturbance as

Affected by Soil Layering and Working Speed *

*Published in Smart Agricultural Technology 7, €100385.

6.1. Abstract

Although the discrete element method (DEM) has been used to simulate soil-subsoiler
interactions, the degree of soil heterogeneity along the depth profile has not been well documented.
Models of a layered soil structure were developed using the DEM, and they were a heterogeneous
soil model (HeS Model) with seven layers, a semi-heterogeneous soil model (SHeS Model) with
three layers, and a homogeneous soil model (HoS Model) with one layer. The models simulated
the soil dynamic behaviour resulting from a subsoiler travelling at speeds from 2 to 6 km h.
Simulations were compared with field measurements. Results showed that soil particles flow in
front of the subsoiler formed three distinguished zones: “pushing”, “rising”, and “passive” zones,
with the “pushing” zone having the highest particle velocities. Compared with the measurements,
the overall relative errors of the simulated soil disturbance widths (W) within the range of working
speed from 2 to 6 km h™! were below 20% for all three models. Whereas the overall relative errors
of the simulated soil surface flatness (F) were larger than 20% for all three models. These suggest
that all three models are suitable for predicting W, but not for predicting F, if a 20% relative error
was used as the judging criterion. The overall relative errors of the simulated elevated soil area (A4)
were 11.1%, 18.8%, and 25.7% for the HeS, SHeS, and HoS Models, respectively, which suggest
that HeS Model had the highest accuracy in predicting 4. This study provides critical information

for determining the degree of soil heterogeneity in simulations of the dynamics of soil-subsoiler

interaction.
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6.2. Introduction

Soil compaction and hardpan formation caused by frequent usage of agricultural machinery
have negative influence on water infiltration, drainage, root penetration, and crop yield (Tracy et
al., 2011; Nagy et al., 2018; Adnan et al., 2017). Thus, subsoiling has been used for decades to
loosen compacted soil and hardpans in deep soil without aggressively disturbing the topsoil and
surface residue for soil conservation purposes (Huang et al., 2017; Arvidsson and Hillerstrom,
2010). However, as compared with traditional tillage, subsoilers work at a greater depth. This
means that subsoiling tools interact with a deeper soil profile consisting of a frequently tilled layer,
a possible hardpan, an untilled layer, and other layers. The “critical depth” is a key term in soil
tillage mechanics, referring to the maximum depth at which a tillage tool can operate effectively
while creating uplift and fracture of the soil. The soil disturbance area does not significantly
increase when the tillage tool operates below the “critical depth”. In this scenario, the energy

applied on soil is absorbed by the deep soil layer with plastic deformation.

Deep tillage is generally carried out below a “critical depth”, while shallow tillage is not
(McKyes, 1985). Thus, the outputs of deep tillage were distinctively different from that of shallow
tillage, in terms of soil loosening and disturbance. There is absence of understanding on different
soil failure patterns in heterogeneous soils under deep tillage. Therefore, this study aimed to fill
these gaps through simulations of soil disturbance characteristics resulting from soil-subsoiler

interaction in heterogeneous soil conditions.

Soil-subsoiler interaction research has been mainly carried out using three methods, i.e.,

experimental, analytical, and numerical modelling methods. The experimental methods are time-
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consuming and costly with limited observations. The analytical methods rely on assumptions of
soil failure patterns, and they are merely suitable for simple tool geometries. However, numerical
modelling methods can overcome these drawbacks. In recent years, the discrete element method
(DEM) has become a widely used numerical method for simulations of soil-subsoiler interactions.
For instance, some researchers used the DEM in their bionic design of subsoilers, inspired by a
variety of burrowing animals (Sun et al., 2018; Zhang et al., 2012; Wang et al., 2020). The DEM
was also used to evaluate the effects of various geometric shapes of subsoiler on the resultant soil
dynamic behaviours (Tong et al., 2020) and draft forces (Li et al., 2016). Huang et al. (2017)
investigated the interactive effects of two subsoiling tools using the DEM and an indoor soil-bin
experiment. However, most existing DEM models failed to completely reflect the complexity of
soil heterogeneity along depth profile in subsoiling. Also, results from these studies focused on

macro-behaviours of soil, not micro-behaviours at the soil particle level.

Soil heterogeneity refers to the spatial variability in the physical and mechanical properties of
soil. This variability is affected by factors such as soil texture, moisture, and compaction (Zeng et
al., 2017). The complicated soil heterogeneity along the depth profile can be characterized as a
layered soil structure. Soil profile was traditionally described by a three-layer structure based on
different soil bulk densities along the depth profile: top layer, hardpan, and subsoil layer (Chen
and Tessier, 1997). The top layer is annually plowed to maintain a loose soil structure. The hardpan
is formed by the downward force of tillage implements and the pressure of tractor wheels. The
subsoil layer is an untilled layer, and its properties vary from field to field. There have been some
researchers who developed DEM models to address the layered structure. For instance, three-layer
models were developed in which different model parameters were assigned to represent different

soil properties between the top layer, hardpan, and subsoil layer (Wang et al., 2019a; Tong et al.,
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2020; Wang et al., 2021). There were also models with more layers, such as a four-layered structure
(Huang et al., 2017; Huang et al., 2018) and a five-layered structure (Sun et al., 2018). The number
of layers reflected the degree of the soil heterogeneity to be modelled. Models with more layers
require more input parameters, thus increasing the complexity of the model. Therefore, Zeng et al.
(2017) assumed that the heterogeneous soil model had a three-layer structure. However, it is
necessary to further investigate whether the number of soil layers affect the accuracy of the model

outputs under the same conditions. Research in this regard is lacking in literature.

Regardless of the number of soil layers in a model, each soil layer has its individual model
parameters. These parameters should closely represent the soil properties to be modelled.
Therefore, calibration of model parameters is important although it is challenging. Calibrations of
model parameters were typically done using fundamental soil mechanical tests, such as triaxial
test (Kozicki et al., 2014), angle of repose (Li et al., 2020), cone penetration test (Khosravi et al.,
2020), and direct shear test (Bahrami et al., 2020; Tamas et al., 2016). A soil shear test directly
performed in the field was used by Murray and Chen (2019) to calibrate a soil-opener DEM model.
The advantage of the test is that it can be done in a field, which is able to better capture the
heterogeneity of soil along the depth profile. Furthermore, calibration should be done separately

for each layer of soil, considering the layered soil profile.

The objectives of the study were to (1) develop and calibrate a soil-subsoiler interaction model
with a layered structure to mimic the soil heterogeneity along the depth profile, (2) use the model
to investigate the micro-behaviours resulting from the subsoiling, and (3) compare models with

varying degrees of soil heterogeneity in the resultant soil disturbance characteristics.
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6.3. Methodology

6.3.1 Field Experiment

6.3.1.1 Experimental Site and Equipment Description

To serve the model development, calibration, and validation, a field experiment was conducted
in June 2019 at a research farm in Portage la Prairie, Manitoba, Canada. The soil type was silty
clay with 43% clay, 48% silt, and 9% sand content. The field was untilled before the experiment.
A John Deere subsoiler (John Deere PS1001, Deere & Co., Moline, Illinois, USA) was used for
the field experiment. The subsoiler had its own mounting frame, so that it could be mounted
directly on the tractor through the three-point hitch (Figure 6.1a). The subsoiler consisted of a

straight vertical shank and a sloped point with a cutting share (Figure 6.1b).
6.3.1.2 Experimental Design

The field experiment had a completely randomized design. The treatments were five working
speeds of the subsoiler: 2, 3, 4, 5, and 6 km h™!. The working depth of the subsoiler was 350 mm
for all treatments. Each treatment was replicated five times. Thus, a total of 25 field plots were
used in the experiment. The plot was 2 m wide and 10 m long to accommodate one pass of the
subsoiler (Figure 6.1c). Buffer areas were set at two ends of plots for tractor acceleration and

deceleration. Measurements were taken at the constant speed area between two buffer areas.
6.3.1.3 Measurements

Before subsoiling, soil properties were measured at four random locations in the field. At each
location, the soil profile was divided into seven layers: LI, L2, L3, L4, L5, L6, and L7,

corresponding to seven different soil depths: 0 — 50, 50 — 100, 100 — 150, 150 — 200, 200 — 250,
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250 —300, and 300 — 450 mm. Measurements were started on the top layer, and then this layer was
removed carefully to expose the next soil layer for the measurements. This process continued until

the seventh soil layer was completed. The measurement for each layer was described below.

For model calibrations, the data of soil shear torque was measured at each of the seven soil
layers using a vane shear meter (Geovane, New Zealand). The meter consisted of a dial, a shaft,
and four vanes (Figure 6.1d). A single vane has dimensions of 10 x 29 x 1.5 mm (width X height
x thickness). The meter was pushed into the soil till the top edge was in level with the soil surface.
Then, the meter was rotated by hand slowly till the soil failed. The rotation velocity was not
specified in the ASTM standard (ASTM standard, D8121, 2019). An approximation of 0.5 rpm
was used based on a literature study (Stefanow and Dudzinski, 2021). The reading on the meter
dial was recorded and used to calculate the soil shear torque (N-m), referring to the manual of the
meter. As the soil background information, soil moisture content and soil bulk density were also
measured at each soil layer. A cylindrical sampler with a diameter of 51.6 mm and a height of 50
mm was used to take soil cores. The soil cores were weighed before being dried in an oven at 105°C
for 24 hours and re-weighed after drying to obtain the gravimetric soil moisture content (d.b.) and
dry soil bulk density (ASABE Standards, 2015). The bulk densities of the soil were used for the

model development, as described later.
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Cutting share

Figure 6.1. Field test: (a) subsoiler and tractor; (b) geometric shape of subsoiler (L, = 306 mm, share blade
length; a, = 22.5°, share rake angle; w, = 68 mm, share blade width; t; = 101 mm, shank thickness; hs =
520 mm, shank vertical height; ws = 20 mm, shank width); (c) soil surface condition after subsoiling
(subsoiler working speed: 3 km h-); and (d) vane shear meter for soil shear torque measurement.

For model validations, soil disturbance characteristics were measured after subsoiling.
Immediately following the passage of the subsoiler, a panel was inserted into the disturbed soil
above the original soil surface (Figure 6.2a). The panel was positioned to be perpendicular to the
path of the subsoiler. Then, the panel was sprayed with black paint along the surface of the soil

profile. The lower boundary of the paint outlined the elevated soil surface profile. It could be seen
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clearly that the elevated soil surface profile formed a mound with rough top surface (Figure 6.2b).

Such an irregular shape was the result of the non-homogeneous nature of soil.

To quantify the irregular shape of the disturbed soil, three shape characteristics, including the
surface flatness, soil disturbance width and area, were considered to be suitable. The elevated soil
surface profile was vertically divided into small trapeziums with equal width of 50 mm. The height
of each trapezium was measured as / (Figure 6.2b). The standard deviation of / values was defined
as soil surface flatness (F). The soil disturbance width (width of elevated soil surface profile) ()
was measured, as shown in Figure 6.2b. The elevated soil area (4) was the sum of the areas of all

trapeziums calculated using the trapezium rule as following:

hot+hy

Azdox( .

+305h) (6.0)
where, 4 = elevated soil area (mm?), dy = the width of the trapezium (mm) which was 50 mm in

this case, 4 = the height of the trapezium (mm), i = the i-th division points; subscript 0 and » stand

for the first and last division points.
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Figure 6.2. Measurements of soil surface disturbance after subsoiling: (a) a panel inserted into the loose
soil and painted outline of soil profile and (b) diagram of data processing (A = elevated soil area; W = soil

disturbance width; dp = width of trapezium; h = height of trapezium).

6.3.1.4 Data Analysis

The statistical software, R-studio (version 2022.07.1, build 554, RStudio Inc..), was used to
perform analysis of variance (ANOVA). Effects of the experimental factor (subsoiler working
speed) on soil disturbance characteristics (W, F, and A4), as well as the variation of soil properties
among soil layers were analysed. The means of these dependent variables were compared at
various subsoiler working speeds and soil layers with Duncan’s multiple range tests at the

significance level of 0.05.

6.3.2 DEM Simulation

A soil-subsoiler interaction model was developed and calibrated to simulate the soil dynamic

attributes resulting from the subsoiling. The model was constructed using commercial DEM
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software, Particle Flow Code in Three Dimensions (PFCP) (Itasca Consulting Group Inc.,

Minneapolis, USA). The processes of model development are described below.
6.3.2.1 Model Soil Particles and Model Parameter Calibration

Soil was modelled as an assembly of spherical particles. The bulk density of the model soil
was set to be the same as the soil in the field experiment. This was achieved by adjusting the
particle density of spheres in the model according to the desired soil bulk density as follows

(Campbell, 1985).

=224 (67)

P Npxv,
where, p» = soil bulk density (kg m™), p, = soil particle density (kg m™), V; = volume of soil

domain (m?), ¥, = volume of single particle (m?), N, = number of soil particle.

The cohesive behaviour of soil particles was mimicked by a PFC built-in contact model, linear
parallel bond model (PBM) (Pontyond and Cundall, 2004). In PFC3P, the particle and bond
properties can be assigned by two different methods: (1) setting stiffness, including normal and
shear stiffness and (2) setting deformability via effective modulus and normal-to-shear stiffness

ratio. The relationships between deformability and stiftness are shown below.

K, = 2L¢E,

Kn 6.3

Ko=ta (63
— E
K, =2

"ok 64

o (64
K, —
pb

where, K, = particle normal stiffness (N m™'), K = particle shear stiffness (N m), K,, = bond

normal stiffness (Pa m™), K; = bond shear stiffness (Pa m™'), E, = modulus of elasticity of particle
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(Pa), E,» = modulus of elasticity of bond (Pa), k, = normal-to-shear stiffness ratio of particle
(dimensionless), k,» = normal-to-shear stiffness ratio of bond (dimensionless), Lc = centre-to-

centre distance of particles (m).

In this study, method (2) was used, as the effective modulus and normal-to-shear stiffness ratio
are independent of particle size. Thus, the dynamic behaviours of soil particles were determined
by eight parameters: modulus of elasticity of particle (E£,, Pa), normal-to-shear stiffness ratio of
particle (k,, dimensionless), particle friction coefficient («, dimensionless), modulus of elasticity
of' bond (E,», Pa), normal-to-shear stiffness ratio of bond (k,», dimensionless), bond tensile strength

(o, Pa), bond cohesion strength (z, Pa), and bond radius multiplier (A, dimensionless).

The model was calibrated using the field data of soil shear torque. A soil shearing model was
built to simulate the field soil shear tests described above. The soil shearing model had 22,697 soil
particles with a uniform diameter of 2.5 mm, filled into a cylindrical container that was 90 mm in
diameter and 100 mm in height (Figure 6.3a). The model vane shear meter was simplified as four
vanes with the same dimensions as the real vanes. Stiffness and friction of the container and vanes
were 1 x 108 N m™! and 0.5 respectively (Zeng et al., 2017). To simulate the field soil shearing
tests, four vanes were inserted into the soil particles at a constant speed of 0.25 m s™! (Murray and
Chen, 2019) until the tops of the vanes were in level with the soil surface (Figure 6.3b). Then the
vanes were rotated in soil at a uniform rotational velocity of 0.5 rpm (Stefanow and Dudzinski,
2021) until the soil failed in shear. The soil shear torque was the maximum total torque experienced

by the four vanes, recorded using a built-in history function in PFCP,
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(a) (b)

Figure 6.3. Virtual soil shear test: (a) particles and vane shear meter before testing and (b) vanes inserted
into particles.

Sensitivity analyses were performed to identify the influence of eight aforementioned model
parameters on soil shear torque. The results illustrated that the soil bond tensile strength (o) and
bond cohesion strength (7) were the most influential parameters on model outputs. The ¢ and 7
were set to be same value, and the o therefore was calibrated. The other model parameters,
including DEM damping ratios and coefficient, were adopted from Murray and Chen (2019) who
modelled a similar soil type. They are summarized in Table 6.1. In the calibration, a series of
assumed o values were used to obtain the proper simulated torque (7s) that matched the torque
measured (7) in the field. The o was calibrated against the field torque measured at each of seven

different soil layers: L1, L2, L3, L4,L5, L6, and L7.
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Table 6.1. Soil model parameters (Murray and Chen, 2019).

Property Unit Value
Modulus of elasticity of particle, Ep Pa 5.692 x 107
Normal-to-shear stiffness ratio of particle, k, Dimensionless 1.0

Particle friction coefficient, y Dimensionless 0.5

Normal critical damping ratio, 8, Dimensionless 1.0

Shear critical damping ratio, Ss Dimensionless 1.0

Local damping coefficient, 6 Dimensionless 0.5

Bond radius multiplier, A Dimensionless 0.5
Modulus of elasticity of bond, Epp Pa 2.5 %107
Normal-to-shear stiffness ratio of bond, kps Dimensionless 1.0

Bond tensile strength, o Pa To be calibrated
Bond cohesion strength, ¢ Pa Equalto o

6.3.2.2 Soil-Subsoiler Interaction Models

The soil-subsoiler interaction model included a model subsoiler and a soil domain (Figure 6.4).
Crop residue was not included in the model, assuming a negligible effect of residue. The
assumption was justified by the fact that soil disturbance occurred mainly in the deep soil and most
residue remained on the surface after subsoiling. The model subsoiler was created in a 3D
computer-aided design software (SolidWorks) and imported into PFC3P. The stiffness and friction
of subsoiler were 1 x 103 N m™! and 0.5 respectively (Zeng et al., 2017). The subsoiler travelled at
the same depth and speed as in the field experiment, so that the simulation results could be

compared among the models and between the model and field results.

The soil domain had 296,219 soil particles in a soil bin of 600 mm in width, 1000 mm in

length, and 600 mm in height. The soil depth in the soil bin was 450 mm. The diameter of soil
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particles was 10 mm that was larger than the particles in the calibration model to reduce the
computation time. As aforementioned, soil parameters were defined by the deformability that is
independent of soil particle size. The soil was divided into layers. The number of soil layers could
be varied in a model for the same soil condition. A model with more soil layers may be more
accurate, but such a model would be more complex. Therefore, there must be some trade-off
between the model complexity and its accuracy. To find out this, three models with different
numbers of layers were developed for modelling the field soil. They were a 7-layer model, a 3-
layer model, and a 1-layer model, namely heterogeneous soil model (HeS Model), semi-
heterogeneous soil model (SHeS Model), and homogeneous soil model (HoS Model). The soil
heterogeneity of the model was reflected by the variation of the value of soil parameter, ¢ among
the soil layers. The layers of the HeS Model: L1, L2, L3, L4,L5, L6, and L7 (Figure 6.4a) coincided
with the layers used for the field measurements. The corresponding soil parameters were o, a2, 03,
o4, 03, 05, and o7. The values of o; (i stands for the i-th soil layer) were calibrated in the way
described above. The layers of the SHeS Model were the depth ranges: 0 — 100, 100 — 250, and
250 — 450 mm (Figure 6.4b). This model can be used to represent a typical compacted field with
a top layer, a hardpan, and a subsoil layer (Chen and Tessier, 1997). The HoS Model had a non-
layered structure (Figure 6.4c). For the SHeS Model and HoS Model, the average value of the
calibrated o; within the perspective soil depth was assigned to the corresponding layer, as labelled
in Figure 6.4b and 6.4c. The time of each simulation was approximately 18 hours (varying with
different working speed) using a Dell Workstation with 192 GB RAM, a 2.10 GHz Intel (R), and
Xeon (R) Silver 4110 CPU (2 processors). The default timestep (approximately 3e-5 s) that was

automatically calculated was used throughout simulations.
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Figure 6.4. The soil-subsoiler interaction models with varying degrees of soil heterogeneity reflected by
different soil bond tensile strength, o; (i stands for the i-th soil layer): (a) HeS Model with seven layers; (b)

SHeS Model with three layers; and (¢) HoS Model with one layer.

6.3.3  Monitoring of Soil Disturbance Characteristics

In DEM simulations, soil disturbance can be examined from soil cross-sections at any moment
of subsoiling operation. In the longitudinal direction (parallel to the subsoiler travel direction)
shown in Figure 6.5a, micro-behaviours of soil disturbance, including soil particle mixing and
movement, were observed. Macro-behaviours of soil disturbance were examined in the lateral
cross-section at different locations (d) relative to the shank of subsoiler. These locations (from d =
0 to d =400 mm) are illustrated in Figure 6.5a. From the lateral soil cross-section located right in
front of the subsoiler shank (i.e., d = 0 mm) shown in Figure 6.5b, characteristics of W, F, and 4
were quantitatively assessed. These characteristics were defined via the same way as in the field
measurements. The coordinates of the disturbed soil profile were extracted in MATLAB.
Simulated W, F, and A were obtained using the coordinates. These characteristics were compared

with the field measurements. The agreement was assessed by relative error below:

RE =""1x100% (6.5

where, RE = relative error between measured and simulated data, M = measured data, and S =

simulated data.
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Using the cross-section as shown in Figure 6.5b, the irregular shape of disturbed soil below the
original soil surface was further quantified by several distinct areas. The total disturbed soil area
(A1) was obtained, including two disturbed scenarios, elevated soil area (4) and disturbed soil area
below original soil surface (4p). The boundary between total disturbed soil area (A7) and
undisturbed soil area (4y) was determined by those particles with velocity of 0.01m s™'. This
velocity threshold was chosen because the particle velocities in the elevated soil area were all
larger than this value. The A7 at various positions (d) from 0 to 400 mm illustrated the variation of
soil disturbance in the longitudinal direction. In addition, using 4, Ap, and Av at d = 0 mm, three
other variables: soil bulkiness (g), soil disturbance coefficient (y), and soil swelling ratio (w) were
defined (Sun et al., 2018; Huang et al., 2017; Huang et al., 2018). These performance parameters
directly reflect the efficiency of compacted soil loosening and subsurface structure improvement.
The g quantified the proportion of disturbed soil that has moved upward above the original soil
surface after subsoiling, indicating the soil loosening and deformation behaviours. The y monitored
the soil below original surface that has actually been disturbed. A higher y indicates a better soil
loosening. The w quantitatively analysed loosened soil rising to the surface and soil surface

roughness. The ¢, y, and w were calculated by the following formulas:

A
q =57 X 100%  (6.6)
__%
Y= x100%  (67)
w==2x100% (6.8)
Ap

where, ¢ = soil bulkiness (%), y = soil disturbance coefficient (%), w = soil swelling ratio (%), 4
= elevated soil area (mm?), 4p = disturbed soil area below the original soil surface (mm?), and Ay

= undisturbed soil area (mm?), as illustrated in Figure 6.5b.
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Figure 6.5. Examples of screenshots from simulations (subsoiler working speed = 2 km h-', the HeS Model):
(a) longitudinal soil cross-section showing the locations (d) of different lateral soil cross-section; and (b)
lateral soil cross-section (d = 0 mm), showing soil disturbance A = elevated soil area, Ap = disturbed soil

area below original soil surface, Ar = total disturbed soil area, and Ay = undisturbed soil area.

6.4. Results and Discussion

6.4.1 Measured Soil Properties Before Subsoiling

Soil moisture content and soil bulk density for seven soil layers (L1, L2, L3, L4, L5, L6, and
L7) are shown in Table 6.2. The soil moisture content was reported with three significant digits
while the soil bulk density was with five significant digits, resulting from the various resolution of
measurement instruments and methods. There was little variation in soil moisture content between
layers in the field. Only the soil moisture content (39.0%) in L5 was higher, while other layers had
statistically similar soil moisture content. For dry soil bulk density, statistically significant
differences were not detected among different soil layers. The average soil bulk density over the

entire soil profile was 1041.5 kg m™. This average value was used to set the soil bulk density of
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model particles in the simulations. However, the measured soil torques were significantly different

among the soil layers (Table 6.3). This reflected the heterogeneousness of the soil depth profile.

Table 6.2*. The measured soil conditions for each soil layer.

Soil layer Soil depth (mm)  Soil moisture content (%) Soil bulk density (kg m-)

L1 0-50 340+ 1.0° 976.7 £ 77.32

L2 50 -100 34.7+1.2° 1037.5+49.4 =2
L3 100 — 150 35.3+0.5° 1037.0 £60.8 @
L4 150 — 200 36.9+23% 1063.7 £ 58.8 @
L5 200 - 250 39.0+3.12 1025.8 +61.32
L6 250 - 300 372+1.2% 1059.5+34.02
L7 300 — 450 346+22° 10904 +70.8°

"Mean within a column followed by the same letters are not significantly different according to Duncan’s

multiple range test at the significance level of 0.05.

6.4.2 Calibrated Model Parameters

Soil shear torques measured and simulated are shown in Table 6.3. For the soil layer, L1/, the
soil shearing model was run with assumed values of ¢; from 1.0 x 10° to 2.0 x 10° Pa with the
increment of 0.05 x 10° Pa (a total of 21 assumed values). It was found that when the ¢; = 1.55 x
10°, the simulated soil shear torque (7s = 0.76 N-m) best matched the mean of the measured torque
(Tm=0.77 N-m). The RE was 1.5% in this case. Similarly, the matching was performed for all the
other layers from L2 to L7 to obtain the calibrated values of a2 to g7. The resultant RE ranged from
0.0% to 6.6%, with an average of 3.7%. This indicated that the calibrated ¢ values were reasonably

reliable, and they were used throughout the following simulations.
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Table 6.3". The calibration results for each soil layer.

Soil layer  Parameters Calibrated value (Pa) Ts (N'm)  Tp (N-m) RE (%)
L1 (g 1.55 x 105 0.76 0.77£0.32 1.5
L2 o2 1.95 x 105 1.10 110+ 0.13 % 0.0
L3 03 2.00 x 10° 1.15 1.22+0.16 2 6.1
L4 04 1.75 x 105 0.92 0.96 + 0.05 ¢ 4.3
L5 Os 1.80 x 10° 0.82 0.86 £ 0.12 5.1
L6 Os 1.55 x 10° 0.76 0.71+0.11¢ 6.6
L7 a7 1.55 x 105 0.76 0.74£0.15 2.1

"Mean within a column followed by the same letters are not significantly different according to Duncan’s
multiple range test at the significance level of 0.05.Ts = simulated soil shear torque; Ty = measured soil

shear torque; and RE = relative error between measured and simulated value.

6.4.3  Simulated Dynamic Behaviour of Soil

6.4.3.1 Soil Micro-Behaviours

Using the calibrated soil parameters, the soil-subsoiler models were run to examine the soil
micro-behaviour. Interesting phenomena were observed in the longitudinal soil cross-section
(parallel to the travel direction). As the subsoiler travelled in soil, it impacted soil particles in the
front, causing the movement of soil particles (Figure 6.6). The soil particles in motion formed three
distinct zones, based on the magnitude of particle velocity. A “pushing zone” existed at the
interface between the subsoiler shank and soil, and also between the subsoiler cutting share and
soil. In this zone, soil particles in contact with the subsoiler were pushed forward, and the velocities
of these particles are the highest among all particles. In the outmost front, there is a “rising zone”,
where the moving soil particles seemed to make a “sharp turn” from the forward direction to an

upward direction. This may be due to the slope effect of the subsoiler cutting share, as the zone
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appeared to be located along the normal direction of the cutting share. At the lower soil profile,
the “rising zone” spanned over the entire length of the cutting share, whereas became narrower in
the upper soil profile. Interestingly, there was a “passive zone” between the “pushing zone” and
“rising zone”. In the “passive zone”, soil particles had lower velocities than the other two zones,
and moved forward and upward. The zone was of a triangle shape, with one boundary parallel to
the subsoiler shank, one boundary along the normal direction of the cutting share of the subsoiler,
and one boundary being the top surface of soil. It is believed that the occurrence of the “passive
zone” is associated with the actions of both the shank and cutting share. The angle formed by the
shank and cutting share might have contributed to the triangular shape of the “passive zone”. The
micro-behaviour of soil discussed here would not possibly be observed in an experiment, which
demonstrates the advantages of the DEM simulation. And the phenomena were merely found in

HeS Model.
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Figure 6.6. Velocity (unit: m s™) flow of soil particles during passage of subsoiler in HeS Model showing

micro-behaviour of soil particles (subsoiler working speed = 2 km h-1).
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Mixing of soil particles between layers was also observed through simulations. For HeS Model
(Figure 6.7a), the mixing of soil particles occurred in all seven layers. But it seemed that the mixing
action took place only between the adjacent layers. Also, the mixing occurred only behind the
subsoiler, possibly due to the soil back filling the furrow created by the subsoiler. There was little
mixing between the layers in the front of the subsoiler, but the layers were curved due to the soil
lifting function of the subsoiler. Similar soil mixing occurred for SHeS Model with three layers
(Figure 6.7b). This model had thicker layers, which showed more clearly that the mixing action
was basically limited at the layer boundaries, not the central zone of the layer. Particles mixing in
layered soil structures was not about the changes in particle location only, but also the interactions
between particles with different properties (e.g., bond tensile strength, o in this case). As for HoS
Model, the phenomena of particle mixing between different depth certainly existed, but it was not
visualized due to the non-layered structure (Figure 6.7c). However, it would be expected that the
mixing in this model had the least effect on the micro-behaviours due to the relatively more

homogeneous soil particles.

(a) (b) (c)
Figure 6.7. Soil particle mixing between layers (subsoiler working speed = 2 km h-"): (a) HeS Model; (b)

SHeS Model; and (c) HoS Model.
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6.4.3.2 Soil Macro-Behaviours

Lateral cross-sections were examined to understand how much and how far the subsoiler was
able to impact the soil in its front. This was done on the lateral cross-sections at different locations
(d) relative to the subsoiler shank, as illustrated in Figure 6.5a. At each location, the total disturbed
soil area (A7), consisted of the elevated soil area (4) and the disturbed soil area below the original
soil surface (4p), were examined. Near the subsoiler shank, for example, d = 0, there was the
largest 4, and it was reducing further away from the subsoiler shank. At d =400 mm, soil surface
became flat, resulting in a zero 4. This observation was consistent with the raised soil surface
shown in Figure 6.8. The Ap also reduced from d = 0 to d = 400 mm, as visually seen in Figure
6.8a. The Ar was further quantified in Figure 6.8b. At d = 0 mm, the A7 was 132,500 mm?. As the
location moved away from the subsoiler shank, the general trend was gradually decreasing in Ar
up to d =350 mm. Then, there was a sudden drop in A7 at d =400 mm. However, there were still
some soil disturbances at d =400 mm. The results indicated that the disturbance from the subsoiler
to the soil was able to propagate for as far as 400 mm in front of the subsoiler. Also, the results
supported the method used to assess soil disturbance characteristics at the subsoiler shank (d = 0

mm) to obtain maximum values.
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Figure 6.8. Soil disturbance in front of the subsoiler (subsoiler working speed = 2 km h') at different
locations (d) relative to the shank of the subsoiler: (a) lateral soil cross-section with dimensions (the

dimensions are in mm) showing soil particles disturbed by the subsoiler; and (b) the variation of total

disturbed soil area (Ar) at different locations (d).

6.4.4 Model Accuracy

The HeS Model, SHeS Model, and HoS Model were run to predict soil disturbance
characteristics: 4, F, and . Simulated values were then compared with measured ones to examine
how the model heterogeneity affected the accuracies of these model outputs. The comparisons
were made at each of the working speeds: 2, 3, 4, 5, and 6 km h™!. These regression lines (Figures

6.9, 6.10, and 6.11) were plotted along the simulated data points to provide a visual and quantitative
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comparison between the experimental measurements and the simulations. The purpose was to
assess the agreement and trend consistency between simulation and filed results. In general, the
effects of working speed on the measurement variables had some irregularities. This was expected
due to the highly variable conditions in the field. The simulation results showed better trends for

the effects of working speed.
6.4.4.1 Comparisons Between HeS Model Results with the Measurements

Both simulations in HeS Model and field measurements are shown in Figure 6.9. Over the range
of the working speeds, all measured soil disturbance characteristics, including soil surface flatness
(F), elevated soil area (4), and soil disturbance width (W), significantly increased as the working
speed increased from 2 to 6 km h'!. Over this range of working speed, the measured F, 4, and W
increased by 14.9%, 29.9%, and 6.5% respectively. The differences in " among working speeds
were relatively small. The increased soil disturbance agreed well with the existing studies in which
tillage tool with a higher working speed was more aggressive in disturbing soil (Zeng and Chen,
2018; Zeng et al., 2020). The simulated F was 19.9 mm at the 2 km h'!, and it increased to 31.9
mm at the 6 km h' (Figure 6.9a). This increasing trend was much more pronounced than the
measured one. In both simulations and measurements, 4 did not appear to have a good linear
tendency, because of one point at 3 km h™! that was off the linear trend (Figure 6.9b). At this point,
the simulated 4 was lower, while the measured 4 was higher. The reasons for these opposite values
were unknown. For results of W, both the simulated and measured W slightly increased over the
range of subsoiler working speed (Figure 6.9c). Among the three soil disturbance characteristics,
the simulated results of F' (Figure 6.9a) had a more pronounced increasing trend, but less consistent,

than the simulated results of 4 (Figure 6.9b) and W (Figure 6.9¢). This phenomenon occurred,
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because the 4 and W were primarily governed by the geometry and kinematics of soil-subsoiler

interactions, which were less sensitive to the changes in working speed.

In terms of relative error (RE), the simulated values of 4 were comparable with the measured
values, except for the speed of 3 km h! where the relative error (RE) was much higher (46.7%)
(Figure 6.9d). The discrepancy was possibly attributable to measurement errors due to the high
variations of the field condition. The RE values of 4 for the other speeds were all lower than 5%.
When compared to the measured values of 17, the simulated values agreed well. The highest RE
values was 15.0%. The simulated F had much large RE values, especially at 5 and 6 km h™!. Results
showed that the accuracies of the model depended on which soil disturbance characteristics was
predicted. The accuracies of the model also varied with the subsoiler working speed. To assess the
overall performance of the model for predicting each soil disturbance characteristics, the relative
errors were averaged over all speeds to obtain the overall relative errors that were 43.7% for F,
11.1% for 4, and 6.1% for W. Typically, a relative error of 20% or lower is acceptable for modeling
and simulation (Huang et al., 2018). With this judging criterion, the HeS Model was suitable for

predicting 4 and W, but not F.
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Figure 6.9. Comparisons between simulations results in the HeS Model and measurements for different
subsoiler working speeds: (a) soil surface flatness (F); (b) elevated soil area (A); (c) soil disturbance width
(W); and (d) the relative errors (RE); means followed by different letters are significantly different according

to Duncan’s multiple range test at the significance level of 0.05; error bars are standard deviations.
6.4.4.2 Comparisons Between SHeS Model with the Measurements

Simulation results from SHeS Model were compared with measurements in Figure 6.10. In
terms of trends, the simulated F fitted a plateauing trend (Figure 6.10a). However, the simulated
results of F had linear increasing trends for HeS Model (Figure 6.9a) and HoS Model (Figure
6.11a). The reason was as follows. The HoS Model lacked resistance variability, leading to

consistently increasing of F. The HeS Model with detailed heterogeneity resulted in rougher
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surface at higher working speeds due to cumulative disturbance among soil layers. However, SHeS

Model presented a buffering middle soil layer that constrained excessive surface disruption.

The simulated F increased with the working speed from 2 to 5 km h™!, and then decreased at
the 6 km h™! speed. All the measured F values were lower than the simulated values. Moreover, the
simulated F’ changed more dramatically than simulated 4 (Figure 6.10b) and W (Figure 6.10c) as
the working speed increased in the SHeS Model, consistent with the trend observed in the HeS
Model. From 2 to 6 km h™!, simulated 4 slightly increased with the working speed (Figure 6.10b).
The measured A4 values scattered, and they were all greater than the simulated values, except for
the speed of 5 km h™!. A slightly increasing trend was observed for the simulated  that was smaller

than the measured value at each of the five working speeds (Figure 6.10c).

Results showed that SHeS Model overpredicted F' and underpredicted 4 and W. In terms of RE,
the simulated W agreed well with measured values, except for the speed of 4 km h! (Figure 6.10d).
The overall relative errors were 37.8% for F, 18.8% for 4, and 14.2% for W. Again, using the 20%
judging criterion for acceptable relative errors, SHeS Model was not suitable for predicting F, but
produced acceptable results for predicting 4 and . However, the overall predictions by SHeS

Model were less accurate than HeS Model.
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Figure 6.10. Comparisons between simulations results in the SHeS Model and measurements for different
subsoiler working speeds: (a) soil surface flatness (F); (b) elevated soil area (A); (c) soil disturbance width
(W); and (d) the relative errors (RE); means followed by different letters are significantly different according

to Duncan’s multiple range test at the significance level of 0.05; error bars are standard deviations.

6.4.4.3 Comparisons Between HoS Model with the Measurements

Figure 6.11 shows the comparisons of simulation from HoS Model and measurement. Based on
Figure 6.11a, the simulated F appeared to be a predictable linear tendency, having an increasing
trend with the increasing of working speed. The increasing trend of /" was larger than the increasing
trend of 4 and W, with the same reason as in HeS and SHeS Model. Also, the simulated values
were comparable with the measurements at the lower range of working speed. The simulated A

also had a linearly increasing trend. The model underpredicted 4 in four out of five working speeds
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(Figure 6.11b). The increasing tendency with the speed was not the case for W which was kept
constant over all the working speeds (Figure 6.11¢). The simulated W was comparable to their

corresponding the measurements at all cases.

In terms of RE (Figure 6.11d), HoS Model improved the accuracy for predicting F' compared
with HeS and SHeS Models. However, up to 51.2% RE was seen at the 5 km h™! speed, which
brought its overall relative efficiency to 20.6%. HoS Model failed to predict 4 accurately, based
on its overall relative error (25.7%). The W ranged from 0.7% to 11.6%, giving an overall relative
error of 5.5%. This low overall relative error demonstrated that the accuracy HoS Model in
predicting W was as good as HeS model. However, HoS Model is not suitable for predicting /" and
A, based on the judging criterion of 20%. Based on the above discussions, the variation of the

degree of soil heterogeneity had different effects on the accuracy of the model.
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Figure 6.11. Comparisons between simulations results in the HoS Model and measurements for different
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to Duncan’s multiple range test at the significance level of 0.05; error bars are standard deviations.
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6.4.5 Effects of Soil Heterogeneity on Other Soil Disturbance Characteristics

The boundary of disturbed soil area in the lateral soil cross-section was visually compared
between three models at various working speeds (Figure 6.12). The cross-sections were located
right at the subsoiler shank, i.e., at 4 = 0 mm shown in Figure 6.5a. Examining the boundaries
allowed to compare the shapes of the soil disturbance area among the models and working speeds.

Results showed that in all cases, the elevated soil surface profile formed a mound (elevated soil)
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with a furrow in the middle, which was consistent with the observations in the field shown in

Figure 6.2. It seemed that the subsoiler travelling at 5 or 6 km h™! resulted in a higher soil mound.

Below the original soil surface, the soil disturbance boundary formed a bell-shaped area. As it
went down from the soil surface, the soil disturbance width was becoming narrower, up to 120 mm
depth. After that, the width of soil disturbance was kept fairly constant, as shown by the fairly
straight vertical boundaries. Below the 240 mm depth, the soil disturbance area had the shape of a
round cap. In the simulations, the subsoiler was operated at a depth of 350 mm. The result showed
that the resultant soil disturbance boundaries were beyond this depth, meaning that the influencing

zone of the subsoiler extended deeper than the actual working depth.

When the boundaries were compared among the three models, little differences could be visually
seen. Simulated disturbed soil area below the original soil surface appeared to be smaller for SHeS
Model at the speed of 2 km h! (Figure 6.12a) and for HoS Model at 4 km h™! (Figure 6.12c¢).
However, these were not the cases at the other working speeds (Figure 6.12b, 6.12d, and 6.12¢).
There were no differences in the elevated soil surface profile between the three models, except for
the speed of 6 km h'!, where the HeS Model produced the greatest soil disturbance width (Figure

6.12¢).
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Soil bulkiness (g), soil disturbance coefficient (y), and soil swelling ratio (w) were determined
based on the Egs. (6.6), (6.7), and (6.8) for the three models at various working speeds. Higher
working speed resulted in higher ¢ for HeS and HoS models (Figure 6.13a). The predicted y had a
gradual decreasing tendency in three models as the increasing of working speed (Figure 6.13b).
Therefore, it was concluded that the greater kinetic energy that generated by the travelling of
subsoiler lead to more intensive soil breakage, loosening, and displacement. Mixed results in the
predicted w were obtained among the three models, which showed an increasing trend in the HeS
and HoS Models, whereas a slightly decreasing trend in SHeS Model (Figure 6.13c). The reason

might be attributed to the HeS Model and HoS Model which featured continuous gradation,
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allowing more efficient upward displacement of loosened soil as the working speed increased. The
soil swelling ratio decreased in the SHeS Model because the energy generated by the travelling of
subsoiler was more likely to dissipate within lower layers, leading to subsurface deformation rather
than upward swelling. Overall, there were small differences among the models in predicting these
soil disturbance characteristics, suggesting little effect of the degrees of soil heterogeneity in this

regard.
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Figure 6.13. The values of soil disturbance characteristics at all speed ranges, in HeS Model, SHeS Model,

and HoS Model: (a) soil bulkiness (q); (b) soil disturbance coefficient (y); and (c) soil swelling ratio (w).

6.5. Conclusions

Soil-subsoiler interaction models were developed and calibrated using the DEM. The soil
model had different numbers of layers for heterogeneous soil (HeS Model), semi-heterogeneous
soil (SHeS Model), and homogeneous soil (HoS Model). The layered soil structure allowed us to
model different degrees of soil heterogeneities which represent the variations of field conditions
in practice. Calibrations of the models showed that the bond tensile strength of soil was the most
critical model parameter, and it varied among different soil layers. The simulations allowed

examining micro-behaviours of soil particle dynamics, such as soil particle movement resulting
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from the subsoiling. This provided insights into the dynamic interaction of soil-subsoiler dynamics
at a particle level, which would not be possible using measurements. Compared with field
experimental results, all the three models were suitable for predicting the soil disturbance width
over the range of subsoiler working speeds, while none of these three models could predict the soil
surface flatness with reasonably good accuracy. HeS Model was the most accurate model for
predicting the elevated soil area, the most critical soil disturbance characteristics. However, this
model was more complex than SHeS Model and HoS Model, in terms of the number of soil layers.
The results have important implications for future development of soil-subsoiler interaction
models using DEM. It should be noticed that the results were obtained for the particular subsoiler
under the given soil conditions. Cautions should be taken when applying the results to other
subsoilers and soil conditions. It is recommended that future DEM models include a hard pan layer

and aim to predict soil cutting forces.
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Chapter 7: General Conclusions and Recommendation

7.1. General Conclusions

This research explored soil-residue—machine interactions using discrete element method (DEM)
models, supported by laboratory and field experiments. A DEM model simulating corn residue and
soil dynamics under disc tillage was successfully developed and validated, achieving prediction
accuracies within 20% relative error for key indicators such as residue incorporation and draft
force. The study identified the optimal disc operating angles for maximizing residue incorporation
while minimizing draft force, advancing understanding of disc tillage dynamics. A separate DEM
model for soil-cornstalk—disc interactions revealed how soil bulk density and disc type influence
stalk cutting behaviour, soil supporting forces, and micro-dynamics. Results showed that disc type
had a greater impact than soil density on corn stalk behaviour, and notched disc was more efficient
for cutting corn stalks under varying soil conditions. In examining subsoiler operations, layered
DEM soil models representing different degrees of soil heterogeneity were developed and
calibrated. These models provided valuable insights into soil particle dynamics during subsoiling,
particularly highlighting that a heterogeneous soil model yielded the most accurate predictions of
elevated soil area, although at the cost of increased model complexity. However, none of the
models accurately captured soil surface flatness, suggesting areas for future model refinement. In
addition, a DEM model of a tandem disc harrow interacting with wheat stubble was developed to
simulate the effects of tillage direction and operational parameters. The model demonstrated that
tillage direction significantly affected residue cover but not stubble forward displacement.
Optimized operational parameters helped balance soil disturbance and soil cutting efficiency,

offering practical recommendations for improving harrow performance.
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Among the four chapters of study, the validated DEM models developed across these studies
have advanced the mechanistic understanding of soil and crop residue dynamics under tillage,
offering powerful tools for optimizing equipment design and field operations in conservation
agriculture. Disturbance behaviours of soil were found to be highly sensitive to tool geometry, as
well as operational parameters (particularly disc angle, tilt angle, working depth, and working
speed). Second, the role of crop residue was found to significantly alter the mechanical behaviours
of the soil-tool interface, and to form residue flow paths under angled disc passes. Third, layered
soil structures generated distinct soil disturbance zones during subsoiling, which emphasizes the
importance of considering heterogeneity of soil model in deep tillage. These insights support the

development of tillage practices for crop residue management.

However, caution is required when generalizing the findings beyond the specific residue types,
soil conditions, and tool geometries studied. Future research should focus on refining model
realism by incorporating more detailed representations of residue variability, soil compaction
layers, breakable residue structures, and cutting forces, to further enhance predictive capabilities

under diverse field conditions.

7.2. Recommendations

The DEM models of soil-residue-machine interactions offered valuable insights into the
dynamic behaviours of soil and crop residues during tillage operations. However, the applicability
of this study was constrained by the specific soil type (sandy loam soil), commercial tillage tools,
and field conditions used in the experiments. Application of the research results on heavier clays
or wetter conditions should be caution. The predictive capability of the DEM models may be

limited by underlying assumptions, including the uniform size of spherical particles and selected
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contact model. Future investigations should aim to refine model assumptions and attempt
validation efforts to improve the robustness and generalizability of the results. Moreover, the
computational efficiency of DEM models is currently constrained by simulation runtimes, solver
settings, and potential GPU acceleration. However, as computational capacity continues to

advance, DEM models are expected to be used more widely in the future.

Particularly for soil-cornstalk-disc interactions, caution should be exercised when extending the
results to other crop residues, as differences in physical and mechanical properties of residue may
significantly affect interaction dynamics. The corn stalk cutting orientation was controlled in both
simulations and experiments, thereby requiring further investigation to understand corn stalk
cutting effectiveness under random cutting orientations. For soil-subsoiler interaction model, the
heterogeneous soil properties along the depth profile should be presented by more comprehensive
parameters, rather than relying solely on variations in soil shear torque. In the research on disc
harrow disturbance of wheat stubble, the stubble-soil connection was simplified, which presents a

limitation in accurately predicting wheat stubble displacement.

Future research is needed to provide additional information to help designers and operators of
tillage equipment for optimizing equipment settings. For instance, designers may want to know
the percentage of burial at specific disc angles or/and working speeds under various field
conditions. To evaluate energy requirements, designers may need to consider the relationship
between disc geometry and operational parameters and draft force and total implement power
demand. Designers should consider factors such as working width, effective tillage depth, and

optimal working speed for obtaining the proper field capacity.
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