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Abstract

In this research, an exploration is undertaken into the intricate interplay between soil

compaction, machinery performance, and tillage practices, revealing their profound

implications for agricultural sustainability and productivity. Three fundamental objectives

guide this investigation.

Firstly, the impact of varying levels of traction resistance during agricultural operations

is scrutinized. In-depth analysis transcends static weight measurements, incorporating

dynamic factors such as traction, rolling resistance, and subsoiler parameters. This

comprehensive approach not only elucidates soil compaction dynamics but also identifies

opportunities for energy consumption reduction, soil health enhancement, and the fostering of

agricultural sustainability.

Secondly, the significance of field variability is unveiled. The research exposes the non-

uniformity of crop yield within a field, particularly in headlands and field edges. These

findings, correlated with specific soil properties, underscore the pivotal role of strategic

machine traffic planning in optimizing yields and mitigating losses.

Lastly, the intricate realm of subsoiler tillage is investigated, emphasizing the substantial

influence of subsoiler parameters on soil compaction mitigation and fuel efficiency. This

holistic understanding of tillage dynamics equips farmers with insights to make informed

decisions, thus improving operational efficiency and cost reduction.

In conclusion, this doctoral research represents a significant advancement in

comprehending soil compaction, machinery performance, and tillage practices. Its practical

implications extend to both agricultural practitioners and professionals, offering pathways to

enhance productivity, reduce environmental impact, and cultivate a sustainable future for

agriculture. As we navigate the evolving landscape of modern agriculture, the harnessing of

these insights is deemed imperative to maximize agricultural potential while minimizing the

ecological footprint.



1. Introduction

1.1 Background and Context:

1.1.1 The Growing Challenge of Soil Compaction in Modern Agriculture

Soil compaction has emerged as a significant concern over the last few decades,

primarily attributable to the global increase in the size and weight of agricultural machinery

(DeArmond et al., 2019; Mossadeghi-Björklund et al., 2016; Obour et al., 2018; Silva et al.,

2018., e.g.). This ongoing study further substantiates that soil compaction is associated with

heightened soil bulk density, amplified soil cone index, and increased soil shear strength

(Blanco-Canqui et al., 2010; Schjønning and Lamandé, 2018; Tekeste et al., 2008).

Additionally, soil compaction impedes root exploration, diminishes crop yields, and escalates

energy requirements across all agricultural operations.

The transformation of the agricultural landscape can be attributed to the continuous

development of agricultural machinery. These machines, which traverse fields multiple times

during crop growth, have significantly contributed to the recurring issue of soil compaction.

Rewinding over a century, pioneering researchers such as Wollny in 1898 recognized the

favorable implications of sound soil structure. Their studies underscored the need to explore

the intricate relationships among soil structure, plant growth, and crop yields (Wollny, 1898).

The predominant focus during this historical era rested on enhancing crop productivity, with

environmental concerns occupying a limited role.

In modern times, soil compaction has become even more pronounced within the

agricultural system, largely attributed to the increasing size and weight of agricultural

machinery. Notably, the wheel load of combine harvesters surged by approximately 65%

between 1989 and 2009 (Schjønning et al., 2015b). Consequently, the mechanical stress

inflicted by modern agricultural machinery upon cultivated land frequently exceeds the soil

strength thresholds of many fields, corroborating earlier observations (Horn and Fleige, 2003;

Zink et al., 2010). For instance, the analysis of a typical Danish combine harvester's front axle

wheel load between 1958 and 2009 revealed a consistent linear increase, escalating from

approximately 1.5 Mg to approximately 9 Mg—an annual rise of approximately 0.14 Mg −1

(Schjønning et al., 2015b) as shown in the Figure 1.1.1.

Soil compaction in the agricultural realm predominantly stems from the pressure exerted

by the walking devices of agricultural machinery. Notably, tire-induced compaction stands out

as a prominent contributor, with the dynamics of traction imposing substantial force on the

soil during interactions between the tire and soil. This compaction mechanism entails the



transmission of force to the subsoil through the forced movement of soil particles subjected to

external stress. Consequently, the soil compaction process intricately hinges on soil stress

propagation, leading to damage in both the topsoil and subsoil. Significantly, certain studies

underscore the disproportionately severe consequences of topsoil compaction on crop root

growth compared to subsoil compaction (Botta et al., 2006).

Figure 1.1.1 Historical evolution of a) front wheel loads of combine harvesters and b) rear wheel loads of tractors

Examining the historical evolution of agricultural machinery, we scrutinize a) the front

wheel loads of combine harvesters (Schjønning et al., 2015b) and b) the rear wheel loads of

tractors (Keller et al., 2019). These figures provide insight into the progressive increase in

equipment weight. Notably, picture (b) demonstrates that wheel loads surged from 1.5 Mg to

4.2 Mg between 1950 and 2010. Furthermore, the dashed line within picture (b) signifies a

25% augmentation in the load of the rear furrow wheel during conventional ploughing

(Joachim Brunotte et al., 2012). These calculations of wheel loads derived from tractor

weights reveal a weight distribution of 40% on the front axle and 60% on the rear axle,

aligning with the assumptions presented in the imagery (Keller et al., 2019; Pichlmaier and

Honzek, 2011).

1.1.2 The Factors Influencing Soil Compaction

1.1.2.1 Soil moisture and soil type

Soil compaction is a multifaceted phenomenon influenced by various factors,

encompassing physical and chemical properties, tire parameters, and specific working

conditions. However, within this intricate interplay, two primary determinants wield

significant influence: soil moisture content and soil type. A comprehensive understanding of

their respective roles is paramount for a nuanced comprehension of soil compaction dynamics.

Soil moisture content stands as a prominent variable in the equation of soil compaction.



The quantity of water residing within the soil matrix exerts a profound influence on its

susceptibility to compaction. Extensive research has illuminated the substantial impact of

varying soil moisture content under specific loads on soil compaction (Munkholm and

Schjønning, 2004). For instance, under moist conditions, discernible disparities in soil bulk

density and porosity manifest at depths ranging from 12 to 17 cm. However, when exploring

deeper, at approximately 32 to 37 cm and subject to a contact stress of 160 kPa on the soil

surface, only marginal alterations in soil aggregate structure become apparent (Gysi Taenikon,

M A Fluehler, n.d.). In stark contrast, under dry conditions, negligible deviations in soil

physical properties are observed at depths of 0 to 30 cm when exposed to equivalent contact

stress. Other research shows that the soil bulk density will correspondingly increase by 5.1%

to 7.4% under the same compaction conditions for every 4% increase in soil moisture content

(Bulinski and Sergiel, 2014).

Simultaneously, soil type emerges as a fundamental determinant of compaction

susceptibility. Robust evidence supports the assertion that soils characterized by higher clay

content tend to exhibit a heightened predisposition to compaction (Keller et al., 2007b; Keller

and Lamandé, 2010; Stettler et al., 2014). This heightened susceptibility predominantly arises

from the distinctive attributes of clay particles. Characterized by minuscule dimensions and a

remarkable surface area relative to their size, clay particles enable dense packing. The

application of pressure by agricultural machinery further compels these particles into tighter

arrangements, diminishing the interparticle pore spaces.

1.1.2.2 Tire parameters

Tires serve as the primary source of propulsion for agricultural machinery, making their

parameters a critical determinant of operational efficiency. The interaction with the soil is

crucial in considering the impact of soil compaction. Extensive research has delved into the

tire-related factors influencing soil compaction, particularly regarding tire type, section width,

and air pressure. The parameters of agricultural tires wield substantial influence over the

intricacies of soil compaction dynamics. Notably, the dimensions and configuration of the

tire-soil interface profoundly impact stress distribution at the interface, subsequently dictating

stress propagation within the soil profile. Consequently, meticulous consideration of tire size,

shape, and tread pattern is fundamental when selecting tires for agricultural machinery.

In addition to tire size and shape, tire inflation pressure assumes significance in soil

compaction (Schjønning et al., 2008). The recommended inflation pressure for a tire is the

pressure at which optimal stress distribution uniformly spans the wheel's width. Deviations

from this optimal inflation range, either through overinflation or underinflation, can



precipitate increased soil compaction. It is imperative to acknowledge that the influence of

tire parameters on soil compaction exhibits variability contingent upon the specific soil type

and prevailing conditions. Therefore, a judicious approach entails conducting field tests to

ascertain the ideal tire parameters tailored to a given soil type and its unique condition.

In summation, the meticulous selection of appropriate tire parameters for agricultural

machinery holds profound importance in curtailing soil compaction and safeguarding soil

health. The tire-soil contact area, predominantly delineating the impact of diverse tire

parameters, profoundly influences soil compaction dynamics. Studies substantiate that tire

parameters wield a notable influence on surface soil compaction; radial tires demonstrate the

capacity to mitigate surface soil compaction when compared to bias tires under equivalent

conditions. Furthermore, it is underscored that subsoil compaction remains largely contingent

upon tire type and air pressure (Bulinski and Sergiel, 2014).

1.1.2.3 Machine weight and number of passes

The weight of the load and the number of passes are factors that affect soil compaction.

Soil compaction will become more severe with the increased weight and number of passed.

For example, a tractor will cause permanent damage to the soil only when entering the

uncompacted field the first time. The tractor entering the field multiple times will cause more

severe soil compaction. Some research shows that the first three times have the most

significant compaction effect on the topsoil and subsoil (Abebe et al., 1989; Arvidsson, 2001).

Although small tractors have less weight than middle or large tractors, the compaction caused

by multiple operations at the same position is no less than larger ones. Conventional farming

uses rotary and other machines to tillage the topsoil. It resulted in the rotary machine

destroying the soil structure during the tillage. To provide a good seedbed condition for seeds,

soil tillage on the hard soil surface will cause excessive smashing of the soil, destroying the

soil aggregate structure and reducing the internal strength of the soil. As a result, the soil

becomes more susceptible to external forces, which lead to more severe soil compaction

during the next year's field operation.

1.1.3 The Factors Influenced by Soil Compaction

1.1.3.1 Impact on soil physical and chemical properties

The soil bulk density will increase after the compaction as one of the sensitive and test-

easy parameters of soil physical properties. So it makes the soil bulk density one of the most

important soil physical factors used during the soil compaction measurement.

Soil compaction can destroy or over-squeeze soil aggregates to form a damaged layer of

soil structure during the first time compaction(Ankeny et al., 1990; Badalikova and Hrub\`y,



2006; Cambi et al., 2016; Patel and Singh, 1981; Radford et al., 2000). After the compaction,

the soil particles inside the damage layer are rearranged under external force, decreasing soil

volume and soil bulk density increase (Chaudhary et al., 1991). For example, the agricultural

machinery equipment with a load of 17.4Mg has a significant impact on soil bulk density after

six times passes. The compaction also affects the soil nutrient cycle (Kuht et al., 2004). Soil

compaction can significantly increase soil nitrogen loss because soil compaction increases

N2O gas emissions in the soil. As a result, soil compaction slows down the soil nitrogen cycle

and reduces crop yields(Gregorich et al., 2014). It also affects the internal composition,

accelerates the soil runoff, and causes severe soil water erosion. The main reason is that it

slows down soil water infiltration rate (Mossadeghi-Björklund et al., 2016), causing the water

flow formed during rainfall to take away the surface soil (Larsen et al., 2004).

The formation of the hardpan

Different agricultural machinery forms the hardpan (or the soil pan) during field

operations in different depths. The hardpan has a core block structure, sticky texture, poor air

condition, and water permeability, limiting root growth(Salem et al., 2015; Tuzzin de Moraes

et al., 2016). The hardpan formation needs to simultaneously meet the following points:

external force compaction, soil cohesion, and soil moisture downward. The hardpan layer will

cause the soil bulk density increase, soil porosity decrease and root growth block (Schneider

et al., 2017). Therefore, there are a few ways to loosen the soil through tillage machines such

as rotary tiller, subsoilers and ploughs. However, the same tillage equipment is used all year

round to plough or tillage the field. The bottom of the tillage and plough tools will squeeze

and compact the bottom. As a result, the soil at the bottom of the cultivated layer cannot be

loosened for a long time. Finally, the hardpan is formed. In addition, frequent soil cultivation

for an extended period leads to the destruction of the soil structure. As a result, the strength of

the soil becomes more fragile and causes more compaction. However, when the long-term

cultivated layer is irrigated, the cohesive soil particles are brought to the bottom area of the

tillage layer during the downward movement of the water. As a result, the infiltration rate of

soil moisture decreases due to the soil compaction on the bottom of the tillage layer. This

phenomenon causes more and more soil particles to accumulate in the tillage layer's bottom

area, gradually forming the hardpan. Macroscopically, soil compaction is embodied in the

vicious circle of compaction to tillage and re-compaction. Microscopically, it is embodied in

soil compaction, which destroys soil structure and decreases soil compressive strength,

making the soil more susceptible to external forces, leading to more compaction.

Soil compaction exerts a profound influence on soil physical and chemical properties,

with soil bulk density emerging as a highly sensitive and readily measurable parameter



(Ankeny et al., 1990; Cambi et al., 2016; Patel and Singh, 1981; Radford et al., 2000). Soil

bulk density is pivotal in soil compaction assessments due to its responsiveness to

compaction-induced changes.

Initially, soil compaction can disrupt or excessively compress soil aggregates, forming a

damaged layer within the soil structure during the initial compaction process. Subsequently,

under external forces, soil particles within this damaged layer undergo rearrangement,

reducing soil volume and increasing soil bulk density (Chaudhary et al., 1991).

For instance, after undergoing six passes, agricultural machinery bearing a 17.4 Mg load

can significantly impact soil bulk density. This compaction-induced transformation extends

beyond physical alterations, significantly affecting the soil's nutrient cycle (Kuht et al., 2004).

Notably, soil compaction intensifies soil nitrogen loss by elevating N2O gas emissions,

impeding the soil nitrogen cycle, and contributing to diminished crop yields (Gregorich et al.,

2014). Additionally, it disrupts the soil's internal composition, accelerates surface runoff, and

fosters severe soil erosion, chiefly by reducing soil water infiltration rates (Mossadeghi-

Björklund et al., 2016). These changes result in surface soil detachment and transport during

rainfall (Larsen et al., 2004).

The hardpan formation represents another critical facet of soil compaction's adverse

impact. Different agricultural machinery can induce the development of a hardpan (or soil pan)

at varying depths during field operations, resulting in a compacted, block-like structure,

reduced air permeability, and impaired water retention capacity. Consequently, root growth is

hindered (Salem et al., 2015; Tuzzin de Moraes et al., 2016). The formation of a hardpan

hinges on specific conditions, including the application of external compaction forces, soil

cohesion, and downward soil moisture movement. This hardpan layer manifests as a decline

in soil bulk density, reduced soil porosity, and root growth hindrance.

Efforts to ameliorate hardpan formation typically involve using soil tillage machinery

such as rotary tillers, subsoilers, and ploughs. However, the repeated use of the same tillage

equipment over time can exacerbate the situation. The lower parts of these tools inadvertently

compress the soil's bottom layer during tillage, rendering it resistant to loosening. This

perpetual compression eventually gives rise to the hardpan. Furthermore, prolonged and

recurrent soil cultivation disrupts soil structure, rendering it increasingly fragile and prone to

compaction. In addition, when the bottom layer of the cultivated soil is irrigated, cohesive soil

particles migrate downward with the infiltrating water, reducing soil moisture infiltration rates

and causing further accumulation of soil particles at the tillage layer's bottom. Over time, this

process culminates in hardpan formation.

On a macroscopic scale, soil compaction manifests as a vicious cycle of compaction,



tillage, and re-compaction. Microscopically, it disrupts soil structure and diminishes soil

compressive strength, rendering the soil more susceptible to external forces, thereby

exacerbating the compaction phenomenon.

1.1.3.2 Impact on Crops

Soil compaction exerts a detrimental influence on crop germination rates and seedling

growth compared to conventional seed-sowing conditions, as established in prior research

(Dürr and Aubertot, 2000). Upon compaction, the soil bulk density surrounding the seeds

escalates from 1.3 to 1.8 g.cm-3. Consequently, compacted soil delays the emergence of crops,

elevates seedling mortality rates, and reduces plant height relative to uncompacted soil

conditions (Jordan et al., 2003).

The efficacy of root systems in nutrient uptake and crop growth throughout the crop

cycle is paramount. Soil compaction significantly affects root penetration capacity(Gerard et

al., 1982; Hamza and Anderson, 2005; Kirby and Bengough, 2002), leading to restricted root

growth and diminished root penetration ability. This, in turn, results in reduced root length

and dry matter weight (Kristoffersen and Riley, 2005).

Some scholars have noted that crops endowed with robust root systems exhibit greater

penetrating power and are less susceptible to soil compaction. Cultivating such crops can

serve as a strategy to alleviate soil compaction (Rosolem et al., 2002). These crops feature

root systems with diameters significantly larger than the pores between soil particles. As these

root systems expand, they increase the soil bulk density in their vicinity, thereby enhancing

the soil's physical and chemical properties and its microbial ecosystem (Dexter, 1987; Gliński

and Lipiec, 2000).

Field operations involving large agricultural machinery can result in the permanent

compaction of subsoil. For instance, experimental evidence demonstrates that tire-induced

soil compaction can reduce wheat root density in soil layers ranging from 0 to 60 cm in depth

by 17% (Cid et al., 2014). Compaction from a 14.5 Mg load also significantly impedes root

system growth below the 20 cm depth in loam soil with 5% organic matter content (Bouwman

and Arts, 2000).

Soil mechanical resistance primarily governs soil root elongation (Bengough et al., 2006;

Materechera et al., 1992), impacting plant growth through various mechanisms (Colombi and

Keller, 2019). Compaction elevates the mechanical resistance encountered by root growth,

diminishing root elongation and limiting rooting depth and resource accessibility, especially

water in the subsoil (Colombi et al., 2018). Moreover, compaction curtails the accessibility of

nutrients absorbed by particle surfaces. Nutrient availability relies on soil accumulation; only

about 10-20% of potential nutrient adsorption and exchange sites are accessible (Horn et al.,



2019). Furthermore, it's crucial to distinguish between resource accessibility and availability.

Roots might not reach out to resources, signifying accessibility issues, while resource scarcity

represents availability constraints. Generally, greater soil compaction results in a wider

disparity between resource accessibility and availability, making compaction predominantly a

resource accessibility issue (Colombi and Keller, 2019; Keller et al., 2019).

Furthermore, compaction reduces soil's gas transmission capacity (Haas et al., 2016;

Horn et al., 1995; Simojoki et al., 2008; Uteau et al., 2013), leading to suboptimal soil

aeration and exceptionally low oxygen concentrations in soil air, particularly under high

oxygen demand and moist soil conditions (Stepniewski et al., 1994).

1.1.3.3 Impact on Biodiversity

Soil compaction can decrease the soil microbial diversity. Although the soil physical

properties will change when the soil strength is in the range of 75-3800kPa, the biological

indicators in the soil will not be affected (Shestak and Busse, 2005). However, excessive

compaction can significantly affect the soil microbial biomass. For example, when soil

compaction reduces the soil porosity from 13% to 36%, it significantly reduces the content of

soil microbial biomass carbon, biomass nitrogen and phosphorus content. And when the soil

bulk density reaches 1.7g.cm-3, it can seriously affect the soil microbial diversity and soil

carbon sequestration effect (Beylich et al., 2010). In addition, research shows that almost any

soil disturbance or changes in soil stress will affect the activity of soil enzymes (Buck et al.,

2000).

As the soil animal communities live in large soil pores. Their living conditions are

severely restricted depending on the soil macroporosity amount and distribution affected by

soil compaction. Soil nematodes play a critical role in soil organic matter decomposition.

Research shows that the number of plant nematodes increased, and the number of bacterial-

eating nematodes, fungus-eating nematodes and omnivorous-predator nematodes decreased in

the areas with severe soil compaction (Bouwman and Arts, 2000). Soil compaction will also

affect the number of earthworms in the soil. The number of earthworms in the soil shows a

downward trend as the degree of soil compaction increases (Kretzschmar, 1991; Radford et al.,

2001).

1.1.3.4 Impact on Agricultural Economic Benefits

Although compaction is a well-recognised problem, and despite numerous studies on the

impacts of traffic-induced compaction on soil properties and functions, it remains challenging

to quantify compaction's economic and ecological costs. There is little doubt of soil

compaction's economic and ecological damage to society (Graves et al., 2015). However, the

reliable estimation of the cost of soil compaction remains elusive, especially the actual sum of



direct numbers. Nearly 30 years ago, it was reported that around 33 Mha areas were affected

by soil compaction in Europe based on a worldwide semi-quantitative assessment of soil

degradation (Oldeman et al., 1990). The area is one-third of all the arable land in Europe. Soil

compaction causes tremendous costs to land users and society (Graves et al., 2015). However,

there is limited quantitative information on the costs of soil compaction at the national and

continental scale (Alaoui et al., 2018; Brus and Van Den Akker, 2018).

First, there is limited information on the extent and severity of soil compaction at

national scales. Most soil compaction research considers scales from the soil pore to the soil

profile and experimental plot scale, while larger scales are seldom addressed. According to

previous research, soil compaction is estimated to affect between 25 and 45% (central

estimate: 35%) of agricultural land (Brus and Van Den Akker, 2018; Graves et al., 2015;

Keller et al., 2019; Oldeman et al., 1990; Schjønning et al., 2015a). Second, a large part of the

cost of soil degradation is related to off-site impacts, which makes it challenging to link costs

to sources (Graves et al., 2015). For example, soil compaction may increase flooding

incidence and severity, trigger soil erosion, decline water quality through increased nutrient

and pesticide leaching and increase greenhouse gas emissions (Alaoui et al., 2018; Ball, 2013;

Horn et al., 1995; Jarvis, 2007; Lipiec et al., 1995; Rogger et al., 2017). Third, some of the

costs may be difficult to value the off-site costs (Graves et al., 2015; Robinson et al., 2012).

The weight of agricultural machinery has been steadily increasing during these years. For

example, wheel loads of combine harvesters have increased by approximately 65% between

1989 and 2009 (Schjønning et al., 2015a). Consequently, the mechanical stresses exerted by

today's machinery may exceed the strength of many arable soils (Horn and Fleige, 2003;

Schjønning et al., 2015a; Zink et al., 2010). Most of the information I got about the yield

reduction because of the compaction is based on data from field experiments. The yield

decline immediately occurred after the soil compaction. However, the yield recovered

relatively quickly within two years. After a few years, typically, only a slight yield reduction

of a few percentages remains. However, some research mentioned that this reduction is quasi-

permanent because of the subsoil compaction (Håkansson and Reeder, 1994). For example,

another research shows that the data from a series of long-term field experiments in Northern

Europe and North America with a one-time compaction event with a wheel load of 5 Mg

indicate a quasi-permanent yield loss of 2.5% (Håkansson and Reeder, 1994).

1.1.3.5 Impact on Productivity Loss

Some research found that the agronomic productivity loss is due to soil compaction. Soil

compaction affects plant growth in various ways (Colombi and Keller, 2019). One research

assumed that compaction causes 4–5% yield losses on arable land and slightly less on



grassland (Graves et al., 2015). The yield loss cost per hectare of compaction is associated

with the area affected by compaction of approximately 48.2 € ha-1 yr-1, based on the total

agricultural area of approximately 19.4 € ha-1 yr-1. Another research assumed yield losses due

to compaction of 8% for soils with>40% clay and 4% for soils with 15–25% clay, and that

yield losses for lighter soils are negligible (Eriksson et al., 1974). Long-term (decadal)

experiments would also be needed in such systems to see the full effects because soil structure

evolution is slow (Horn, 2004). In summary, estimating the impact of soil compaction on crop

productivity is not easy because we typically do not have a reference situation with non-

compacted soil. Therefore, compaction-induced crop productivity losses in field experiments

are likely to underestimate the true productivity losses caused by compaction.

1.1.4 The measurement of the soil compaction

The mechanical resistance is typically expressed as penetration resistance. Measurements

of the soil cone penetration resistance can be used to quantify the mechanical energetics of

bioturbation by plant roots (Ruiz et al., 2015). For a given soil texture, penetration resistance

is a function of soil bulk density, hydration status, or soil matric potential (Busscher, 1990;

Vaz et al., 2011). The penetration resistance(Q) was estimated using the Busscher (1990)

equation:

Where ρ is the bulk density, ψ the matric potential, and a, b and c coefficients, root

elongation in the soil is controlled mainly by the soil mechanical resistance (Bengough et al.,

2006; Materechera et al., 1992). The accuracy of the stress reading while measuring the stress

is essential for soil compaction research. The simple question is whether transducers provide

accurate estimates of the soil stress. Stress in the soil can be measured either by transducers

(housings containing load cells or pressure sensors) or fluid inclusions. Transducers can be

used in the vertical direction only (Blunden et al., 1994; Keller and Arvidsson, 2004; Kirby et

al., 1997; Lamandé et al., 2007), or in six directions (stress state transducer) as in the studies

(Abu-Hamdeh and Reeder, 2003; Bailey et al., 1988; Bakker et al., 1995; Horn et al., 2003;

Pytka and Dabrowski, 2001; Way et al., 1995; Wiermann et al., 1999). Soil stress

measurements using fluid inclusions are performed using Bolling probes (Arvidsson and

Andersson, 1997; Berli et al., 2003; Bolling, 1987; Gysi et al., 2000). The stress estimate

provided by a transducer is influenced by the mechanical properties of the transducer

comparison with the surrounding soil (Berli et al., 2006; Bolling, 1987; Kirby, 1999a, 1999b).

The size and shape of the housing are other factors affecting the measurements. Kirby

analysed the stress fields around transducers using finite element modelling. The transducers



used here might overestimate soil stresses as they have a greater stiffness than the soil (Kirby,

1999a, 1999b). Stress was measured by a load cell (DS Europe Series BC 302) with a

diameter of 17.5 mm.

Figure 1.1.2 The load cell transducer used in the stress measurement

Theoretical considerations on soil stress measurements using fluid inclusions showed

that pressure measured in an incompressible liquid inclusion embedded in the soil depends on

the Poisson ratio of the soil and exceeds the actual mean stress in the soil by 40% for a

Poisson ratio of 0.3 (Berli et al., 2006). However, the dimensions and shape of the sensors

used for the stress measurements in the subsoil presented in this study differed from those of

the sensors, with a smaller width and the width/height ratio used here (Keller, 2005). Other

researchers also used sensors with a smaller width/height ratio than those used by Keller and

reported that the stress measurements overestimated Fwheel by 21% on average (Schjønning

et al., 2006). Therefore, it suggests that the sensors used in the present study may have

overestimated the actual soil stress.

1.1.5 Soil Compaction Analysis Model

The strategies to prevent soil compaction rely on soil compaction models. Soil

compaction models can calculate stress propagation and soil damage in soil profiles for

specific mechanical loads of agricultural machinery in specific soil conditions (such as soil

texture and soil moisture status). The simulation models also can help farmers plan and make

decisions for specific traffic situations in the field.

Soil compaction models are divided into analytical and finite element models (FEM) by

research published before (Défossez et al., 2003). Some models of soil compaction analysis

have been developed in the last decade (Keller et al., 2007b; O’Sullivan et al., 1999; Van Den

Akker, 2004) as there are some studies focused on getting a better understanding of the soil

compaction processes(Arvidsson et al., 2001; Défossez et al., 2003; Lamandé et al., 2007). As

the FEM specifically developed for agricultural purposes(Gysi et al., 2000; Richards, 1992)

has been used to simulate soil compaction due to agricultural field traffic in recent



studies(Berli et al., 2003; Cui et al., 2007; Gysi, 2001; Gysi et al., 2000; Peth et al., 2006;

Poodt et al., 2003).

In soil science research, discrete element models (DEM) have been applied (Zhang and

Li, 2006). The DEM provides a promising method for a better understanding soil deformation

and stress transmission at different scales(Delenne et al., 2004; Walton, 1983; Zhang and Li,

2006). In addition, DEM has been used to simulate soil compaction due to agricultural field

traffic(Jia et al., 2021). Analytical soil compaction models are based on previous studies' work

to calculate stress propagation in soil(Boussinesq, 1885; Frölich, 1934; Söhne, 1953). The

structure of soil compaction models can be divided into three parts: (i) the upper model

boundary condition (the contact area and the stresses at the soil surface); (ii) the propagation

of stresses through soil, and (iii) the stress-strain behaviour of soil (Keller and Lamandé,

2010).

1.1.5.1 Contact area between tire and soil

An ellipse can describe the contact area between tire and soil(Febo et al., 2000;

Upadhyaya and Wulfsohn, 1990). The distribution of vertical stress at the tyre–soil interface

has been described as power-law functions(Johnson and Burt, 1990; Sohne, 1958; Söhne,

1953), polynomials(Smith et al., 2000), and a combination of power-law and a decay

function(Keller, 2005; Schjønning et al., 2008). Modelling shows that the stress distribution at

the tyre–soil interface is highly non-uniform and largely influences soil stresses(Keller, 2005;

Keller et al., 2007a; Keller and Arvidsson, 2004; Schjønning et al., 2008). A few factors could

influence the surface stress and contact area as the upper model boundary condition (the

contact area and the stresses at the soil surface). For example, the tyre properties and loading

characteristics could influence the upper model boundary condition's surface stress and

contact area. Tyre construction (radial or cross-ply construction; properties of the belt and

tread; lug dimensions and pattern), tyre dimensions (tyre diameter, width and aspect ratio),

and tyre loading (tyre inflation pressure, wheel load) influence the contact area (Febo et al.,

2000; Sharma and Pandey, 1996)and the magnitude and distribution of stresses at the tyre–soil

interface(Gysi, 2001; Jun et al., 2004; Keller, 2005; Lamandé and Schjønning, 2008;

Schjønning et al., 2008; Way and Kishimoto, 2004).

Recently, models have been developed to estimate the upper model boundary condition

(i.e. estimation of contact area and the magnitude and distribution of contact stress) from tyre

properties and loading characteristics(Keller, 2005; Schjønning et al., 2008). In these models,

the periphery of the contact area is calculated by a super-ellipse (Hallonborg, 1996), the stress

distribution in the driving direction is described by a power-law function, and an exponential

function describes the stress distribution across the tyre (Keller, 2005; Schjønning et al., 2008).
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The stress at the tyre–soil interface, s(x,y), can then be described as (Schjønning et al., 2008):
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Where gmax is the maximum value of g in the range 0 y  wy (x) expressed in terms

of expressed in terms of  :

Fwheel     is the wheel load,

exp( )  1
max

exp(1) /       1

C ( , , a,b,n) is a function of the parameters

 , ,a,b,n defining an integration constant ensuring that when integrating

 (x, y) over the contact area,

 the total load is Fwheel ,  denotes the boundary and interior of the super-ellipse,

a and b are half the width of the minor and major axes,

n is the 'squareness' of the super-ellipse,

α is a shape parameter for the stress distribution in the driving direction,

β is a shape parameter for the stress distribution perpendicular to the driving direction.

Furthermore, lx (y) is the half-length of footprint at y in the x-direction and wy (x) the

half-width at x in the y-direction.

The f function elucidates the stress distribution pattern in the driving direction,

specifically portraying the relative stress as a function of the relative contact area half-length.

Conversely, the g function delineates the stress distribution characteristics orthogonal to the

driving direction, traversing the wheel's surface. The size of the contact area increases with

increasing wheel load and decreasing tyre inflation pressure (Diserens, 2009; Lamandé and

Schjønning, 2008; Schjønning et al., 2008). The change in contact area with changing tyre

loading is different for radial, cross-ply and twin tyres (Diserens, 2009). The magnitude of the

vertical contact stress generally increases with increasing tyre inflation pressure (Arvidsson
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and Ristic, 1996; Keller, 2005; Raper et al., 1995; Schjønning et al., 2008) and with

increasing wheel load.

Tire deflection depends on the stiffness of the tire relative to the soil. The soil strength

changes the contact area between the soil and tire and the size or distribution of the stress at

the tire-soil interface. The contact area mainly depends on the tire's flexibility on hard

surfaces such as roads or hard soils (Diserens, 2009). Tire deformation on (soft) soil is a

function of soil deformation behaviour and tire flexibility. Generally, the contact area

increases at a given tire at inflation pressure as the soil softens(Sohne, 1958; Wulfsohn and

Upadhyaya, 1992).

1.1.5.2 Stress Propagation and stress-strain Behaviour

As the stress calculation method in the soil analytical models, stress at any depth Z can

be calculated. The contact area is divided into i small elements with an area i and normal

stress  i carrying the load i   i      i treated as a point load. Disregarding horizontal stresses

in the contact area, vertical stress  z was then calculated as (Söhne, 1953):

in in

z            z  i 
2 cos i

i0                        i0              i

The concentration factor is the concentration factor, the angle between the normal load

vector and the position vector from the point load to the desired point (Frölich, 1934). When

v =3, the model satisfies the elastic theory of Joseph Boussinesq (Boussinesq, 1885).

Hence, the soil stress state becomes a function of the concentration factor v for a given

loading condition. Frölich assumed that depending on the soil properties, the stress

propagation would be focused on the centre line of the load, which he expressed v . He further

stated that his concentration factor model is empirical and has to be validated in (engineering)

practice, yet little is known about the effects of soil properties on this concentration factor.

Research from 1953 suggested that v increases with increasing soil moisture content and

proposed values of 4, 5 and 6 for hard, firm and soft soil, respectively (Söhne, 1953).

Subsequently, other researchers from Denmark measured an increase in vertical stress

attenuation between 0.3 and 0.9 m depth, corresponding to a decrease in v undisturbed

Stagnic Luvisol when the soil water content decreased (Lamandé and Schjønning, 2011a). He

also estimated a concentration factor between 5.5 and 6.5 for wet loam soil with a poorly

developed structure by comparing soil stress calculation with the abovementioned equation

and two-dimensional stress measurements (Lamandé et al., 2007).

As for the stress calculation and determination of the concentration factor evaluation,

some researchers use the root mean square error (RMSE) and bias to evaluate the stress



ˆ

calculation.

Where n is the number of observations,  z is the predicted vertical stress and  z is the

measured vertical stress.

1.1.6 Evaluation of the soil compaction

1.1.6.1 Natural way (freeze-thaw, alternate dry and wet)

The annual freeze-thaw cycle is one of the processes affecting soil compaction and can

alter the physical properties of soil and its structure each winter in some areas. Furthermore,

the freeze-thaw cycle can naturally alleviate compaction due to the expansion of water in the

pore space and contraction during freezing and thawing. In the earlier research, some papers

discussed soil penetration resistance and bulk density reduction in agricultural soils during

winter because of frequent freeze-thaw cycles (Henry, 2007; Unger, 1991). Several studies

have also indicated that repeated freeze-thaw cycles could loosen the soil structure and

alleviate soil compaction. It could also improve the soil's physical and hydraulic

properties(Edwards, 2013; Fouli et al., 2013; Sahin et al., 2008). For example, some

researchers found that the freeze-thaw cycle alleviated soil compaction up to a depth of 30 cm

in clay loam soil in Montana. The topsoils (5–12 cm) experience more than one freeze-thaw

cycle yearly (Jabro et al., 2014). Most freeze-thaw cycles influence the surface or the

properties and structure of the topsoil. However, the compaction also happens in the subsoil or

under the hardpan. The freeze-thaw cycle may not reach that depth. For example, research

mentioned that the annual freeze-thaw cycle did not alleviate the soil compaction at the

bottom of the plough furrow in Nicollet silty clay loam soil in Minnesota (Voorhees, 1983).

Although some researchers mentioned the effect of the freeze-thaw to reduce the soil

compaction, the impact of the freeze-thaw on soil compaction recovery is not very useful in

some areas. A report tells about this situation in some areas of Canada where only the top 2 to

3 inches experience more than one freeze-thaw cycle per year, which is necessary to break up

compaction. The compacted soil below the top few inches will typically see one freeze and

one thaw (Anken and Holpp, 2011).

1.1.6.2 Artificial methods

(1) agronomic method



Choose the right time to enter the ground. Soil compaction is the most serious when the

soil moisture content of the 7-15cm soil layer is close or reaches the field water holding

capacity. Therefore, it is recommended to avoid entering the field when the soil moisture

content is high. Instead, try to choose the driest time to finish the field operation. Cooperating

with other soil compaction mitigation measures is also recommended to protect the soil if

possible and necessary.

Enter in the field as less as possible during the crop round.

(2) Adjust and optimise the structure of the machine

During the agricultural machinery design, reduce the axle load and ground pressure as

much as possible. Improve the driving system of the existing machinery, such as changing

two to four-wheel drive, increasing the number of tires, and increasing the ground contact

area.

For example, changing the tractors' tires into the crawler will reduce the soil compaction

because the ground area of the crawler type is much larger than standard tires. Therefore,

more contact areas have less compaction. However, the crawler also has disadvantages: lower

walking speed and larger power requirement than the traditional tires. Another method to

reduce soil compaction is changing high-pressure tires to low-pressure tires. The low-pressure

tires can increase the tire-soil contact area, reduce the tire-soil contact surface stress, and

reduce the topsoil compaction.

(3) Mechanised reduction of soil compaction

Soil compaction is a common problem during agricultural production. Hence,

mechanised measures must be taken to quickly solve the soil compaction problems.

Surface soil operations can alleviate the compactness of the surface soil. In addition, the

surface operation reduces the soil's sensitivity to compaction, increases the amount of surface

residues, and prevents the formation of surface crusts. Deep soil loosening technology can

break the hardpan formed by ploughs, rotary tillers and other land preparation machines at the

same depth for a long time. After the deep loosening breaks the hardpan, the soil seepage rate

will increase by 5-10 times, and the soil porosity will be significantly improved. Combined

with the soil compaction evaluation system, different mechanised soil loosening measures for

different farming measures can better loosen the soil in all directions, make the soil

characteristics of the plough layer more uniform, and solve the problem of soil compaction.

(4) controlled traffic farming system(CTF)

According to the previous research, most arable land in Europe is managed in a

conventional tillage system. The 74% of all arable land in Europe (EU-27) is conventionally

tilled, while only 4% is under no-till, and the remaining 22% is managed with reduced-tillage



(Keller et al., 2019). The alternative solution to soil compaction is controlled traffic farming

(CTF), which protects most of the field's cropped area by restricting all traffic to permanent

traffic lanes. CTF aims to separate machinery driving areas from crop fields, establishing

permanent tractor lanes between the planted fields (Antille et al., 2016, 2015; Bluett et al.,

2019; Tullberg et al., 2007). Researchers focusing on soil compaction actively endorse CTF to

mitigate the adverse impacts of wheel traffic on soil physical quality (Bluett et al., 2019). CTF

can reduce the negative effects of compaction, prevent soil structure destruction (Blanco-

Canqui et al., 2010), save energy consumption (Sartori et al., 2005), lower operating costs,

and enhance crop yields through suitable seedbed conditions (McPhee et al., 2015).

1.2 Statement of the Problem:

The central problem addressed by this research revolves around the pervasive issue of

soil compaction and its far-reaching implications for agricultural productivity and

environmental sustainability. Soil compaction arises from the relentless use of heavy

machinery in modern agriculture, exerting immense pressure on soil particles, diminishing its

natural structure and quality. Specifically, this research scrutinises the following facets of the

soil compaction problem:

1.2.1 Agricultural Productivity Impact.

Soil compaction is known to be detrimental to crop productivity. The compression of soil

particles leads to reduced pore space, impeding root growth and restricting the movement of

water and nutrients within the soil. Consequently, crops face challenges in accessing essential

resources, resulting in decreased yields. Understanding the extent and variability of these

impacts is crucial for devising effective mitigation strategies.

1.2.2 Environmental Consequences

Beyond the scope of agricultural productivity, soil compaction has profound

environmental repercussions. Compacted soil increases surface runoff and erosion,

contributing to soil degradation and water pollution. Furthermore, the altered soil structure

can lead to diminished soil microbial activity, affecting nutrient cycling and carbon

sequestration. These environmental ramifications underscore the urgency of addressing soil

compaction in sustainable agricultural practices.

1.2.3 Knowledge Gaps

Despite the importance of soil compaction and tillage operations in agricultural



production, there are still significant knowledge gaps in our understanding of the effects of

tractive efficiency on soil stress, bulk density, moisture, and cone index under different

traction resistance conditions. While some research has been conducted in this area, the

existing literature is limited and does not comprehensively understand the complex

interactions between soil properties, tillage operations, and tractive efficiency (Arvidsson et

al., 2011; Khafizov et al., 2020; Md-Tahir et al., 2019; Nurmiev et al., 2018; Schjonning et al.,

2022; Serrano et al., 2009). Furthermore, there is a lack of information on the optimal tillage

operations and soil management practices that can minimize soil compaction and improve soil

health under different traction resistance conditions (ten Damme et al., 2021a). The existing

literature on soil compaction and tillage operations has mainly focused on conventional tillage

practices, and there is a need for more research on conservation tillage practices and their

effects on soil compaction and soil health. Therefore, this study aims to address these

knowledge gaps by conducting a field experiment to quantify the effects of tractive efficiency

on soil stress, bulk density, moisture, and cone index under different traction resistance

conditions and to identify the optimal tillage operations and soil management practices that

can minimize soil compaction and improve soil health.

Previous research has investigated the impact of various factors, such as edge-feeding of

insects and weeds, competition for resources with adjacent obstacles, and machine traffic

management, on crop yield in headlands and field edges (Kayad et al., 2016; Kross et al.,

2015; Peigné et al., 2013; Xue and Su, 2017). However, a significant knowledge gap exists in

analysing vegetation indices (VIs) specifically related to soil compaction in headlands and

field edges. While previous studies have investigated the impact of soil compaction on crop

yield, there is a lack of research on using VIs to assess this impact. The importance of this

research lies in its potential to improve the sustainability and profitability of farming practices.

By identifying the factors that contribute to yield losses in headlands and field edges and

developing effective strategies for mitigating these effects, farmers can improve their crop

yields and reduce their environmental impact. This research also highlights the need for

further investigation into the complex interplay between soil structure, crop yield, and

environmental factors and provides decision-makers with valuable insights to improve yields

and increase profitability.

Subsoiling is an important tillage practice that improves soil structure and productivity.

However, further research is still needed to fully understand the effects of subsoiling angle

and tillage depth on soil structure and machinery performance in different soil types and

tillage conditions. While previous studies have investigated the effects of subsoiling on soil

structure and machinery performance, there are still knowledge gaps in the specific effects of



subsoiling on soil structure and machinery performance in certain soil types or tillage

conditions(Azevedo et al., 2022; Celik and Raper, 2012; Li et al., 2018; Pulido-Moncada et al.,

2021; Zhang et al., 2022). Therefore, this study aims to contribute to the knowledge base

surrounding subsoiler tillage and provide valuable insights for optimizing tillage practices in

agriculture. By identifying the knowledge gaps in this research, we can better understand the

current study's limitations and the potential for future research to expand our understanding of

subsoiling practices.

1.3 Research Questions:

Research Question 1: How does transit on varying soil conditions, including no-tillage

soil, different numbers of passes, and the permanent traffic lane, each characterized by distinct

levels of traction resistance, influence soil compaction, and what are the resulting implications

for soil structure and crop productivity?

Research Question 2: What are the key performance differences between machinery

operating in headland and field edge areas, and how do these differences contribute to

variations in soil compaction and crop yield?

Research Question 3: What is the influence of subsoiling angle, tillage depth, and

tractive efficiency on soil structure, energy requirements, and crop productivity, and how can

these parameters be optimised to mitigate soil compaction and enhance agricultural

sustainability?

1.4 Research Objectives:

Clearly state the primary objectives of your research based on the three published papers.

Describe what you aim to achieve through your investigation. The primary objectives of

this research, derived from the findings presented in three published papers, are as follows:

Objective 1: To assess the tire pressure distribution during soil compaction under varying

levels of traction resistance, employing a dual approach of simulation calculations and field

tests, with a focus on understanding its impact on soil compaction, soil structure, and crop

productivity.

Objective 2: To assess the difference between headland, field edges and field centre



using VIs data and yield map data. Provide actionable recommendations for the efficient

management of machinery practices and the reduction of soil compaction..

Objective 3: To investigate the influence of subsoilers parameters such as tillage depth,

subsoiling angle, slip rate and traction efficiency on soil structure and energy requirements.

2. Soil Compaction under Different Traction Resistance Conditions

Abstract:

Tractive efficiency is essential in tillage operations to optimise traction performance. In

this field experiment, the tractor performance was measured under different traction resistance

conditions. This study quantified the soil stress, soil bulk density, soil moisture, soil cone

index, soil surface disturbance, rolling resistance and slip rate under different numbers of

passes and traction conditions. The actual power used under different soil and traction

conditions was collected. Fuel consumption and savings were calculated between

uncompacted soil, compacted soil and the permanent traffic lane. The results show that soil

stress increases in each location as traction and the number of passes increase. Soil’s physical

properties increase, such as the soil bulk density, soil cone index and soil surface disturbance.

Additionally, the slip rate increases with traction in each soil condition as uncompacted soil,

compacted soil and the permanent traffic lane. The results show that the permanent traffic

lane has a lower slip rate under different traction conditions than the uncompacted and

compacted soil. Furthermore, the permanent traffic lane has less energy consumption with the

same traction resistance. The permanent traffic lane saved 25.50%, 29.23% and 42.34% fuel

compared to the uncompacted field in 7.85, 14.71 and 24.52 kN traction condi-tions,

respectively. Our results confirm that dynamic factors such as traction and rolling resistance

should be considered in soil compaction research rather than static weight only. In practice,

the controlled traffic farming (CTF) system or driving the tractor more frequently on the

permanent traffic lane should be considered to improve working efficiency and reduce energy

consumption.

2.1 Introduction

Soil compaction has become an increasingly severe problem in the past few decades,

with the size and weight of agricultural machines increasing worldwide (Keller et al., 2019).

Researchers in different countries have studied the negative effects caused by soil compaction

(DeArmond et al., 2019; Mossadeghi-Björklund et al., 2016; Obour et al., 2018; Silva et al.,



2018). The previous study shows that soil compaction could increase soil bulk density, soil

cone index and soil shear strength (Blanco-Canqui et al., 2010; Schjønning and Lamandé,

2018; Tekeste et al., 2008). In addition, soil compaction causes the impeding of root

exploration, reduced crop yield and increased energy requirements in all field operations

(Antille et al., 2016; Bluett et al., 2019; Colombi et al., 2018; Keller, 2018; Tullberg, 2010).

Soil compaction is defined by the Environmental Assessment of Soil for Monitoring

(ENVASSO) as “The densification and distortion of soil by which total and air-filled porosity

are reduced, causing a deterioration or loss of one or more soil functions” (Huber et al., 2008).

It can destroy or over-squeeze soil aggregates to form a damaged layer of soil structure during

the first pass (Ankeny et al., 1990; Cambi et al., 2016; Patel and Singh, 1981; Radford et al.,

2000). After the compaction, the soil particles inside the damaged layer are rearranged under

external force, decreasing soil volume and increasing soil bulk density (Chaudhary et al.,

1991; Kirby, 1991).

As for soil compaction measurement, different methods may have different advantages

and disadvantages. The load cell (de Lima and Keller, 2021; Lamandé et al., 2015) measures

the soil stress generally in the vertical direction of the target position but provides only one

stress component. Stress-state transducer (Harris and Bakker, 1994; Nichols et al., 1987)

contains load cells in six different directions. However, ensuring good probe contact with the

soil can be difficult due to the complex probe geometry of the sensor. The fluid-filled flexible

pressure probe (Berli et al., 2006; Bolling, 1987; R. L. Raper and F. J. Arriaga, 2007) is

directly related to the mean normal stress, which is simple and quick to install and has good

probe contact with the soil. However, the pressure reading is still a function of the Poisson’s

ratio of the soil, which may change during the compaction process.

The risk of soil compaction can be reduced by (I) avoiding entering the field in wet soil

conditions (Braunack and Johnston, 2014; He et al., 2017; Munkholm and Schjønning, 2004;

Obour et al., 2018), (II) using tyres with a larger contact area and low inflation pressure

(Arvidsson and Keller, 2007; Lamandé and Schjønning, 2011a; ten Damme et al., 2020) and

(III) introducing the controlled traffic farming (CTF) system (Antille et al., 2016; Chamen,

2015; McHugh et al., 2009; R. L. Raper and D. W. Reeves, 2007; Taylor, 1983; Tullberg et al.,

2007).

Tyre inflation pressure and wheel load are also well-known key drivers of compaction.

Many researchers work on the soil stress distribution underneath the soil caused by different

properties of soil, tyre and machine weight conditions (De Pue and Cornelis, 2019; Keller,

2005; Keller et al., 2016; Lamandé and Schjønning, 2018, 2011a). However, most of them

focused on static wheel load rather than dynamic wheel load, which is the actual weight that



compacts the soil. Dynamic wheel loads are higher than static wheel loads. For example, the

wheel load could increase by 25% of the static wheel load during plough (J Brunotte et al.,

2012). The extra weight is caused by the traction required to carry out the plough operation

and the weight redistribution from the front to the tractor’s rear axle. The increase in rear

wheel load during conventional tillage given in the guidelines of the German Engineers’

Association (VDI, 2014) is even higher (up to 45%), which causes much more compaction

than the static wheel load.

Drawbar pull, travel reduction (slip) and rolling resistance are the three main criteria

describing off-road vehicles’ traction behaviour. The lugs on tractor wheels tend to penetrate

deep into the soil layer in terms of working on the soft ground that characterises almost all

agricultural operations (Lamandé and Schjønning, 2011b; Nadykto et al., 2015; Way and

Kishimoto, 2004). The tractor lugs compress soil horizontally, opposite to the tractor

movement when they are dug into the soil. As a result, the speed at which the tractor moves

decreases. This loss of relative speed of the tractor is estimated as the slip coefficient

(Bulgakov et al., 2020; Ekinci et al., 2015; Nadykto et al., 2015; Zoz and Grisso, 2003b).

Maximum traction can go into slippage, increasing the soil structure damage (Battiato and

Diserens, 2017; Bulgakov et al., 2020; Czarnecki et al., 2019; Grosch, 1996; Nadykto et al.,

2015).

Controlled traffic farming (CTF) is a mechanisation system in which all machinery has

the same (or modular) working and track width so that field traffic can be confined to the least

possible area of permanent traffic lanes (G.D. Vermeulen, J.N. Tullberg, 2010; Hussein et al.,

2021). The CTF is one of the solutions for reducing soil compaction, ensuring that the tractor

travels on the traffic lane, which has a more solid soil structure than conventional agriculture.

In addition, the permanence of the non-pavement surface facilitates the maintenance of softer

soil conditions, thus reducing resistance and energy requirements during field operation

(Anken and Holpp, 2011; Antille et al., 2016; N.V. Halpin, 2012). The reduced energy

consumption of CTF systems is also attributable to the lower rolling resistance and slippage

of tyres on permanent traffic lanes (Antille et al., 2016; Bulgakov et al., 2020; Schreiber and

Kutzbach, 2008). Tractor slip rate and traction efficiency are critical parameters for farm

operations. Although many studies have demonstrated that the CTF system has lower slippage

and higher traction efficiency than conventional agriculture, these two parameters have been

less studied in conventional fields under different compaction times and traction resistance

conditions. The effect of different levels of soil compaction on the tractor’s working

efficiency under conventional farming is unclear. Most of the previous research was

conducted to increase traction resistance by increasing the weight of the load (Arvidsson et al.,



2011; Khafizov et al., 2020; Md-Tahir et al., 2019; Nurmiev et al., 2018; Schjonning et al.,

2022; Serrano et al., 2009; ten Damme et al., 2021a). However, this research approach cannot

focus on the effect of traction resistance on soil compaction because of the machine’s added

weight. Thus, in this experiment, the method of increasing the traction resistance without

adding weight was implemented.

The aim of our study was to test the effects of different traction conditions on soil bulk

density, soil moisture, soil cone index, soil surface disturbance, slip rate and tractor working

efficiency. In this experiment, a method to increase the traction force is proposed. A method

was set to increase the traction force independently rather than increasing the weight

simultaneously, as in the previous research (ten Damme et al., 2021a). First, we tried to

determine if the wheel slippage rate would be less under more wheel passes in this experiment.

Then, we focused on whether the soil structure damage would be more significant at higher

traction forces and a greater number of wheel passes.

2.2 Materials and Methods

The field experiment lasted from March to May 2022. The experiment field used for this

study is located at the experimental farm of Padova University (Veneto, Italy). The area of

the field is 1.87 hectares. The slope of the field is less than 1°, measured by Google Earth Pro

(Https://www.google.it/earth/about/versions/, n.d.). Temperatures rise from January (min

average: −1.5 °C) to July (max average: 27.2 °C). The sub-humid climate receives about 850

mm of rainfall annually, with the highest average rainfall in June (100 mm) and October (90

mm). The lowest averages happen in winter (50–60 mm). Soil moisture was 23.01%, 23.54%

and 27.01% at 20 cm, 40 cm and 60 cm depth when the experiment started. No rainfall

occurred during the experiment. The soil texture of the experiment field is clay loam (Piccoli

et al., 2020). The sand–silt–clay content of the soils used for testing was 33.8%, 37.0% and

29.2%, respectively. The organic matter content of the topsoil (0–30 cm) was 1.81%, referring

to another field also located at the experimental farm of Padova University (Piccoli et al.,

2020) (straight line distance not exceeding 200 m between two fields). The field was deep

ploughing (0–50 cm) after the 2021 crop season, which has a partly bare surface. There were

no other field management practices until the start of the field experiment.

The field experiment was preceded in the field as shown in Figure 2.2.1. First, slip rates

and rolling resistance under different traction and soil conditions were performed in the left

part of the field. Then, the field’s right area was set into small plots located after the 40 m

long area for the stable driving speed of the tractors (3.3 km/h) during the test, as shown in

Figure 2.2.1b. The blue box area is the place where we collected the data. The 6 m area



between each plot was designed for the tractors turning after each round. The detailed data

collection procedure for the experiments is listed below.

(a) (b)

Figure 2.2.1 Experiment field in Legnaro, North Italy (a), and the experimental procedure (b).

Two tractors were used in the experiment. The front tractor was used to compact the soil

in different traction conditions and number of passes. The rear tractor was designed to use the

hydrostatic transmission system to adjust the braking force.

The front tractor was a Fiat 680 (CNH Industrial N.V., Amsterdam, The Netherlands), as

shown in Figure 2.2.2. The machine’s weight was increased by adding additional

counterweights to the back of the front tractor to increase the soil pressure on the tyre and soil

contact surfaces for better stress detection and analysis.

(a) (b) (c)

Figure 2.2.2 Two tractors used in the field experiment (a), counterweight attached in the back of the front tractor (b) and

dynamometer between the tractors (c).

A tractor prototype three-wheeler was used at the back, equipped with a hydrostatic

gearbox, which made it possible to change the traction resistance during the experiment. As a

rear tractor, the high responsiveness of the hydrostatic gearbox was used to regulate the



forward speed and braking capacity to generate different amounts of traction.

Table 2.2.1 Technical data of the tractors used in the experiment.

Name
Tractor Model

Total mass
Front axle
Rear axle
Rear tyre
Front tyre

Front tyre inflation pressure
Rear tyre inflation pressure

Unit

kg
kg
kg

Kleber traker
Vredestein multirill

bar
bar

Model
Fiat 680

4310
780

3530
420/85R30

7.50-16
1.7

1.45 .

The actual speed was recorded from the GPS. The real-time kinematic positioning (RTK)

system from Trimble was equipped on the front tractor, which was used to record the track

with high accuracy during the experiment. For theoretical speeds, the sensor was placed on

the tractor power take-off unit (PTO) to detect the number of revolutions. We calculated the

theoretical speed of the tractor by detecting the PTO rpm and measuring the tractor’s fixed

gear ratio.

Mean Normal Stress

Normal stresses underneath the soil were measured using the Bolling probe (Berli et al.,

2006; Bolling, 1987) in the field experiment. The probe is deformable and cylindrical, and

could sense the mean radial stress experienced. For the installation of the Bolling probe, the

drill and reamer were inserted into the soil at a specific angle on the side of the probes by

using a special steel frame which could ensure the angle consistency during the installation of

the drill, reamer and Bolling probe. After the completion of reaming, the probe was inserted

into the soil and tested for good contact with the soil to ensure accurate data collection.

In this experiment, the mean normal stress of the soil was measured in the vertical direction

and also in the lateral direction. The soil mean normal stress in the vertical direction can be

applied to the depth of the subsoil (0–100 cm) (Olsen, 1994). However, the lateral compaction

affects shallower soil (ten Damme et al., 2020), also verified by the simulation results.

Considering the amount of pressure that can occur at different positions, three Bolling probes

were used in the vertical direction (0–60 cm) and two in the lateral position (0–40 cm) in this

measurement.

Three probes were installed in the centre of the track at 20, 40 and 60 cm depth to

measure the soil mean normal stress in the vertical direction. Two probes were installed in the

track edge at 20 and 40 cm depth to measure the soil mean normal stress in the lateral

direction. There were five groups overall: 20 cm depth in vertical (20 V), 40 cm depth in

vertical (40 V), 60 cm depth in vertical (60 V), 20 cm depth in lateral (20 L) and 40 cm depth

in lateral (40 L). The width between the centre and the lateral is 25 cm. The stress data under



different depths were collected after each time compaction (9 times in total). The probes were

inserted into the soil from the edge side of the wheel rut, as shown in Figure 2.2.3.

Figure 2.2.3 Installation position of Bolling probe to measure the mean normal stress in vertical (3 probes) and lateral (2

probes) directions. The three probes in the vertical direction and the two probes in the lateral direction were staggered during

the installation, with 25 cm between two groups.

The mean normal stress was calculated (Berli et al., 2006; Bolling, 1987) to

compare the results of different traction conditions and number of passes. The following is the

calculation formula of the mean normal stress.

where measures stress from the Bolling probe, and is the Poisson ratio in the soil matrix.

The value of the Poisson ratio was considered within 0.2–0.45 (de Lima and Keller, 2019;

Défossez et al., 2003; Keller et al., 2016; Kirby, 1999a; Naderi-Boldaji et al., 2014). We set

the Poisson ratio as 0.3 in our study, considering the results of other studies (Berli et al., 2006;

de Lima and Keller, 2019).

The mean normal stress collected from the Bolling probe was compared with the

simulation results produced by Terranimo (Lassen et al., 2013; Stettler et al., 2014).

Terranimo is a computer model that predicts the risk of soil compaction by farm machinery

(Keller and Arvidsson, 2016; Schjønning et al., 2016). It includes two inputs (machinery and

soil) and two outputs (stresses in the tyre–soil interface and stresses transmitted to the soil

profile). An example of the simulation results of the soil stress of the rear tyre is shown in

Figure 2.2.4. The simulation results and the data collected during the field experiment are

given in Section 3. It is worth noting that the soil depths on the y-axis are negative numbers

generated automatically by the system. However, in analysing this graph, we default to this

problem, as in the graphs in other studies, there is no negative sign in the process of indicating

depth (Keller et al., 2002; ten Damme et al., 2021a, 2020).



Figure 2.2.4. Soil stress simulation results of the rear tyre using Terranimo.

Soil Bulk Density and Soil Moisture

The soil bulk density and soil moisture were collected and calculated through the

experiment of uncompacted field conditions (0 pass) and each traction condition after 1, 4 and

9 passes. Soil bulk density was collected by the soil sampler (Eijkelkamp, EM Giesbek, The

Netherlands). Three groups of soil samples were collected in the vertical direction at 20, 40

and 60 cm depth. Two groups of soil samples were taken on the lateral side of the tyre at 20

and 40 cm depth as shown in Figure 2.2.5. There are five groups in total: 20 cm depth in

vertical (20 V), 40 cm depth in vertical (40 V), 60 cm depth in vertical (60 V), 20 cm depth in

lateral (20 L) and 40 cm depth in lateral (40 L), which are the same as for the soil cone index.

Each point was repeated three times. In total, 240 soil samples were collected in the

experiment.

Figure 2.2.5 The locations of the soil sample collection to measure the soil bulk density in vertical (3 locations) and lateral (2

locations) directions.

Soil Cone Index

Penetration resistance of the soil under different treatments was measured with a

penetrometer named Penetrologger (Eijkelkamp, Geesbek, The Netherlands). The probe has a

2 cm2 needle with a 30° cone (standard ASAE S3133 FEB04). Each data group contains a 0–

70 cm depth soil cone index collected from the centre line to 50 cm width lateral (5 cm each,



11 points in 50 cm width), as shown in Figure 2.2.6. In order to measure the soil cone index

from 0 to 70 cm, a hydraulic system was used during the data collection. The penetrometer

was mounted on a designed iron frame fixed to the hydraulic piston. The iron frame allows

the penetrometer to change the location of measurement horizontally. The hydraulic piston

driven by the tractor allows the uniform insertion speed during the measurement. The soil

cone index was recorded in every centimetre of each insert. Each data group was collected

before the first pass, and after 1, 4 and 9 passes. Each point in each condition was repeated

three times.

Figure 2.2.6 Soil cone index measurement using the penetrometer at 0–70 cm depth vertical and 5 cm each horizontal.

The soil cone index measurements were used to analyse the following method (Jabro et

al., 2021; Tekeste et al., 2008). The four parts of the results were collected and calculated as

(1) the range of the nose zone, (2) the depth of the max cone index, (3) the max cone index

and (4) the average cone index from 0 to 40 cm. The nose zone in the soil cone index profile

was assumed to be the peak in the profile, which starts and ends with the same soil cone index

value, as shown in Figure 2.2.7.

Figure 2.2.7 Schematic view of cone index (CI)-related traits.2.4. Profile Meter after the Compaction

The soil deformation was measured during the experiment to study the soil surface

deformation in different traction conditions and number of passes. A steel flame combined



with a laser rangefinder (Disto Pro, Leica Geosystems AG, Balagah, Switzerland) measured

the distance between the flame and the soil surface horizontally every 2 cm, as shown in

Figure 2.2.8. Data were collected before the first pass, and after 1, 4 and 9 passes. The data

collection was repeated three times.

Figure 2.2.8 Profile meter measurement using a laser rangefinder to calculate the value difference between the compacted and

undisturbed soil surface.

Slip Rate

Wheel slip is more likely to cause soil compaction than additional wheel loading,

especially for heavier tractors (DAVIES et al., 1973). When the tractor’s rear wheel slip rate

increases, the maximum shear contact stress rises sharply (Battiato et al., 2015). This test

aimed to assess if and how traction performance varied with the number of passes the tractor

made. The slip was calculated as:

The is the actual distance after four turns of rear wheels. is the theoretical moving

distance during the four-wheel turns, and S represents the slip rate.

Rolling resistance was calculated first by pulling the unload front tractor, simulating nine

passes on a predetermined track and using the dynamometer.

In addition, the slippage of the tractor used in the experiment in different traction conditions

was tested and measured: 0, 800, 1500 and 2500 kg, which were 0, 7845, 14,710 and 24,517

N, respectively. Using the data collected by the dynamometer, the traction loads were

obtained for the traction in four levels. The coefficient of adhesion (ka) was then calculated

using the collected rolling resistance and the adherent weight of the machine on the driving

axle (Bodria et al., 2013).

where is the rolling resistance, and Ga is the loading weight.

The machine’s inherent losses were subtracted from the power generated by the engine

to calculate the actual power used for productive work. The 7 kW and 4 kW power losses

were considered while calculating the actual power used for the work because of the

transmission and hydraulic system based on the previous study (Bodria et al., 2013). To



estimate the power used during the tractor moving, the formula for the determination of the

rolling power (Pr) expressed in kW is as follows:

where is torque (N), and Vais the rolling speed (m/s). The same formula was used to

estimate the useful power (Pu) for each level of traction, considering the previously calculated

traction loads. Based on the power used and the type of use, the specific diesel fuel

consumption of 260 g/kWh was considered according to data in the literature (Bodria et al.,

2013). Through the relationship between specific consumption and useful power, the fuel

consumption in kg/h has been estimated for each level of traction.

The fuel consumption in different traction and soil conditions was calculated. In addition,

the diesel saving was calculated to assess diesel fuel consumption in varied soil conditions

such as uncompacted soil, compacted soil and field edges (permanent traffic lanes). Finally,

the combustion of one litre of diesel fuel produces 2.67 kg of CO2 (Institute for European

Environmental Policy et al., 2012), and the carbon dioxide emissions were estimated in the

various simulations. In the experiment, we assume that the density of diesel fuel is 0.85

kg/dm3.

Statistics

In each type of result, the arithmetic mean value of mean normal stress, soil bulk density,

soil moisture, soil cone index and soil disturbance were calculated for each position (centre 20,

40 and 60 cm depth, lateral 20 and 40 cm) with a different number of passes and traction

conditions as 0, 7.85, 14.71 and 24.52 kN. The three resulting values for each position of each

treatment were considered replicates. Statistical analyses of results were undertaken with

SPSS (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Version 26.0. Armonk,

n.d.). The analysis of variance (ANOVA) was used to compare means with a probability level

of 5%.

2.3 Results

Stress under the Soil Using the Bolling Probe Sensor

In this study, a method to incorporate traction and rolling resistance into soil pressure

simulations compared with the collected results was implemented. As discussed in the slip

rate test section, the rolling resistance calculated is 273 (±4.79) kg as 2677 (±46.97) N of the

tractor in the experiment. Then, 0 kg, 800 kg, 1500 kg and 2500 kg, which were 0, 7845,

14,710 and 24,517 N, were considered as the extra traction compared to the rolling resistance



of the tractor. Therefore, these two parts consist of the net traction, which was considered the

additional horizontal pressure with the weight of the tractor. In Terranimo, a slightly higher

additional stress was calculated for the rear axle in each simulation. For example, an

additional 1000 kg was considered in the simulated rear wheel pressure conditions by

simulating 100 investigated tractors at a support load of 3000 kg, which means the total

weight to input into the model during the simulation is 4000 kg rather than the actual weight

(3000 kg) (Stettler et al., 2014). The weight was overestimated to avoid underestimating the

load and taking into account the additional load transfer effect due to the rolling resistance of

the trailer (Stettler et al., 2014). However, previous studies have not tested the true value of

rolling resistance in field tests. In our current study, the tractor gravity, rolling resistance in

the vertical direction and traction resistance in the horizontal direction were considered. The

values were put into the Terranimo system in different traction conditions to calculate the sum

of squares in both directions.

The traction force (σ) was calculated by calculating the arithmetic sum of squares of the

vertical load (W) and the net traction (NT), as shown in Figure 2.3.1. The vertical load of the

rear tyre was settled during the experiment. The net traction changed between four traction

conditions. The net traction was considered located in the rear tyres only because of the two-

wheel drive system of the Fiat 680. The traction force (σ) in different conditions was input

into the Terranimo system, and the simulation results were obtained at different locations and

depths. After the traction force was calculated, we compared the soil stress data collected

from the field experiment with the simulation results, as shown in Figure 2.3.2.

Figure 2.3.1Schematic of soil–tyre interaction. Total driving torque on the wheel (T), angular velocity of the wheel (ω), net

traction (NT), angle between normal stress and the vertical (φ), vertical load (W), normal stress (σ) and shear stress ( ).

Simulated results and collected data are shown in Figure 2.3.2. There are five groups of

bars: 20 cm depth in vertical (20 V), 40 cm depth in vertical (40 V), 60 cm depth in vertical

(60 V), 20 cm depth in lateral (20 L) and 40 cm depth in lateral (40 L). The result of each bar

was made by the average value of one to nine passes in each depth and position. The

simulated results have a higher value than the collected data in each depth and direction. The



error bars are made by the standard deviation of each position of collected results. The

simulation soil stress increases as the traction increases, and the collected data show the same

trend in most positions. However, the vertical 60 cm in 0 kg traction shows a higher value

than the 800 kg and 1500 kg. The result of the simulation grows uniformly with the increasing

traction. The collected results in the vertical 60 cm, lateral 20 cm and lateral 40 cm directions

show that the increasing trend with the increasing traction is not distinct compared to the

collected results for vertical 20 cm and 40 cm. The subsoil spatial variability could cause this

irregular variation in these positions. Furthermore, the data acquisition was likely

unsatisfactory in the low-value condition. The probe may have had insufficient contact with

the soil in low-pressure conditions compared to high-pressure locations.



Figure 2.3.2 Simulated and collected soil stress comparison.

Soil Bulk Density and Soil Moisture

As shown in Figure 2.3.3, the 60 cm depth had the highest soil moisture in the five

positions among the four kinds of traction conditions. In general, the soil moisture slightly

increases after compaction. The ANOVA test showed no significant difference in the soil

moisture based on the different traction conditions, number of passes and position, except for

the moisture in lateral 20 cm in the 1500 kg traction condition. However, there is a slight

difference in different traction conditions and the soil moisture in the experiment. The mean

difference in soil moisture content is within 1.5%, considering random errors in the data

collection process. Studying this experiment with other parameters is recommended for more

in-depth analyses and conclusions.



Figure 2.3.3 Soil moisture content in different traction conditions.

The soil bulk density data in different traction conditions and the number of passes are

shown in Figure 2.3.4. The results indicate that the soil bulk density increases as the number

of passes increases. However, there is no significant difference between different traction

conditions of the bulk density, except for 2500 kg traction compared to the other three. Bulk

density in vertical and lateral 20 cm positions increased with the number of passes and

reached a similar value of 1.41 (±0.028) g/cm3. As for the 40 cm depth, the bulk density in

vertical and lateral directions reached the same range as 1.47 (±0.020) g/cm3 after nine passes

in 0 kg, 800 kg and 1500 kg conditions. However, the vertical 40 cm (1.50 ± 0.067 g/cm3)

shows a higher bulk density value than the lateral 40 cm (1.43 ± 0.060 g/cm3). The soil bulk

density in the vertical 60 cm condition increased with the number of passes in the four

traction conditions. After nine passes in four traction conditions, the average bulk density at

60 cm depth is 1.53 ± 0.005 g/cm3.

Figure 2.3.4 Soil bulk density in different traction conditions.



Soil Cone Index

The soil cone index data before the first pass and after one, four and nine passes are

shown in Figure 2.3.5. The first figure is the average of 0–50 cm data (11 points in total), and

the other three are the 0–10 cm data (three points in total in the centre of the rear tyre). All

four traction conditions maintained a similar trend for the soil cone index before the first pass.

However, one location below 40 cm had a lower soil cone index than the other three (here, we

used the word “location” because the four areas were not compacted yet). As for the soil cone

index after one, four and nine passes, the peak value increased with traction. It is worth

mentioning that the compaction caused the subsidence of the soil surface, so the value begins

below the 0 cm depth. However, the peak value of the soil cone index does not show a

significant difference under different traction conditions located around 10 to 30 cm depth.

The result shows that the main change in the soil cone index happened in the 0–40 cm area

because the field’s hardpan exists at 40–45 cm depth. Hardpans (plough pans) are formed by

years of deep ploughing at the same depth, which stop the compaction at a deeper depth

(Mohawesh et al., 2008).

Figure 2.3.5 Soil cone index with different numbers of passes in different traction conditions.

Before pass (0–50 cm average)

After 4 passes (0–10 cm average)

After 1 pass (0–10 cm average)

After 9 passes (0–10 cm average)

The soil cone index data of the different traction conditions with zero, one, four and nine

passes are shown in Figure 2.3.6. In general, each figure shows that the soil cone index



increased after compaction in each traction condition. The peak soil cone index increased with

the number of passes. However, the soil cone index with different traction conditions and the

same number of passes did not show a significant difference. The main change in the soil

cone index happened at a depth from 0 to 40, which is the upper part of the hardpan. The soil

cone index before the first pass shows a slight difference within four fields. For example, the

field with 2500 kg traction conditions shows a higher soil cone index between 10 and 20 cm

depth than the other fields.

0 kg traction

1500 kg traction

800 kg traction

2500 kg traction

Figure 2.3.6 Soil cone index in different traction conditions with different numbers of passes.

Table 2.3.1 shows the soil cone index results focused on the nose zone area. Soil cone

index results in different traction conditions and the number of passes were compared

between each group. Lowercase letters (abc) indicate the comparison under different pass

conditions within the same traction group (vertical). Capital letters indicate the comparison

under different traction conditions within the same pass condition (horizontal).



Table 2.3.1 Cone index analysis of the nose zone.

Range of the nose zone (cm)
pass 0kg

1 17.07bB
4 19.93aA
9            20.33aAB

800kg
20.17aA
19.2aA

18.57aBC

1500kg
17.07cB
18.1bA
21.17aA

2500kg
16.23bB
19.1aA
17.5bC

Depth of the max cone index (cm)
pass 0kg 800kg

1              12.5bC         12.1bC
4             11.33bC        11.3bC
9              14.17aB         14.1aB

1500kg
15.03aB
15.07aB
15.07aB

2500kg
22.17aA
19.07bA
18.03bA

Max cone index (MPa)
pass 0kg

1              1.15cA
4              1.78bA
9              2.17aC

800kg          1500kg         2500kg
1.15cA         1.17cA         1.29cA
1.9bA          1.81bA         1.75bA
2.42aA           2.3aB          2.46aA

Average cone index (MPa)
pass 0kg

1 0.765cB
4 0.931bB
9 0.979aC

800kg
0.839cA
1.042bA
1.124aA

1500kg
0.838bA
0.899bB

1.010bBC

2500kg
0.824cA
0.92bB

1.075aAB

The range of the nose zone did not change significantly with increasing passes at 0 and

800 kg traction in most situations. However, the range increases with the number of passes

when the traction is under 1500 and 2500 kg conditions. For different traction conditions and

the same number of passes, the range of soil cone index did not differ significantly for most of

the traction conditions between one and four passes. After nine passes, there is a significant

difference in the range of soil cone index between traction conditions.

For the depth of max soil cone index, the depth of max soil cone index increases with the

number of passes, increasing with 0 and 800 kg traction conditions. However, under 1500 kg

traction conditions, it did not change significantly with one, four and nine passes. Moreover,

under 2500 kg traction conditions, the depth of the max soil cone index reduced as the

number of passes increased. For different traction conditions and the same number of passes,

the depth of the max soil cone index increased with the traction increasing significantly.

For the max soil cone index, the value increased with the number of passes increasing in each

traction condition. No significant difference in max cone index was found for the different

traction conditions at one and four passes. After nine passes, a significant difference was

found at different tractions. However, the 800 kg traction had a higher max cone index than



the 1500 kg traction condition.

For the average soil cone index from 0 to 40 cm, the average soil cone index increases

significantly as the number of passes increases in all four traction conditions. The results after

one and four passes show the soil cone index increasing significantly with the traction

increase. However, the 800 kg traction condition had the highest average soil cone index

value after nine passes rather than the highest traction condition, 2500 kg, as expected.

Profile Meter after the Compaction

The soil profiles for different traction forces are shown in Figure 2.3.7. The results show

that the soil profile increases with the number of passes for all traction conditions. Although

the soil profile shows a higher value after four and nine passes in higher traction conditions,

there were no statistically significant differences in the soil profile value for each traction

condition.

Slip Rate

In this section, the slip rates under different soil conditions and traction conditions were

analysed. The specific results are listed below.

The slip rate (%) under repeated wheeling in different traction conditions is shown in Table

2.3.1 The results show that no slip rate exists in the first pass at 0 kg. The first pass in three

traction conditions had the maximum slip rate compared to the conditions of two to nine

passes. No significant difference in slip rate was found between two and nine passes in all

four traction conditions.



Table 2.3.1 Slip rate (%) under repeated wheeling.

Pass
0

Traction (kg)
800 1500 2500

1 0.00 7.95
2 1.29 6.54
3 1.15 5.86
4 1.52 5.70
5 1.37 7.05
6 1.40 6.20
7 1.22 5.92
8 1.89 5.30
9 1.66 6.37

15.77 40.11
14.42 30.79
14.42 29.78
14.64 29.83
14.81 27.75
14.81 29.78
14.64 28.99
14.42 28.71
14.47 29.50

Rolling resistance data were collected after the number of passes, as shown in Figure

2.3.8. Trendlines were made using the method of single exponential decay. The results

indicate that the first pass of the tractor has the highest rolling resistance. The rolling

resistance gradually decreases to a stable area as the number of passes increases in the same

traffic lane.

Figure 2.3.8 Rolling resistance collected after the number of passes.

Here is the slippage rate in different traffic and traction conditions. Three kinds of traffic

conditions were chosen as the original field, which is an uncompacted field (zero passes), the

trafficked field after nine compactions (nine passes) and the permanent traffic lane, which is

located on the edge of the field used for transporting the machine during the farming

operation. Trendlines were made using the method of single exponential decay. The results

show that the slip rate increased with the traction in all three soil conditions. After nine passes,

the permanent traffic lane has a lower slip rate than the zero-pass field in all traction

conditions. The slip rate in the uncompacted field rises significantly with the increasing

traction compared to the nine-pass field and the permanent traffic lane. Compared to Figures



2.3.9 and 2.3.10, the hard traffic lane has lower rolling resistance and slip rate, saving more

energy and working efficiency than conventional agriculture.

Figure 2.3.9 Slippage rate in different traffic conditions.

Fuel consumption

Table 2.3.2 shows the fuel consumption with different traction levels and the number of

passes. The calculation of power used in Table 2.3.2 considers the net tractive effort, slip rate

and energy loss in the transmission and hydraulic system. Fuel consumption is calculated by

the power used. Fuel savings in each pass situation were calculated by comparing with fuel

savings with zero passes in each traction condition.

Table 2.3.2 Fuel consumption with different traction levels and number of passes.

Power used (kW)
Pass 800 1500 2500

Fuel consumption (kg/h)
800            1500           2500

Fuel savings (%)
800 1500 2500

0 13.86
1 13.91
2 12.36
3 12.93
4 11.61
5 13.16
6 13.39
7 12.48
8 13.23
9 11.72

Permanente lane 10.32

25.92 56.13 3.60
26.62 45.85 3.62
26.14 44.08 3.21
22.91 43.81 3.36
23.56 41.42 3.02
23.21 44.30 3.42
22.85 42.68 3.48
22.39 43.81 3.25
24.19 43.73 3.44
22.30 44.23 3.05
18.34 32.37 2.68

6.74 14.59
6.92 11.92
6.80 11.46
5.96 11.39
6.13 10.77
6.04 11.52
5.94 11.10
5.82 11.39
6.29 11.37
5.80 11.50
4.77            8.42

0.00            0.00            0.00
-0.37          -2.68          18.31
10.82          -0.86          21.48
6.73           11.63          21.95
16.22           9.11           26.21
5.01           10.45          21.09
3.39           11.86          23.96
9.93           13.61          21.96
4.53            6.68           22.09
15.40          13.98          21.20
25.50          29.23          42.34

As the number of passes increases, the power loss due to rolling resistance and slip

decreases, and the useful power available for traction increases. As the number of passes

increases, the machine uses less power for all traction levels to produce the same work. On

the uncompacted field (the field without pass) and compacted field (the field after 9 pass) all

traction levels require more power than the permanent traffic lane.

From an environmental point of view, fuel savings are relative to reducing CO2 emissions into



the atmosphere. As the number of passes increases, the machine produces less CO2 for all

traction levels for the same work. All traction levels produce more CO2 on the uncompacted

field (the field without pass) and compacted field (the field after 9 pass) than the permanent

traffic lane.

2.4 Discussion

Effect of Traction

The stress in the soil was calculated by vertical load, horizontal load and radial normal

stress at each collection point. Horizontal stress (shear stress) on the soil surface can be

calculated from the given traction (Keller et al., 2007b) as one part of the stress which creates

the soil compaction. Our results show that the stress underneath the soil, soil bulk density, soil

cone index and soil disturbance increased with the increasing traction in our field experiment.

Higher traction had higher soil stress at different soil depths and locations were found in both

collected and simulation results. A similar result was also found in previous research (ten

Damme et al., 2021b). Higher pressure underneath the soil causes more compaction and

increases the soil bulk density and soil cone index in each depth (Keller et al., 2014, 2007b;

Keller and Arvidsson, 2016).

Many researchers have found that higher traction has more compaction (Battiato and

Diserens, 2017; Bulgakov et al., 2020; ten Damme et al., 2021a, 2021b). Moreover, the static

pressure distribution of the compaction procedures was studied. However, the shear stress

distribution caused by the traction was not considered in soil compaction research but

probably contributes significantly to soil structure deterioration (Schjønning et al., 2020).

Furthermore, many factors can influence the distribution of shear force in the soil under

different soil conditions with different parameters. For example, tractor tyre size, pressure, the

weight of the tractor, four or rear-wheel drive of the tractor, the distance between the front and

rear wheels of the tractor and how the PTO is hooked up to the working part all affect the

shear force caused by the traction (Battiato, 2014). The method of increasing the traction

resistance without adding weight was implemented in the field experiment. The results

confirm that higher traction increases the soil compaction (Battiato, 2014; Schreiber and

Kutzbach, 2008; ten Damme et al., 2021b; Zoz and Grisso, 2003a) by using the brake power

from the rear tractor rather than adding the machine’s weight during the test. However, the

method of how the tractor is hooked up to the other, the equipment used to connect the two

tractors and the stability of the tractor’s operation all impact the experimental results, so

further research is needed (Battiato, 2014).



Effect of Repeated Wheeling

Significant differences were found in soil bulk density, soil cone index and soil profile

after repeated wheeling compared to the uncompacted field. The main change in the soil bulk

density and soil profile occurs in the first pass compared to the next eight passes. The soil

cone index changes mainly happened from 0 to 40 cm, with the number of passes increasing.

Additionally, the sinking of the topsoil was observed during repeated wheeling. The trend of

the changing values in soil bulk density, soil cone index and soil profile is similar in different

traction conditions. Compared to the changing results, soil moisture and stress showed no

significant differences in repeated wheeling.

Other studies have also observed that the first pass forms a harder soil surface in the

form of wheel ruts (Way et al., 1995). It also causes maximum near-surface deformation

(Pytka et al., 2006). As for the topsoil’s sinking, the soil layer’s thickness decreased

significantly from the first to the second passes, while no differences were found in the

subsequent ten passes (Lamandé et al., 2015). Our experiments were carried out in a dry

condition. This damage to the top layer of soil due to the first and second compaction further

increases the contact area between the tyre and soil, reducing the pressure per unit area caused

by the tyre on the soil. Specifically, the increased contact area minimises the soil pressure per

unit area. However, as the number of passes increases, the soil pressure increases due to a

tighter soil structure. This phenomenon has also been observed in previous studies (Horn et al.,

1998; ten Damme et al., 2021b).

Effect of Slippage

The experimental results show that the slipping rate increases with the traction increasing

in different soil conditions. The tractor had a lower slip rate in compacted soil where the nine

passes had been completed. Furthermore, the permanent traffic lane has an even lower slip

rate than the compacted field. The experimental results show that the permanent traffic lane

has the lowest slip rate and highest working efficiency compared to the uncompacted and

compacted fields. The limited slip rate and high working efficiency save more energy and

produce less CO2, guaranteeing economic and ecological benefits. Similar results were

obtained in the previous study (DAVIES et al., 1973; Tijink, 1994). Higher slip causes higher

soil compaction (BASHFORD, 1995; DAVIES et al., 1973; Raghavan et al., 1977), which has

a significant impact on soil erosion (Battiato et al., 2015) and causes great damage to soil

fertility (Nadykto et al., 2015).

Fuel economy on the permanent traffic lane may have several practical implications.

First, lower fuel consumption reduces operating expenses. Economic savings can be easily

obtained by multiplying the litres of fuel per hour by the price per litre purchased. According



to our tests, a higher traction load has higher energy savings and efficiency, which was also

obtained by the previous study (Battiato and Diserens, 2013). Therefore, farms can use fuels

in different ways. One of these is the possibility of higher quality operations with the same

power used, such as better preparation of seedbeds or other tillage operations. Another

example is in performing split fertilisation to improve the uptake of inputs by plants. Other

possibilities include using the saved fuel for other operations such as irrigation, or the option

of using the power saved by the machine to increase work capacity and time.

One strategy to reduce power loss due to skidding and rolling is to ensure traffic in the

permanent traffic lane. This is one of the advantages of using a CTF system to organise the

viability of field machinery (Chamen, 2015; Kingwell and Fuchsbichler, 2011; Latsch and

Anken, 2019). For this reason, in the CTF system, the permanent traffic lane reduces the

slippage within limits compared to the conventional tillage field for the same load and

working resistance (Antille et al., 2016). Furthermore, the field experiment made it possible to

evaluate and quantify the machine’s slip rate and rolling effects in terms of power loss and

associated fuel consumption under various transport conditions. Therefore, farmers should be

advised in agricultural operations to consider controlled traffic farming (CTF) systems to

improve efficiency and reduce energy consumption. Despite the difficulties of changing from

conventional agriculture to CTF (Bluett et al., 2019; Chamen, 2015), planned driving

trajectories for tractors rather than random movements can increase efficiency and reduce

operating costs.

2.5 Conclusions

Tractor performance was measured under different traction resistance conditions in this

field experiment. The study quantified the soil stress, soil bulk density, soil moisture, soil

cone index, soil surface disturbance, rolling resistance and slip rate under different numbers of

passes and soil and traction conditions. The actual power used under different traction

conditions was collected in uncompacted soil, compacted soil and the permanent traffic lane.

Fuel consumption and savings were calculated between uncompacted soil, compacted soil and

the permanent traffic lane.

The results show that soil stress increases in each location as traction and the number of

passes increase. Soil’s physical properties increase, such as the soil bulk density, soil moisture,

soil cone index and soil surface disturbance, with the increasing traction and number of passes.

However, no significant difference was found between different traction conditions for the

different number of passes. The slip rate increases with traction in each soil condition as

uncompacted soil, compacted soil and the permanent traffic lane. The results show that the



permanent traffic lane has a lower slip rate under different traction conditions than the

uncompacted and compacted soil.

Furthermore, the permanent traffic lane has less energy consumption with the same

traction resistance. The permanent traffic lane saved 25.50%, 29.23% and 42.34% fuel

compared to the uncompacted field in 7.85, 14.71 and 24.52 kN traction conditions,

respectively. Our results show that the traffic lane not only could reduce the negative effect of

the soil compaction caused by the random traffic, but also could increase the working

efficiency and save energy. Moreover, the dynamic factors such as traction and rolling

resistance should be considered in soil compaction research rather than static weight only. In

practice, the controlled traffic farming (CTF) system or driving the tractor more frequently on

the permanent traffic lane should be considered to improve working efficiency and reduce

energy consumption.



3. Headland and Field Edge Performance Assessment

Abstract

Headland and field edges have higher traffic frequency compared to the field centre,

which causes more compaction. Most repeat compaction is located at the field entrance area

and headland during the machinery turning and materials transporting within fertilisation,

herbicide, and harvest, which could cause soil structure destruction and yield reduction. In

this study, the differences between headland, field edges and field centre were studied using

yield maps and the vegetation indices (VIs) calculated by the Google earth engine (GEE).

First, thirteen yield maps from years 2019 to 2022 were used to measure the yield difference

between headland, field edges and field centre. After that, one hundred and eleven fields from

north Italy were used to compare the vegetation indices differences (VIs) between headland,

field edges and field centre area. Then, field size, sand and clay content were calculated and

estimated from GEE. The yield map result showed that headland and field edges were 12.20%

and 2.49% lower than the field centre. The VIs result showed that headland and field edges

were 4.27% and 2.70% lower in NDVI, 4.17% and 2.67% lower in GNDVI, 5.87% and

3.59% lower in NDRE, respectively. The yield losses in headland and field edges increased

with the clay content increasing and sand content decreasing.

3.1 Introduction

Headland and field edges are the areas close to the boundary within arable field margins

where the farm equipment turns and moves during field operation (Boatman, 1994; Sparkes et

al., 1998a; Wilcox et al., 2000). Many turns were made in headland areas during each field

operation of planting, fertilising, and harvesting (Bochtis and Vougioukas, 2008; J. Jin and L.

Tang, 2010). As a result, the field edges have a higher traffic frequency than the field centre

(Duttmann et al., 2013; Rodrigues et al., 2015; Scott et al., 2005; Spekken and de Bruin, 2013;

Sunoj et al., 2021). Also, most of the repeat compaction is localised at the headlands and field

edges (Duttmann et al., 2014, 2013; Godwin and Miller, 2003). The repeat wheelings in the

headland and field edges caused more soil compaction both in the topsoil and subsoil

(Duttmann et al., 2014).

Soil compaction in the headland and field edges leads to physical and mechanical

disturbance of soil structure and reduced root growth (Gaženja, 2019; Szatanik-Kloc et al.,

2019). As a result, yields were often lower in the headland and field edges compared to the

field centre (Boatman and Sotherton, 1988; Cook and Ingle, 1997; De Snoo, 1994; Kuemmel,

2003; Sparkes et al., 1998b; Speller et al., 1992; Sunoj et al., 2021; Wilcox et al., 2000). For



example, a five-year field experiment was conducted with sugar beet, wheat and barley. The

headlands yield was 26% and 7% less than the field centre in sugar beet and cereals(Sparkes

et al., 1998a). Similarly, a three-year study of barley and rye showed that soil compaction on

the headland was 43.32–44.51% higher than the field interior during germination, as the soil

compaction increased to 51.76-53.28% before the harvest. As a result, it reduced the yield of

barley and rye by 36.16% and 35.48% for each crop (Barać et al., 2015). In addition, some

studies mentioned the impact of headlands on crop performance (Kuemmel, 2003; Ward et al.,

2020; Wilcox et al., 2000) and the negative yield effect of traffic-induced soil compaction

(Arvidsson and Håkansson, 2014; Arvidsson and Keller, 2007). Although most of the research

said that the headland and field edges have a lower yield than the field centre, some research

didn't find a significant difference in the yield performance of the headland and field edges.

For example, a 2-year field experiment on no-till Maize and soybean fields showed no

significant difference in yield even though the soil bulk density increased due to compaction

(Sivarajan et al., 2018). Similarly, another study found that the wheat yield in the centre part

was 44% to 69% higher compared to the headland. However, the volume of the seed and

1,000 kernel weight in the field centre were lower than the field edges(Gaženja, 2019).

The previous research found spatial variability in the field between the headland, field

edges, and field centre. Many studies discussed the spatial variability in crop performance

(Ward et al., 2020; Wilcox et al., 2000). Yield sampling, yield monitoring and hand-collecting

were used to study the yield spatial variability (Barać et al., 2015; Cook and Ingle, 1997;

Gaženja, 2019; Sivarajan et al., 2018; Sparkes et al., 1998a). For example, the yield data were

collected to determine the effects of proximity to the field edge on Maize and soybean yields

by using a yield monitor equipped combine harvester (Barbour et al., 2007). Similarly, the

field and farm-scale yield monitor data were used to estimate the yield difference between

headland and non-headland from 4,145 fields across 63 farms in the US. The result showed

that yields per hectare were 14% and 16% lower in the headland areas for grain and silage

(Sunoj et al., 2021). While other researchers also concluded that the yield in the headland area

has a 15.6% reduction compared to the field centre area(Cook and Ingle, 1997). However,

yield increase was also recorded in headland areas (Boatman and Sotherton, 1988; Cook and

Ingle, 1997).

Remote sensing and satellite data were used to study within-field variability and crop

yield monitoring. Remote sensing technology avoids the laborious and the time limit

compared to the previous method, such as surveys of the field or monitoring in the combined

harvester, which were used in within-field spatial variabilities studies in the past. Previous

studies focused on the within-field spatial variability based on remote sensing data (Campos



et al., 2019; Kayad et al., 2019, 2016). Besides, other studies have shown the linear

connection between the vegetation indices and the crop yield (Al-Gaadi et al., 2016; Báez-

González et al., 2002; Gao et al., 2018; Maestrini and Basso, 2018; Toscano et al., 2019). In

general, there are two main strategies in yield monitoring studies. First is the yield prediction

and estimation using biomass and the harvest index (Gao et al., 2018; Tucker et al., 1981; Yao

et al., 2015). The second is crop growth monitor and yield prediction based on plant

physiological models, remote sensing data, and meteorological data (Asrar et al., 1985;

Campos et al., 2019; Patel et al., 2001; Yao et al., 2015). Vegetation indices have been

developed to describe crop growth conditions and estimated yield, such as the Normalised

Difference Vegetation Index (NDVI), Soil Adjusted Vegetation Index (SAVI), Green

Normalized Difference Vegetation Index (GNDVI), and Normalised Difference red edge

(NDRE) (Gitelson et al., 1996; Kayad et al., 2019; Panda et al., 2010; Tucker, 1979; WANG

et al., 2007; Xue and Su, 2017).

Many researchers have already focused on using satellite data to estimate crop yield and

got accurate results (Báez-González et al., 2002; Bu et al., 2017; Duttmann et al., 2013;

Godwin and Miller, 2003; Sibley et al., 2014). The publicly accessible Sentinel-2, jointly

initiated by the European Commission (EC) and the European Space Agency (ESA),

represents an opportunity to implement high-resolution yield prediction models in high-

resolution satellites (Drusch et al., 2012). Sentinel-2 systematically provides global

acquisition of high-resolution (10 to 60 meters) multispectral images with high revisit

frequency (5 days at the equator) and can be easily obtained and analysed through platforms

such as Google Earth Engine (GEE). Sentinel-2 data has already been used to analyse the

spatial variability (Cohrs et al., 2020; Drusch et al., 2012; Gao et al., 2018; Kayad et al., 2021,

2019; Toscano et al., 2019). So our idea was to use yield map and Sentinel-2 data to estimate

the yield and VIs differences between headland, field edges and field centre rather than

harvester yield only or hand-collecting results in the previous research.

The objective of this paper was to investigate the differences between headland, field

edges and field centre using yield maps collected during harvest and the vegetation indices

calculated by the GEE. The specific objectives of this study were to: I) Quantify the yield

difference between the headland, field edges, and centre area of the field; II) Quantify the VIs

difference between the headland, field edges, and field centre; III) Determine the impact of

field size on vegetation indices difference between headland, field edges and field centre; IV)

Determine the impact of clay and sand content on vegetation indices difference between

headland, field edges and field centre.



3.2 Materials and Methods

All selected fields are located in North Italy between latitudes 44.586 to 46.129 and

longitudes 7.595 to 13.149 (Figure 3.2.1). This area is the Mediterranean climatic zone with

an average rainfall of 994 mm. The yield and vegetation indices (VIs) differences were

studied in headland, field edges and field centre. First, thirteen yield maps were used to

estimate the yield and VIs difference between the three areas as listed the detailed information

in Table 3.2.1. Second, one hundred and eleven fields were selected to calculate the VIs

difference between headland, field edges and field centre. And the last, the field size and the

clay content were used to study the value differences between three areas in different field

sizes and clay content conditions.

Figure 3.2.1 Study fields in the red rectangle area which located in Veneto, Lombardy, and Emilia-Romagna, North Italy

Yield maps for yield and VIs study

In total, thirteen yield maps were used in the study recorded from the CLAAS combine

harvester (Lexion 8000) or forage harvester (Jaguar 900). A detailed description of years and

crops was listed in Table 3.2.1 The yield monitoring system mounted on the combine

harvester was used to record the yield, which could collect thousands of yield points each

hectare. Outliers points were removed by removing points in ±3 standard deviations. Filtering

was carried out to remove spatial outliers since the delay in data recording was already

considered in the yield monitor calibration performed by the producer. According to this latter

point, between 20% and 30% of points were removed, comparable with previously published

studies (Vega et al., 2019). The yield map consisting of sparse points was interpolated to a

raster using the kriging (“Kriging method in ArcGIS pro,” n.d.) method. Kriging, which used

the ordinary method and the spherical semi-variogram model, was performed through ArcGIS



pro (version 2.7.0). Then the rasters were imported into the GEE. Yields performance and VIs

difference were analysed in headland, field edges and field centre of each field. The specific

methodology of the study is listed below.

Field selection for VIs study

Field were selected based on the following criteria. Maize is one of the most important

crops in North Italy, with an average yield ranging between 8 and 10.6 t/ha over the last ten

years (EUROSTAT 2019, 2019). The One soil (“A website for precision farming service

Https://onesoil.ai/en/ (accessed 17.1.23),” n.d.) website was used to select fields which

planted Maize for three years from 2016 to 2018 during the field selection process. The 2018

crop was then confirmed using EUCROPMAP 2018 (d’Andrimont, Raphaël; Verhegghen,

Astrid; Lemoine, Guido; Kempeneers, Pieter; Meroni, Michele; van der Velde, Marijn

European Commission, 2021; d’Andrimont et al., 2021). One soil website identifies the crops

grown in different fields yearly. EUCROPMAP 2018 is a crop-type map based on Sentinel-1

and LUCAS Copernicus in-situ observations released in 2018. Each field was planted with the

same crops in the three positions of the headland, field edges and field centre and was

confirmed.

Fields were selected which have the regular rectangular shape. The regular rectangular

shape field has more disciplined traffic conditions than the irregular one. Moreover, the

regular rectangular shape maintains the study consistency among the selected fields.

Fields were selected while avoiding neighbour obstacles or influencing objects. The

obstacles and objects around the field could affect crop performance in field boundaries. For

example, the fields with neighbour trees, rivers, or irrigation canals were removed from the

study. The trees on the edge of the fields may influence the satellite data collection by

covering the field with the shade of trees. Additionally, rivers or irrigation canals around the

field could cause yield spatial variability in cultivated crops due to the available water

variability. The clean boundaries of each field ensure the comparability of selected fields.

Fields with different sizes ranged from 2.45 to 38.82 ha, with an average of 13.48 ha. In

total, one hundred and eleven fields were selected in the study.

Field classification

Each field was divided into three zones using recent and archived Worldview satellite

images in GEE. The field was defined in three parts: headland (red), field edges (blue) and

field centre (green), as shown in Figure 3.2.2.

Headland: Two opposite edges where the machinery turns and starts a new track or

boundary manoeuvres during the farming operation (red).



Field edges: Two opposite edges that the machinery precede the linear movement during

the farming operation (blue).

Field Centre: Centre area of the field without the headland and field edge areas (green).

Figure 3.2.2. Example of a selected field

Figure 3.2.3 illustrates one sample field with three corresponding zones. Headland and

field edges were presented as points of the Sentinel-2 pixels (10m×10m) (headland: red points;

field edges: green points). The points were selected from pixels located precisely on the edge

of the polygon, as shown in Figure 3.2.3. For example, some pixels are half inside the

polygon, or others have a gap between the filed edges and themselves. The field centre area

was presented by a 30m narrower polygon of the field edges, as the green area shown in

Figure 3.2.3. The field centre value was automatically calculated by GEE, which used the

mean of all pixels inside the field centre polygon.

Figure 2.2.3 Headland points (red) and field edges points (blue) in the field, which background is a NDVI layer for selecting

the points of headland and field edges in the field

Yield and VIs data collect

The yield in headland, field edges and field centre of each field were collected using the

yield maps uploading.

Three VIs results from each area and each field were collected through the highest three

dates each year from 2016 to 2018. Three indices that we used in this study were the

normalised difference vegetation index (NDVI), green normalised difference vegetation index



(GNDVI) and normalised difference red-edge (NDRE), in equations 1 to 3. Three equations

were applied through GEE on filtered Sentinel-2 satellite images, considering the time from

2016 to 2018 and corresponding zones. The applied filters on Sentinel-2 images include

calendar images ranging from May to August. The period corresponds to the summer crop

mid-season, which was reported as the most correlated Maize yield with vegetation indices

from the study area (Kayad et al., 2021, 2019).

(1)

(2)

(3)

Where: NIR is the reflectance at the near-infrared band (band 8, 785-793nm), R is the reflectance at the red band (band 4, 650-850nm), G is the

reflectance at the green band (band 3, 543-578nm), and RE is the reflectance at the red-edge band (band 5, 698-713nm) of the Sentinel-2 satellite

images.

The temporal resolution was also influenced by the cloud cover (Bukowiecki et al.,

2021). Therefore, deliberate attention was paid to the effect of cloud cover on data acquisition

from VIs in the study (Bukowiecki et al., 2021). A cloud percentage filter of 10% maximum

was applied to consider the clear satellite images for further analysis. In addition, a pixel-level

cloud filter was applied, taking advantage of the Scene Classification Layer (SCL) provided

by Copernicus. The applied filters led to three satellite images from each season with the

maxim value within each growing season. Each VI was calculated from each field,

corresponding zones, and all available images. Field size, clay content (Hengl, 2018) and sand

content (Hengl, 2018) of each field were calculated through the GEE using the OpenLandMap

which was calculated by the average of whole field area.

Statistics

Collected data were used to compare the headland and the field edges with the field

centre. The field centre acted as the control for each field to evaluate the performance of

headland and field edges. Each field yield map was input into the GEE, which used the same

methodology as the VIs analysis. As for the VIs, the max three values in headland, field edges

and field centre of each field and each year were used to analyse during the study. And then,

value differences between headland(H), field edges(L) and field centre(C) were compared by

using H/C, L/C, 1-H/C and 1-L/C. One-way ANOVA and t-test (5% significance level) were

performed to assess the difference between the three zones from the study fields under the

condition that each data group was verified as normally distributed. The Pearson test (0.05

significance level) was used to quantify the linear association with field size, clay content and



sand content in headland, field edges and field centre.

3.3 Results

Comparision between yield map and VIs results

In total, thirteen fields were used in the study collected from 2019 to 2022. There were

seven silage Maize (Zea mays) fields, four triticale (Triticosecale) fields and two Maize (Zea

mays) fields, separately. Field size ranged from 2.66 to 26.62 ha. The VIs (NDVI) map (left)

and yield map(right) are shown in Figure 3.2.4 as an example. The red points represented the

headland, and the blue points represented the field edges selected based on the methodology

located at the field edges precisely. It is worth noting that only two points in the northern

headland were accurately located on the edge of the field. The black polygon inside the field

(shown in the right figure was the field centre. The grayscale image is the yield map imported

into the GEE after the kriging.

Figure 3.2.3 NDVI (left) map and yield map (right) image of one selected field

The yield map results of the selected fields are listed in Table 3.2.1. The specific year of

the field, crop type, field size, the yield in each location and the difference between headland

(H) with field centre (C) and field edges (L) with field centre (C) were listed. The result

showed that the average yield was 12.20% and 2.49% lower in headland and field edges than

in the field centre. Among all the fields, eleven fields showed a lower yield in headland and

field edges than the field centre. Field numbers 5 and 9 had the highest yield in field edges

rather than field centre. Among all the fields, nine fields showed significant differences

among headland, field edges and field centre to each other. However, field numbers 5, 6 and 9

showed no significant difference between headland and field centre or field edges and field

centre at 0.05 level.



Table 3.2.1 Yield difference between headland, field edges and field centre

Number

1
2
3
4
5
6
7
8
9
10
11
12
13

Average

Year Crop

2019 Silage Maize
2019 Silage Maize
2019 Silage Maize
2020 Silage Maize
2021              Triticale
2021              Triticale
2021              Triticale
2021              Triticale
2021 Silage Maize
2021 Silage Maize
2021 Silage Maize
2022                Maize
2022 Maize

Size (ha)

26.62
25.41
4.26
9.38
3.86
6.82
2.66

10.41
26.62
13.85
10.67
10.37
7.14

Yield (t/ha)
H                      L                      C

25.71c             34.14b             34.82a
26.60c             28.21b             28.63a
30.96c             31.45b             32.20a
19.51c             24.50b             25.47a
19.67b             20.75a             20.53a
20.97a             20.12b             21.15a
20.91c             21.56b             21.78a
19.50c             22.97b             23.29a
42.31b             45.37a             45.24a
38.10c             43.81b             47.39a
34.16c             41.86b             44.80a
15.37c             16.51b             17.06a
15.12c 17.12b 17.40a

1-H/C 1-L/C

26.17%             1.96%
7.08%              1.44%
3.84%              2.33%

23.39%             1.85%
4.22%             -1.08%
0.84%              4.87%
3.99%              0.98%

16.30%             1.40%
6.46%             -0.29%
19.59%             7.55%
23.75%             6.55%
9.89%              3.24%

13.10%             1.61%
12.20% 2.49%

Lower letters (abc) indicate significant differences between headland(H), field edges(L) and field centre(C) of each field at

0.05 level.

The VIs results comparison within each group is shown in Table 3.3.1. The NDVI,

GNDVI and NDRE results showed that headland and field edges had a lower value than the

field centre in most fields. The value difference between headland and field centre (1-H/C) is

higher than the difference between headland and field centre (1-L/C) in most fields. The

average result among all the fields showed that headland and field edges were 12.97% and

5.89% lower than the field centre in NDVI, 10.55% and 5.11% in GNDVI, and 16.27% and

7.03% lower in NDRE.

Table 3.3.1 VIs results comparison within each field

Number
NDVI

1-H/C 1-L/C
GNDVI

1-H/C 1-L/C
NDRE

1-H/C 1-L/C
1
2
3
4
5
6
7
8
9
10
11
12
13

Average

16.57%              2.30%
0.20%               2.14%
1.93%               2.07%
4.99%               1.19%
4.99%               2.20%
9.10%               3.80%
5.41%               0.62%

10.06%              0.34%
11.90%              1.61%
7.60%               2.52%

11.68%              5.62%
25.01%              3.48%
30.91%             -1.40%
10.80%             2.04%

12.61%              2.15%             19.90%              4.39%
1.76%               3.74%               1.68%               2.86%
3.58%               1.82%               4.15%               2.63%
3.77%               1.32%               5.78%               1.99%
3.77%               1.96%               5.78%               2.86%
7.35%               3.65%             10.72%              4.95%
5.98%               0.84%               9.86%               1.71%

10.20%              0.23%             10.49%             -0.04%
9.97%               1.77%             14.80%              3.40%
3.69%               2.31%             13.02%              2.29%

10.66%              4.80%             15.92%              7.57%
24.69%              3.56%             31.29%              5.30%
27.84%             -0.26%             36.05%              0.44%
9.68%              2.15%             13.80%             3.10%

In both the VIs and the field results, smaller values were found at the headland and field



edges compared to field centre both in yield and VIs result. The VIs result showed the same

trend and value differences as the yield data. However, the NDVI and GNDVI slightly

underestimated the difference in values, and the NDRE slightly overestimated the difference,

respectively.

Comparision of VIs between headland, field edges and field centre

The VIs in the headland, field edges and field centre are shown in Table 3.3.2 The result

showed that headland has the lowest VIs and the field edges have lower VIs than the field

centre in NDVI, GNDVI and NDRE. The mean value of NDVI and GNDVI showed a

significant difference between the field centre with headland and field edges at 0.05 level.

However, there was no significant difference between headland and field edges. As for the

result of NDRE, the three positions all show significant differences compared with each other

at 0.05 level.

Table 3.3.2 VIs value and differences between headland, field edges and field centre

Type Headland(H)
NDVI                0.673b

GNDVI              0.574b
NDRE               0.577c

Field edges(L) Field center(c) 1-H/C 1-L/C
0.684b 0.703a 4.27% 2.70%
0.583b 0.599a 4.17% 2.67%
0.591b 0.613a 5.87% 3.59%

Lower letters (abc) indicate significant differences between headland(H), field edges(L) and field centre(C) to each area in

0.05 level.

The comparison between the field centre with headland and field edges in NDVI, NDRE

and GNDVI are shown in Figure 3.3.1. The red point represents the value of the headland and

field centre, and the blue point represents the value of the field edges and field centre. Among

all the 111 fields, 96/111(86.5%) of the headland and 93/111(83.8%) of field edges were

lower than the field centre in NDVI. And 96/111(86.5%) of the headland and 94/111(84.7%)

of field edges were lower than the field centre in GNDVI. As for the NDRE, 103/111(92.8%)

and 97/111(87.4%) headland and field edges were lower than the field centre.

Figure 3.3.1 Comparison between headland, field edges and field centre in NDVI, NDRE and GNDVI



Determine the impact of field size on vegetation indices difference between three areas

Figure 3.3.2 shows the correlation between field size and VIs difference (%) of headland

and field edges to field centre (H/C and L/C). The result showed that the H/C and L/C

increased with the field size. The red point represents the value of the headland/ field centre.

The blue point represents the field edges/ field centre. The red and blue lines are the trend

lines, respectively.

The Headland/field centre trend line (red line) showed a steeper slope in all three VIs than the

field edges/field centre (blue line). Although the trend could be found in figure 3.3.2 about the

value differences between headland, field edges and field centre increased with field size. No

significant correlations were found between headland, field edges and field centre in NDVI,

GNDVI and NDRE. The p-value was higher than 0.05 and lower than 0.169 in the six

comparisons of H/C and L/C in NDVI, GNDVI and NDRE

Figure 3.3.2. Comparison between headland, field edges and field centre in field size.

Determine the impact of soil texture on vegetation indices difference between three areas

Figure 3.3.3 shows the correlation between clay content and VIs difference (%) of

headland (red point, H/C) and field edges (blue point, L/C) to field centre. The red points

represents the value of the headland/ field centre. The blue point represents the field edges/

field centre. The red and blue lines are the trend lines, respectively. The field's clay content

range was from 20.63% to 43.70%. The result showed that the value differences between

headland, field edges with field centre increased as the clay content. And also, the value

differences between headland to field centre and field edges were narrowed as clay content

increased.

Significant correlations were found between headland, field edges and field centre in

NDVI, GNDVI and NDRE. Except for the H/C in GNDVI and NDRE, which was 0.069 and

0.086, respectively, showed no significant correlations with the clay content of the field. The

p-value was lower than 0.05 in most of the comparisons of H/C and L/C in NDVI, GNDVI

and NDRE.



Figure 3.3.3 Comparison between headland, field edges and field centre in clay content.

Figure 3.3.4 shows the correlation between sand content and VIs difference (%) of

headland (red point, H/C) and field edges (blue point, L/C) to field centre. The value

differences between headland, field edges and field centre were calculated from the average

of three years from 2016 to 2018. The red point represents the value of the headland/ field

centre. The blue point represents the field edges/ field centre. The red and blue lines are the

trend lines, respectively. The sample field's sand content range was from 16.81% to 48.62%.

The result showed that the value differences between headland, field edges with field centre

reduced as the sand content increased. And also, the value differences between headland and

field edges became larger as the sand content increased. Significant correlations were found

between headland, field edges and field centre in NDVI, GNDVI and NDRE. Except for the

H/C in GNDVI (0.063) showed no significant correlations with the clay content of the field.

The p-value was lower than 0.05 in all other comparisons of H/C and L/C in NDVI, GNDVI

and NDRE.

Figure 3.3.4 Comparison between headland, field edges and field centre in sand content.

3.4 Discussion

Yield and VIs difference between headland, field edges and field centre

In this study, yield and VIs results both showed significant differences between headland,

field edges and field centre at 0.05 level. The yield map result showed that headland and field

edges were 12.20% and 2.49% lower than the field centre in 13 field. The VIs result showed

that headland and field edges were 4.27% and 2.70% lower in NDVI, 4.17% and 2.67% lower



in GNDVI, 5.87% and 3.59% lower in NDRE, respectively in 111 fields. The yield losses in

headland and field edges increased with the field size and clay content increasing and sand

content decreasing. Our study showed a similar result about the lower yield of the headland

(turning area) compared to the field centre area (mid-field area, non-compacted area or non-

headland) in the previous research (Cook and Ingle, 1997; Kuemmel, 2003; Sparkes et al.,

1998b; Speller et al., 1992). In the previous research, significant variations in winter wheat

yield were found between the headland and field centre (Wilcox et al., 2000). Headland yields

were 14% (grain) and 16% (silage) lower than yields in the non-headland areas (Sunoj et al.,

2021). The average yield headland and field edges for various crop types compared to field

yields ranged from 7-45% for cereals, 10% for potatoes and 26% for sugar beet at different

sampling widths (Chaney et al., 1999; De Snoo, 1994; Kuemmel, 2003; Sparkes et al., 1998a).

A study estimated yield gain amounted to 4% at the field and farm levels, considering the

percentage of headland and field edges in each field (Sunoj et al., 2021).

However, each field has its unique soil condition, climate characteristics of different

regions, specific annual weather conditions and manual operation experience. For example,

the traffic conditions will differ because of each field's implement size, working widths and

turning method. So the result of the sample field could vary among the study field we selected.

That could be the reason that not all the fields had lower yields or VIs in headland and field

edges. The headland and the field edges have more compaction during the field operations

because of more traffic (K. Liu et al., 2022; ten Damme et al., 2021b), leading to considerable

production losses (Kaczorowska–Dolowy et al., 2019; Li et al., 2007; Sivarajan et al., 2018).

The headland and field edges should have a lower yield because of more machine traffic than

the field centre if all the fields have the same working condition and agronomy. Besides the

soil compaction, yield loss in the headland and field edges may also reflect soil erosion,

planter and fertiliser efficiency, within-field variability, edge-feeding of weeds and pests(birds,

rodents and deer), and competition for light, water, and nutrients resources with adjacent

obstacles. Several reasons could influence the performance of the headland and field edges.

More soil compaction in headland and field edges: During each field operation, there is

more traffic in the headland and field edges than in the field centre. Most repeat compaction is

localised at the field entrance area and in the headlands (Duttmann et al., 2014, 2013; Godwin

and Miller, 2003). The field edges have a higher traffic frequency than the field centre

(Rodrigues et al., 2015; Scott et al., 2005). Traffic in the headland and field edges will cause

more compaction both in the topsoil and subsoil [6], which destroys the soil structure,

increase soil erosion (Fleige et al., 2000; Prasuhn, 2011; Rauws and Auzet, 1989; SANDERS

and MOSIMANN, 2005) and causes yield reduction (Boguzas et al., 2001; Obour et al., 2018;



Ridge, 2001).

Planter and fertiliser efficiency: Skips and overlaps could happen in the headland during

the seeding and fertilising. Skip could reduce the sown area and crop uniformity, which

reduces the yield (K. Liu et al., 2022). The overlaps (doubling inputs) could negatively affect

the crop due to reduced stand uniformity within the field. Overlaps could result in excessive

plant densities, which could be favourable for disease development. And it also could have

negative impacts on production applications, such as difficulty determining optimal spray

timing for uneven maturity. Overlaps could also lead to lodging, making harvesting difficult

(R19075P, 2020).

Edge-feeding of insects and weeds: A large number of weeds in the field could invade

neighbouring crops and affect crops by competing for light, nutrients or water(Boatman, 1992;

Marshall and Arnold, 1995), which would reduce the performance of the headland and field

edges. However, the time collected VIs data was during the period when the crop had the

highest index, which was a few months before the main crop product was harvested. So this

reason may be less influential in this study.

Competition for light, water, and nutrient resources with adjacent obstacles: The

obstacles and objects around the field could affect crop performance in field boundaries like

neighbour trees, rivers, or irrigation canals. Trees that grow on the edge of fields may

influence crop growth by shading the field. Additionally, rivers or irrigation canals around the

field could cause yield spatial variability in cultivated crops due to the available water

variability. As in this study, fields surrounded by trees and rivers have been avoided, as

described in the methodology. So, the study removed this reason for the yield and VIs

decreasing.

Methodology of the data collecting: The pixel size is 10×10m which was selected from

the GEE. It is quite a large area if the field is not large size. The previous study even divided

the headland area into three areas: field edge, turning and transition to study the performance

difference between each other (Ward et al., 2020). So it could be possible to find a higher

value difference between headland, field edges and field centre if the resolution was higher

than 10×10m. Additionally, not all the pixels selected during this study were parallel-selected

with the field boundaries, as shown in Figure 3.4.1. The purple nails were the data collection

points, which means that the result underestimated the yield reduction in the headland and

field edges because pixels were more distant from the field boundaries rather than located

precisely on the field boundaries. So it means that if the resolution of the pixel was higher

than 10×10m like this time, more yield losses or the lower VIs could be found in the future

research study. And also that could be tested by comparison of parallel and non-parallel fields



in the further study.

Figure 3.4.1 Pixels (10×10 m) in the field edges.

In general, researchers mentioned that the reduced headland yields was due to factors

such as compaction by the trafficking of the agriculture machines, water and light competition

from woods and hedgerows, weed ingress and destruction of animals (Speller et al., 1992).

Although each of the reasons above could influence the yield in the headland, most research

considered traffic and compaction are the predominant factors causing the headland yield

reduction by many studies (Sparkes et al., 1998a; Speller et al., 1992; Welch et al., 2016;

Wilcox et al., 2000).

Our study aimed to know how much yield has been lost in the headland and field edges

based on the yield and VIs maps. Concerning the interpretation of the crop behaviour, deeper

information might be achieved by implementing hyperspectral data (Lee et al., 2010).

However, it is worth noting that such an approach would increase the effort for data analysis.

Also, it might reduce the potential interest and applicability in farm practice. The farm could

make a better strategy using the yield and VIs map result if it is convenient enough. Then,

better decisions could be made by increasing potential production, planting other crops, or

reducing fertility or other input. Such as assessing the economic benefits if the same amount

of fertiliser needs to be put in the headland and field edges. If the crop performance of the

headlands is affected by machine traffic, it may indicate that headland traffic management

may need to be improved to protect the production capacity of these areas. As for the yield

losses in headland and field edges, potential solutions include optimal path planning (Bochtis

and Vougioukas, 2008) or controlled traffic farming (CTF) (McPhee et al., 2020; Tullberg et

al., 2018, 2007), which could reduce the impact of compaction of the field. However, optimal

path planning could be challenging to implement when the width of the equipment is different,

such as planters, harvesters, and fertiliser application equipment (Sunoj et al., 2021).

Impact of field size and soil texture

The study result found that the VIs differences became larger between headland, field



edges to field centre with the field size increasing. The value differences were less in the

smaller fields (less than 10ha), mainly between 95% and 102.5%. However, no significant

correlations were found between headland, field edges and field centre in NDVI, GNDVI and

NDRE.

The results showed that the value difference of headland to field edges and field edges to

field centre increased with the clay content. Conversely, the difference was reduced with the

sand content increasing. This phenomenon emphasised the effect of soil compaction on VIs

reduced yield losses in areas of headland and field edges because of the effect of soil texture

on soil compaction. The plastic limits (lower plastic limit and liquid limit) are important soil

properties that can influence the soil's mechanical behaviour, which is highly related to the

clay content (Keller and Dexter, 2012). The higher clay content field was considered more

sensitive to soil compaction (Keller et al., 2019; Schjønning et al., 2015b). Some researchers

assumed yield losses due to the soil compaction of 8% for soils with>40% clay and 4% for

soils with 15–25% clay and that yield losses for lighter soils are negligible (Eriksson et al.,

1974). Conversely, Sandy soils are often considered structurally inert because of their massive

structure and the absence of shrink-swell properties [77] and caused less compaction by the

machine traffic (Keller et al., 2007b; Keller and Håkansson, 2010).

3.5 Conclusions

In this study, the value differences between headland, field edges and field centre were

studied using yield maps and the VIs result calculated by the GEE. The field size, clay content

and sand content were considered in the study. The result showed that headland and field

edges have lower yield or VIs than the field centre. The yield map result showed that

headland and field edges were 12.20% and 2.49% lower than the field centre. VIs result

showed that headland and field edges were 4.27% and 2.70% lower, 4.17% and 2.67% lower,

5.87% and 3.59% lower in NDVI, GNDVI and NDRE results, respectively. And also, the

value differences between headland, field edges and field centre increase with the clay content

increases. Conversely, the value differences between headland field edges and field centre

decreased with the sand content in-creasing. However, no significant correlations were found

between headland, field edges and field centre in field size. Soil organic content and crop type

should be considered in the future study. Our study suggestsed that the decision maker of the

farms pay more attention and plan better machine traffic to reduce the yield losses in headland

and field edges.

4. Effects of Subsoiling Angle and Tillage Depth on Soil Structure and Energy



Requirements

Abstract

The study investigates the impact of subsoiling on soil structure and energy requirements,

focusing on the angle of the subsoiler and the depth of tillage. Combines discrete element

analysis and field experiments, various parameters related to soil structure and machinery

performance were analysed. These parameters include simulation traction, energy and

velocity of soil particles, soil cone index, soil surface flatness, fuel consumption, traction

force, and slip rate during the field experiment. The resuly showed that the soil cone index

reduction was influenced by both the subsoiling angle and tillage depth. Traction resistance

increased with greater tillage depth and varies based on soil type and subsoiler angle.

Furthermore, fuel consumption during the subsoiling is significantly affected by the chosen

tillage depth and subsoiling angle. The analysis also reveals that slip rate was influenced by

soil type, tillage depth, and subsoiler angle. However, no significant difference in soil surface

flatness was observed across most tillage depths and working angles after the tillage operation.

Significant correlations were observed between simulation traction with field experiment

traction, simulation soil particle energy with simulation traction, and fuel consumption with

field experiment traction, at a significance level of 0.05. By considering the angle of the

subsoiler and the depth of tillage, practitioners can optimise soil structure, energy

consumption, and machinery performance, thereby promoting sustainable and efficient

agricultural practices.

4.1 Introduction

Soil compaction has become a challenge in agriculture in recent decades due to the

increasing size and weight of agricultural machines worldwide (Keller et al., 2019). The

negative effects of soil compaction have been widely studied in different countries and

include increased soil bulk density, soil cone index and soil shear strength (Blanco-Canqui et

al., 2010; DeArmond et al., 2019; Mossadeghi-Björklund et al., 2016; Obour et al., 2018;

Schjønning and Lamandé, 2018; Silva et al., 2018; Tekeste et al., 2008). In addition, soil

compaction could impede root exploration, reduce crop yield, and increase energy

requirements for field operations (Celik and Raper, 2016, 2012; Obour et al., 2017; Wells et

al., 2005). Tillage is one of the methods employed to mitigate the adverse impact of soil

compaction. By compressing and disrupting soil aggregates essential for air and water

movement and root growth, tillage helps to break down the compacted soil structure.

However, it is essential to note that tilled soils are generally more vulnerable to compaction



compared to no-till soils. Additionally, addressing subsoil compaction through tillage poses

significant challenges (Arvidsson, 2001; Etana et al., 2013; Hamlett et al., 1990; Schjønning

et al., 2012).

Subsoiling is a widely accepted mechanical method to alleviate soil compaction and

enhance crop growth (Abu-Hamdeh and Reeder, 2003; Celik and Raper, 2012; Sun et al.,

2023). Conservation agriculture involves keeping a certain amount of crop residues on the

surface to promote soil health and protect against erosion. In this context, subsoiling should

not only reduce the density of the compacted soils but also avoid the inversion of soil layers

and the creation of clods, which can limit the effectiveness of reduced tillage or no-till

planters. In addition, research has shown that subsoiling can improve water-holding capacity

and root penetration, reducing soil resistance and increasing rooting depth (Raper et al., 1998;

Wells et al., 2005). However, excessive energy consumption during soil preparation is a

critical issue that impacts farmers’ income, making energy savings a crucial factor in

subsoiling practices (Lu and Lu, 2017; Uzun et al., 2012).

The efficiency of subsoiling heavily depends on factors such as tillage depth, subsoiler

design, and technique. Various subsoiler designs have been tested for various soil types and

conditions to reduce energy consumption and improve tillage efficiency (ASAE Standards,

1999; Askari et al., 2016; Raper and Schwab, 2008; Song et al., 2022; Uzun et al., 2012;

Zhang et al., 2022; Zheng et al., 2016). Considering these factors is vital in designing and

implementing subsoiling practices to optimise benefits and minimise potential negative

impacts on soil structure and yields. This approach aligns with sustainable agriculture

principles, promoting soil health and productivity while mitigating environmental harm.

Subsoiling involves using shanks equipped with wings or curves to disrupt compacted soil

profiles at varying depths. The choice of shank design and wing angle can significantly

impact subsoiler performance, including draft force, soil disturbance, bulk density, penetration

resistance, and soil aggregation (Aikins et al., 2021; Li et al., 2018). For example, some

studies have investigated the effects of shank and wing design on subsoiler performance,

showing that angled shanks reduce draft force, and forward-bent wings with bend angles of

10° show the best performance for deep soil loosening (Askari et al., 2019, 2016). However,

the effects of operating angle and depth on subsoiler performance remain unclear.

Optimising tillage tool design can be resource-intensive and time-consuming, requiring

repeated experimental evaluations (Ani et al., 2018; Chen et al., 2013). However, finite

element modelling (FEM), computational fluid dynamics (CFD), and the discrete element

method (DEM) have streamlined this process. DEM is advantageous as it models the discrete

nature of soil particles, producing more realistic simulations of soil particle displacement and



forces based on Newton’s Second Law of Motion and mechanical contact force models

(Aikins et al., 2021; Hang et al., 2018; Li et al., 2016; Ucgul et al., 2014; Wang et al., 2020).

By utilising the discrete element model, comprehensive insights can be gained regarding the

impact of subsoiling tool design and operating parameters on subsoiler performance. This

scientific approach enables a deeper understanding of the factors influencing subsoiling

effectiveness, facilitating informed decision-making for optimal subsoiling practices.

This study study aims to comprehensively analyse the impact of working angle and

depth on subsoiler performance by employing discrete element and field experiment

methodologies. Multiple performance parameters, including subsoiler traction resistance, soil

particle energy, and soil particle velocity, were evaluated using DEM. Additionally, field

experiments were conducted to assess soil cone index before and after tillage, soil surface

flatness, traction force, fuel consumption and slip rate. By integrating these approaches, a

comprehensive understanding of the subsoiler’s performance under different working

conditions can be achieved.

4.2 Materials and Methods

Methodology of DEM simulation

The discrete element analysis in our study was conducted using the software EDEM

2018 (Altair Engineering, Troy, Michigan, USA) (“EDEM 2018,” n.d.). Previous research

studies (Di Renzo and Di Maio, 2004; D. Liu et al., 2022; Wang et al., 2017; Zheng et al.,

2016) provided the basis for the simulation parameters, including the properties of the sand

and clay soil, as well as the subsoiler. The sand and clay soil samples, with respective soil

accumulation angles of 36.2° and 34.7°, were collected on the day of the field experiment.

The contact between the soil and subsoiler employed the Hertz-Mindlin (no slip) contact

model. Plastic deformation was accounted for using the Hysteretic Spring contact model,

while normal cohesion utilised the Linear Cohesion contact model (Tamás et al., 2013; Ucgul

et al., 2015, 2014). Table 4.2.1 presents the specific simulation parameters, including soil

particle properties, material properties of the subsoiler, the interaction between the subsoiler

and soil, and other relevant parameters. Careful selection of these parameters ensured an

accurate representation of the soil and subsoiler behaviour during the analysis.



Type

Soil particle properties

Material properties of

the subsoiler

Table 4.2.1 Parameter of DEM simulation

Parameter

Density ρ/(kg/m3)

Shear modulus G/Mpa

Poisson's ratio v

Soil particle radius r/mm

Density ρ'/(kg/m3)

Shear modulus G’/Pa

Poisson's ratio v'

Coefficient of restitution between soil and soil, e1

Coefficient of rolling friction between soil and soil, e2

Sand soil

2550

1

0.25

1

7865

7.9×1010

0.3

0.6

0.17

Clay soil

2550

50

0.3

1

7865

7.9×1010

0.275

0.3

0.1

Interaction between Coefficient of static friction between soil and soil, e3 0.35 0.45

subsoiler and soil

Other parameters

Coefficient of restitution between soil and subsoiler, f1

Coefficient of rolling friction between soil and subsoiler, f2

Coefficient of static friction between soil and subsoiler, f3

Number of soil particles, n

Acceleration of gravity, G (m/s)

Rayleigh Time step (s)

Fixed Time step (s)

Simulation time, t (s)

Soil bin dimensions (length, width, height)/(mm)

Subsoiler time speed, v (m/s)

Tillage depth, h (mm)

0.5 0.475

0.1 0.1

0.45 0.5

107774

9.81

0.0016267

0.000325332

2

2300×1000×600

0.5

250,350

In the DEM (Discrete Element Method) experiment, the Alpego Skat S2 model subsoiler

(ALPEGO S.p.a, Lonigo, Italy) was utilised, and it was accurately imported into the EDEM

2018 (EDEM, 2018) at a 1:1 scale. The subsoiler model comprised two wings, as depicted in

Figure 4.2.1. A forward velocity of 0.5 m/s was maintained throughout the experiment to

ensure simulation stability. The working depths of 25 cm and 35 cm were achieved by

determining the depth at which the subsoiler blade effectively penetrated the soil. The angle

of the subsoiler during the simulation was calculated and adjusted based on the angle of the

wings relative to the horizontal plane. During the simulation, the subsoiler angle was varied in

5-degree increments ranging from 0 to 25 degrees. In addition, angles of 7.5° and 12.5° were

also employed to analyse the reasons behind the optimal performance observed at 10° in sand

soil. The right figure of Figure 4.2.1 illustrates the simulation process, with different colours

denoting the speed of the soil particles.



Figure 4.2.1 Subsoiler 3D model (left) and simulation example (right)

This study investigated the impact of manipulating the subsoiler's working angle and

tillage depth on soil disturbance and energy requirements. Data was collected and analyzed

from the simulation process, focusing on traction resistance, soil particle energy, and soil

particle velocity. The simulation aimed to gain insights into the subsoiler's performance,

similar to previous research methodologies (Aikins et al., 2021; Li et al., 2016; Zhou et al.,

2016). By utilizing this approach, the study aimed to enhance our understanding of how

different subsoiler working angles influence soil disturbance and energy requirements. The

collected data served as a resource for investigating the relationship between subsoiler

parameters and their impact on soil dynamics.

Methodology of field experiment

The field experiment was conducted both in sand and clay soil. Two different tillage

depths, 25cm and 35cm, along with two angles of the subsoiler, 10 and 20 degrees, were

tested in the field experiment. The angle between the subsoiler and the equipment frame was

adjusted to achieve the desired subsoiling angles. To enhance flexibility, a low-disturbance

anchor was attached to the cultivators. The study utilized a three-meter-wide Alpego "SKAT

S2" subsoiler, equipped with seven anchors and a hydraulically adjustable cage roller. The

subsoiler had a width of 42 cm between the tines, with approximately 80 cm spacing between

the front and rear tines. Initially, the blade inclination was set at 10° to the ground and could

be adjusted to 20° by adding shims under the anchor support, as depicted in Figure 4.2.2.

To standardise the working depth adjustment, the test involved extending the hydraulic

cylinders and adjusting the rear roller while measuring the distance between the drum centre

and the machine support surface. It is important to note that the right figure not only changes

the angle of the lateral wings from 10 to 20 degrees compared to the left figure but also alters

the angle of the anchor from 15 to 5 degrees and the height of the subsoiler from 568 to 632

mm. However, the same working depth was maintained under different angle conditions

during the field experiment to maintain experiment accuracy.



Figure 4.2.2 Subsoiler designed with two positions

The field experiment was conducted in Trecenta, Rovigo, Italy (45.031694, 11.465849).

The experiment used two types of soil: pure sandy soil, which had previously been planted

with corn and fertilised with liquid manure after harvest, and clay soil, with hard wheat as the

previous crop. The residues on both fields were threshed and chopped by a combine harvester.

The field experiment involved two working depths (25 and 35 cm) and two subsoiler wing

angles (10° and 20°). Various parameters were measured during the tests, including soil cone

index, soil surface flatness, traction, fuel consumption, and slip rate. Figure 4.2.3 illustrates

the field experiment, where two tractors were utilised to measure traction. A dynamometer

was placed at the rear of the front tractor for this purpose.

Figure 4.2.3 Two tractors (left) and the dynamometer (right) used in the field experiment

The soil cone index, which represents the soil penetration resistance, was measured using

a Penetrologger (Eijkelkamp, Geesbek, The Netherlands). The Penetrologger was mounted on

an iron frame attached to a hydraulic piston. Additional information can be found in the

previous study (K. Liu et al., 2022). Measurements were taken from 0 to 70 cm depths with a

lateral width of 50 cm, covering 5 cm increments (21 lines in 100 cm width). The

measurements were repeated three times for each angle and working depth combination.

The soil surface flatness, also known as the soil surface profile, was measured

simultaneously with the soil cone index using a penetrometer as a pin meter during the field

experiment, following similar methodologies in previous studies (Miriti, 2013; Moreno et al.,



2008). To assess the soil surface flatness, the distance was calculated from the starting point,

where the penetrometer was positioned in the frame parallel to the soil surface, to the last zero

point, indicating the penetrometer has contacted the soil surface. The number of zero lengths

encountered during the measurement was recorded. Subsequently, the standard deviation of

the lengths within each group, consisting of 21 lines, was calculated. Finally, the differences

in average standard deviation each group between different groups under varying angle and

depth conditions were analysed.

The instantaneous fuel consumption data were directly collected from the onboard

computer of the tractor, specifically a Fendt 826 with a power of 191 kW (“Fendt. Fendt 826

Vario,” n.d.). The tractor maintained a constant speed of 6 km/h throughout the experiment.

Traction measurements were obtained by connecting two tractors with a 6 m wire rope during

the field experiment. A dynamometer (TZR 20 t, Yale Industrial Products GmbH, Wuppertal,

Germany) was attached to the rear of the front tractor, and real-time traction data was

transmitted to the monitor of the front tractor, as depicted in right of Figure 4.2.3.

The slip rate (slippage) was calculated for each working condition. The slip was

calculated as:

The is the actual distance after four turns of the rear wheel. is the theoretical

moving distance during the four-wheel turns, and S represents the slip rate.

Statistical analysis

The analysis of the simulation results involved calculating the arithmetic mean values for

traction resistance, total energy of soil particles, and average velocity across different

subsoiler depths and angles. These variables served as counterparts to the field experiment

measurements, which included soil cone index, soil surface flatness, fuel consumption,

traction resistance, and slip rate. Rigorous statistical analysis was conducted using IBM SPSS

Statistics software (IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Version

26.0. Armonk, n.d.) to assess the significance of the findings. The ANOVA (Analysis of

Variance) was used to compare the means at a significance level of 0.05. Additionally,

Pearson linear correlation analysis was performed to evaluate the relationship between

simulation and field experiment results at a significance level of 0.05.



4.3 Result

Simulation Results

The left side of Figure 4.3.1 provides information on the average horizontal force values

experienced by the subsoiler in the sand soil simulation. These force values represent the

resistance the subsoiler encounters in the opposite direction of movement. The results include

measurements at different angles and depths and their corresponding standard deviations. The

data reveals that the highest horizontal force values were observed at an angle of 25°. At a

depth of 25 cm, the maximum horizontal force value recorded was 2961.4 N, while at a depth

of 35cm, the maximum value was 4118.0 N. Conversely, the lowest horizontal force values

were observed at an angle of 10°. At a depth of 25cm, the minimum horizontal force value

measured was 1810.6 N; at a depth of 35cm, the minimum value was 2910.8 N. Considering

the data from both depths, significant differences between 10 degrees and 20 degrees were

observed, as well as 10 degrees and 25 degrees. While no significant differences were found

among the other angles at the 0.05 level.

The right side of Figure 4.3.1 presents the vertical resistance experienced by the

subsoiler during the sand soil simulation. This resistance represents the average traction

resistance encountered by the subsoiler in the vertical direction. The table displays the vertical

force values at various angles and depths. The data reveals that as the angle increases, the

vertical force decreases. At 0 degrees, the vertical force reaches its highest value, measuring

1233.50 N at a depth of 25cm and 1858.33 N at a depth of 35cm. On the other hand, at an

angle of 10 degrees, the vertical force is the lowest, with values of 542.93 N at a depth of

25cm and 1263.82 N at a depth of 35cm. Based on the data from both depths, a significant

difference was observed between the angles of 0 degrees and 10 degrees. However, no

significant differences were found among the other angle conditions at a significance level of

0.05.

Figure 4.3.1 Traction resistance of the subsoiler in horizontal (left) and vertical (right) direction of the sand soil

The left side of Figure 4.3.2 illustrates the average horizontal force values encountered

by the subsoiler, opposing its movement in clay soil. Among the tested angles, the subsoiler



demonstrated the highest horizontal force values at an angle of 25°. At a depth of 25 cm, the

maximum force recorded was 4151.1 N, while at 35 cm, it was 4493.0 N. In contrast, the

lowest horizontal force values were observed at 10° and 0° angles, measuring 3335.0 N at 25

cm depth and 3789.1 N at 35 cm depth. It can be noted that as the subsoiler angle increases,

the horizontal force values generally exhibit an increasing trend. It is worth mentioning that

the standard deviation of the horizontal resistance in the clay soil is generally higher

compared to the results obtained from the sand simulation. Based on the data from both

depths, significant differences were observed between the angle of 20 degrees and 25 degrees

compared to the other angles, while no significant differences were found among the

remaining angles at a significance level of 0.05.

On the right side of Figure 4.3.2, the average vertical resistance (N) experienced by the

subsoiler is displayed, representing the traction resistance exerted in the vertical direction

during the simulation. The data reveals a general trend where the vertical force increases as

the angle of the subsoiler increases. At a depth of 25 cm, the highest vertical force value was

observed at an angle of 20°, measuring 3148.1 N. Conversely, the lowest value was recorded

at an angle of 0°, which was 1851.7 N. Similarly, at a depth of 35 cm, the highest vertical

force value was observed at an angle of 20°, measuring 3690.3 N, while the lowest value was

recorded at an angle of 5°, which was 2081.5 N. Similar to the findings in the sand soil

simulation, the standard deviation of the vertical force values was generally large, indicating

variability in the results. In descending order, the angle of 20 degrees demonstrated the

highest level of significant difference among the four groups. This was followed by 25

degrees, 15 and 10 degrees, and 5 and 0 degrees, respectively. Each group exhibited a

significant difference at a 0.05 level from one another.

Figure 4.3.2 Traction resistance of the subsoiler in horizontal (left) and veritical (right) direction of the clay soil

The total traction resistance of the subsoiler is presented in Figure 4.3.3. At both depths

(25 cm and 35 cm), the highest total force was observed at the 25 degree angle. At 25 cm

depth, the force was 3106.74 N, while at 35cm depth, the force was 4277.29 N. The lowest

total force was observed at the 10-degree angle for both depths. At 25cm depth, the force was



1890.24N, while at 35cm depth, the force was 3173.30N. Based on the data, the trend of the

total force at 25 cm depth decreases as the angle increases from 0 to 10 degrees, then

increases as the angle increases further to 25 degrees. The trend is similar at the 35cm depth,

but the force values are generally higher. Considering the data from both depths, a significant

difference was observed between the angle of 25 degrees and 10 degrees, while no significant

differences were found among the other angles tested at 0.05 level.

The right of Figure 4.3.3 displays the total force exerted by the subsoiler in the clay soil

simulation, representing the combined horizontal and vertical forces during the simulation. At

a depth of 25cm, the highest total force value was observed at an angle of 20°, measuring

5098.5 N. In contrast, the lowest total force value was recorded at an angle of 10°, measuring

3931.5 N. Similarly, at a depth of 35cm, the highest total force value was observed at an angle

of 20°, measuring 5726.4 N, while the lowest value was recorded at an angle of 0°, measuring

4381.2 N. The data indicates that increasing the subsoiler angle leads to an increase in the

total force exerted. Considering the data from both depths, the angle of 20 and 25 degrees

showed a significant difference compared to the other angle. However, other angles showed

no significant difference between each other at 0.05 level.

Figure 4.3.3 Total resistance of the subsoiler of the sand soil(left) and clay soil(right)

Figure 4.3.4 presents the total energy of soil particles in sand soil (left) and clay soil

(right), the sum of the translational kinetic energy (J) and the rotational kinetic energy of soil

particles. In sand soil the total energy ranged from 76.7 J to 84.5 J at the 25 cm depth,, with a

standard deviation ranging from 15.9 J to 18.2 J. Similarly, for the 35 cm depth, the total

energy ranged from 82.6 J to 90.4 J, with a standard deviation ranging from 16.8 J to 20.8 J.

However, the results did not show a significant difference in the total energy values among

the different angles at either depth level, with a significance level of 0.05. The simulation data

also did not indicate a clear trend in the total energy required for tillage with increasing angle.

Interestingly, the 10-degree angle was found to have the highest total energy among all angles

for the 25cm depth, while it showed the lowest total energy among all angles for the 35cm

depth.



The figure on the right side of Figure 4.3.4 presents the total energy of the subsoiler in

the clay soil simulation. The figure provides the total energy values for different angles and

depths and their corresponding standard deviation values. At a depth of 25cm, the highest

total energy value was observed at an angle of 25°, measuring 126.4 J. In contrast, the lowest

total energy value was recorded at an angle of 0°, measuring 93.0 J. Similarly, at a depth of 35

cm, the highest total energy value was observed at an angle of 20°, measuring 174.4 J, while

the lowest value was recorded at an angle of 5°, measuring 112.5 J. The data suggests that the

total energy values can vary depending on the angle and depth of the subsoiler. However, it is

important to note that the standard deviation values indicate some degree of variability in the

measurements. Considering the data from both depths, 20 degrees showed significant

differences compared to 10, 0, and 5 degree angles at 0.05 level.

Figure 4.3.4 Soil particles total energy of the sand soil(left) and clay soil(right)

Figure 4.3.5 represents the average velocity in the horizontal (left) and vertical direction

(right) the soil particle in sand soil simulation. For the horizontal velocit, the average velocity

increased from 0.00169 m/s at 0 degrees to 0.00285 m/s at 25 degrees at a depth of 25 cm.

Similarly, at a depth of 35 cm, the average velocity increased from 0.00216 m/s at 0 degrees

to 0.00337 m/s at 25 degrees. The standard deviations of the average velocities varied from

3.21E-04 to 5.68E-04 m/s, indicating relatively small variations among the measurements.

Taking into account the data from both depths, significant differences were found among the

tested angles. Specifically, significant differences were observed between the angles of 0-12.5

degrees, 10-15 degrees, and 20-25 degrees. These three groups exhibited clear distinctions

from one another at a significance level of 0.05. Overall, the data showed that increasing the

angle of subsoiling generally leads to higher horizontal velocities of soil particles, particularly

at greater depths.

The right figure of Figure 4.3.5 shows the average velocity of soil particle in the vertical

direction. At both depths, the average velocity of soil particles increased as the angle of the

subsoiler increased from 0 to 25 degrees. At an angle of 25 degrees, the highest average

velocity of soil particles was 5.01E-04 m/s at 25cm depth and 6.05E-04 m/s at 35 cm depth.



The standard deviations were relatively high for all data points, indicating significant

variability during the simulation. Considering the data from both depths, a significant

difference was observed only between the 0 and 25 degrees angle. No significant differences

were found among the other angles tested at a significance level of 0.05.

Figure 4.3.5 Average velocity in horizontal (left) and vertical direction (right) the sand soil particle

The average horizontal velocity of soil particles during the clay soil simulation is

presented in the figure on the left side of Figure 4.3.6. At a depth of 25 cm, the highest

average horizontal velocity was observed at an angle of 20°, measuring 0.00249 m/s. In

contrast, the lowest average horizontal velocity was recorded at an angle of 0°, measuring

0.00176 m/s. Similarly, at a depth of 35cm, the highest average horizontal velocity was

observed at an angle of 25°, measuring 0.00355 m/s, while the lowest value was recorded at

an angle of 15°, measuring 0.00265 m/s. The data indicates that the average horizontal

velocity of soil particles can vary depending on the angle and depth of the subsoiler. Under

the conditions of 25cm and 35cm depths, no significant differences were observed among the

various angles tested at a significance level of 0.05.

The average vertical velocity of soil particles during the clay soil simulation is presented

in the figure on the right side of Figure 4.3.6. At a depth of 25 cm, the highest average vertical

velocity was observed at an angle of 25°, measuring 0.00333 m/s. Conversely, the lowest

average vertical velocity was recorded at an angle of 10°, measuring 0.00253 m/s. At a depth

of 35cm, the highest average vertical velocity was observed at an angle of 15°, measuring

0.00404 m/s, while the lowest value was recorded at an angle of 10°, measuring 0.00311 m/s.

However, no significant differences were observed among the various angles tested under

25cm and 35cm depths at a significance level of 0.05.



Figure 4.3.6 Average velocity in horizontal (left) and vertical direction (right) the clay soil particle

The results of the average total velocity of soil particle is displayed in Figure 4.3.7. The

data in sand soil (left) shows that the average velocity increases from 0 to 25 degrees as the

angle increases, with the highest velocity observed at 25 degrees. At a depth of 25vcm, the

highest average velocity was observed at 25° (0.01132 m/s), while the lowest average velocity

was observed at 10° (0.01012 m/s). The minimum value for the velocity at 25vcm depth was

observed at an angle of 10°(0.01012 m/s). On the other hand, at a depth of 35cm, the highest

average velocity was observed at an angle of 25° (0.01243 m/s), while the lowest average

velocity was observed at an angle of 0° (0.000308 m/s), which was the minimum value for all

measurements in the figure. No significant differences were found among the different angles

tested when considering the combination of 25cm and 35cm depths at 0.05 level.

The average total velocity of soil particles in clay soil is presented in the figure on the

right side of Figure 4.3.7. At a depth of 25 cm, the highest average total velocity was observed

at an angle of 20°, measuring 0.00251 m/s. Conversely, the lowest average total velocity was

recorded at an angle of 0°, measuring 0.00178 m/s. Similarly, at a depth of 35cm, the highest

average total velocity was observed at an angle of 25°, measuring 0.00357 m/s, while the

lowest value was recorded at an angle of 15°, measuring 0.00268 m/s. The data indicated that

the average total velocity of soil particles can vary depending on the angle and depth of the

subsoiler. The standard deviation of the total velocity in the clay simulation was higher than

the sand soil simulation. However, when considering the combination of 25cm and 35cm

depths, no significant differences were found among the different angles tested at 0.05 level.



Figure 4.3.7 Average total velocity of the sand soil(left) and clay soil(right) particle

Field experiment results

Soil cone index

The soil cone index results revealed a significant difference between the values before

(NT) and after tillage (T) in both sand and clay soil across the depth range of 0 to 60 cm at a

0.05 significant level. Below are more detailed comparisons between different angles and

tillage depth conditions:

The soil cone index of clay soil was analysed at the same angle (10° or 20°) and different

tillage depths (25 cm or 35 cm), as shown in Figure 4.3.8. The results from the left figure

indicate that after tillage, the soil cone index of the 25 cm tillage depth had lower values than

the 35 cm tillage depth from 0 to 10 cm depth. Although the soil cone index in the clay-10-NT

condition was higher than that in the Clay-10-35-NT from 14 to 24cm depth, the soil cone

index was similar after tillage in two tillage depth conditions. For the 20° condition, as shown

in the right figure, the trend is similar, where the 25 cm tillage depth reduced the soil cone

index more than the 35 cm tillage depth. Although the soil cone index in the field of 25 cm

tillage depth is higher than the field of 35 cm tillage depth in all depths except the 17 cm

position, 25 cm tillage depth has a lower value of the soil cone index after the tillage

compared with the 35cm tillage depth from 5 to 18cm depth. Based on the average soil cone

index measured at depths of 0 to 40 cm, no significant difference was found when comparing

the same angle at different tillage depths, whether it was in the 10-degree or 20-degree

conditions, at a significance level of 0.05.



Figure 4.3.8 Soil cone index of clay soil at the same angle and different tillage depth

The soil cone index of clay soil was analysed at different angles (10° and 20°) and the

same tillage depths (25 cm and 35 cm), as shown in Figure 4.3.9. The results indicate that the

soil cone index was reduced after tillage in all conditions. At the 25cm depth condition, as

shown in the left figure, the 20° angle resulted in a lower soil cone index in the 0-21 cm range,

while the 10° angle had a lower soil cone index from 22 to 39 cm, followed by the 20° angle

again. However, it should be noted that the original soil cone index values were also different.

For the 35 cm depth, as shown in the right figure, the trend was similar to the 20° angle

resulting in a lower soil cone index compared to the 10° after tillage, although the soil cone

index values before tillage were still significantly different in the depth of 0 to 18 cm depth.

Based on the average soil cone index measured at 0 to 40 cm depths, a significant difference

was observed when comparing the same tillage depth at different angles of the subsoiler in the

35 cm condition. The soil cone index was significantly lower in the 20-degree angle condition

than the 10-degree angle condition. However, no significant difference was found in the 25

cm condition at a significance level of 0.05.

Figure 4.3.9 Soil cone index of clay soil in same tillage depth and different angle

The soil cone index of sandy soil was analysed at the same angles (10° and 20°) and

different tillage depths (25 cm and 35 cm), as shown in Figure 4.3.10. It is worth noting that

the soil cone index exceeds 2.5MPa when the depth is greater than 50 cm. Data at these

locations were not the focus of our study. The results showed a reduction in soil cone index

after the tillage in all conditions. The left figure indicated that the original field of 35-NT had

a higher soil cone index than the original field of 25-NT. The right figure showed that 35cm

tillage reduced more soil cone index than the 25 cm tillage. The changes in values during

subsoiling will be reported in the next part of the paper. Based on the average soil cone index

measured at 0 to 40 cm depths, significant differences were observed when comparing the

same angle at different tillage depths in both the 10-degree and 20-degree conditions, at a

significance level of 0.05. Specifically, the soil cone index at a tillage depth of 25 cm was

significantly lower than at a tillage depth of 35 cm when the subsoiler angle was 10 degrees.



Conversely, the soil cone index at a tillage depth of 35 cm was significantly lower than at a

tillage depth of 25 cm when the subsoiler angle was 20 degrees.

Figure 4.3.10 Soil cone index of sand soil in the same angle and different tillage depth

The soil cone index of sandy soil was analysed at different angles (10° and 20°) and the

same tillage depths (25 cm and 35 cm), as shown in Figure 4.3.11. The findings revealed a

reduction in soil cone index across all conditions after tillage, but with varying trends.

Specifically, at an angle of 10° and tillage depth of 25 cm, the soil cone index decreased

across the depth range of 0 to 60 cm. Conversely, at an angle of 20° and the 25 cm tillage

depth, the reduction in soil cone index was mainly observed from 0 to 25 cm. The right figure

showed that the angle of 20° resulted in higher soil cone index reduction before and after

tillage compared to 10°. Our results showed that 20° angle produces a greater reduction in soil

cone index in sandy soil compared to 10°. Based on the average soil cone index measured at

depths of 0 to 60 cm, a significant difference was observed when comparing the different

angles of the subsoiler at a tillage depth of 35 cm, with a significance level of 0.05. Based on

the average soil cone index measured at 0 to 40 cm depths, a significant difference was

observed when comparing the same tillage depth at different angles of the subsoiler in the 35

cm condition. The soil cone index was significantly lower in the 20-degree angle condition

than the 10-degree angle condition. However, no significant difference was found in the 25

cm condition at a significance level of 0.05.

Figure 4.3.11 Soil cone index of sand soil in same tillage depth and different angle

Here is the Average soil cone index from 0 to 40 cm depth in different angles and tillage



depth, as shown in Table 4.3.1 Lowercase letters (abc) indicate the comparison under

different tillage depth conditions within the same angle. Capital letters (ABC) indicate the

comparison under different angles within the same tillage depth. The result is similar to the

figure but displayed in the table with numbers about the average soil cone index from 0 to 40

cm depth in different angles and tillage depth conditions.

Table 4.3.1 Average soil cone index from 0 to 40 cm depth in different angles and tillage depth

Soil

Sand

Clay

Angle Tillage depth
10                     25
10 35
20 25
20 35
10 25
10 35
20 25
20 35

Before tillage
0.5207±0.2853Bb
0.7041±0.2995Aa
0.7086±0.2959Aa
0.6660±0.3147Aa
0.5032±0.1508Ba
0.5162±0.1393Aa
0.5820±0.1885Aa
0.5395±0.1448Aa

After tillage
0.4394±0.2792Ab
0.5628±0.3461Aa
0.4311±0.2743Aa
0.3251±0.2084Bb
0.3145±0.1204Aa
0.3046±0.1023Ba
0.3092±0.1647Aa
0.3376±0.1332Aa

The cone index measures the extent of soil compaction reduction, from 0 to 40 cm,

before and after tillage. Figure 4.3.12 shows the percentage reduction in soil compaction, as

measured by the cone index, before and after tillage at two different depths (25 cm and 35 cm)

for four different soil conditions (Sand 10°, Sand 20°, Clay 10°, and Clay 20°). For example,

for Sand 10° soil at a depth of 25 cm, there was a 40.83% reduction in soil cone index after

tillage compared to before tillage. At a depth of 35 cm for the same soil condition, there was a

slightly higher reduction of 42.66%. Similarly, for Sand 20° soil at a depth of 25 cm, the

reduction in soil cone index after tillage was 27.41%, but at a depth of 35 cm, the reduction

increased to 55.97%. The results for clay soil also indicated a reduction in cone index after

tillage at both 25 cm and 35 cm depths. At an angle of 10 degrees, the cone index was reduced

by 31.19% at a depth of 25 cm and 25.75% at a depth of 35 cm. At a slope angle of 20 degrees,

the cone index was reduced by 35.21% at a depth of 25cm and 22.23% at a depth of 35 cm.

However, the soil cone index’s percentage reduction was lower than the sandy soils. Overall,

the result shows that the reduction in soil compaction after tillage varied depending on the soil

type, slope angle, and measurement depth.



Figure 4.3.12 Soil cone index reduction (%) after the tillage

Soil surface flatness

Here is the standard deviation of the zero value length at different angles, and tillage

depth represents the soil surface flatness, as shown in Table 4.3.1 Lowercase letters (abc)

indicate the comparison under different tillage depth conditions within the same angle.

Capital letters (ABC) indicate the comparison under different angle conditions within the

same tillage depth. Before the tillage process, a significant difference was observed between

sand and clay soil, indicating that the sand soil exhibited a more uneven surface than the clay

soil. After the tillage process, in most angle and tillage depth conditions, the soil surface

displayed a lower standard deviation (indicating increased flatness) than the measurements

taken before tillage. However, these differences were not statistically significant for both sand

and clay soil. When comparing different angles, angle 20 generally resulted in a higher

standard deviation (indicating a less flat surface) than angle 10 after the tillage, regardless of

the tillage depth (25cm or 35cm). However, it is essential to note that a statistically significant

difference at the 0.05 level was only observed in the comparison between angle 20 and angle

10 at a tillage depth of 35 cm in clay soil. Regarding tillage depth, the tillage depth of 35 cm

generally exhibited a lower standard deviation (indicating increased flatness) compared to the

tillage depth of 25 cm within the same angle condition for both sand and clay soil after the

tillage. However, a statistically significant difference at the 0.05 level was only observed in

the comparison between the 25cm and 35cm tillage depths at an angle of 10 degrees in clay

soil.



Table 4.3.1 Soil surface flatness (sd) before and after tillage at different angles of subsoiler and tillage depth conditions in

sand and clay soil

Soil Angle Tillage depth Before tillage After tillage

Sand

Clay

Fuel consumption

10 25 1.5412±0.0116Aa
10 35 1.1155±0.1452Ab
20 25 2.0830±0.5383Aa
20 35 1.9347±0.6593Aa
10 25              1.3901±0.0416Ba
10 35              1.4477±0.0904Ba
20 25 1.6649±0.1298Aa
20 35 1.6744±0.2010Aa

1.5644±0.4689Aa
1.2880±0.1364Aa
1.8304±0.0690Aa
1.5972±0.4922Aa
1.3505±0.0487Aa
1.0893±0.0393Bb
1.7035±0.3090Aa
1.4950±0.1465Aa

According to Figure 4.3.13, fuel consumption is higher for the same soil type and depth

when the subsoiling angle is inclined by 10° compared to 20°. In sandy soil, at a depth of 35

cm, fuel consumption with a 10° inclination is 34.26 l/h and 31.07 l/h with a 20° inclination,

and at a depth of 25 cm, the values are 26.11 l/h and 22.48 l/h, respectively. In clayey soil, the

effect of inclination is smaller, with consumption values of 38.70 l/h at 10° and 37.84 l/h at

20° at a depth of 35 cm, and 30.26 l/h at 10° and 29.30 l/h at 20° at a depth of 25 cm. The

analysis revealed a significant difference in fuel consumption between sandy and clay soils.

Specifically, fuel consumption was significantly higher in clay soil than in sandy soil at a

significance level of 0.05.

Additionally, a significant increase in fuel consumption was observed as the working

depth increased from 25 cm to 35 cm in both clayey and sandy soils at a significance level of

0.05. In the case of sandy soil, there was a significant decrease in fuel consumption at a

significance level of 0.05 as the blade inclination angle changed from 10° to 20° at both 25

cm and 35 cm depths. However, no significant difference in fuel consumption was found

when the blade inclination angle changed from 10° to 20° in clayey soil at 25 cm and 35 cm

depths.

Figure 4.3.13 Fuel consumption in different soil, angle, and depth conditions

Traction force analysis

Figure 4.3.14 presents the traction force values for different working conditions,



highlighting the relationship between depth, angle, and traction force. The result showed that

working at greater depths generally requires higher traction forces. In sandy soil, when

working at a depth of 25 cm, the tractor needs 48.03 kN of traction force at a 10° inclination

and 43.99 kN at a 20° inclination. However, at a depth of 35 cm, the required traction force

increases to 58.04 kN at a 10° inclination and 67.06 kN at a 20° inclination. For clay soil, at a

depth of 25 cm, the tractor necessitates 52.10 kN of traction force at a 10° inclination and

53.33 kN at a 20° inclination. At a depth of 35 cm, the required traction force is 65.34 kN at a

10° inclination and 65.89 kN at a 20° inclination. Notably, in sandy soil at a depth of 25 cm,

there is a significant decrease in traction force when the angle changes from 10° to 20°. In

contrast, at a depth of 35 cm, there is a significant increase in traction force when the angle

changes from 10° to 20°. However, no significant differences in traction forces were observed

in clay soil at a significance level of 0.05, regardless of the angle or depth.

Figure 4.3.14 Traction force (kN) in different soil, angle, and depth conditions

Slip rate

The slip rate result showed higher percentages in working conditions at greater depths

and with a 10° inclination of the wings of the subsoilers for both sandy and clayey soil as

shown in Figure 4.3.15. Sandy soil values are influenced by both working depth and

inclination, while clayey soil values are mainly influenced by inclination. At a depth of 25 cm

in sandy soil, slip is 9.86% at 10° inclination and 5.92% at 20° inclination, while at a depth of

35 cm, slip is 14.74% at 10° inclination and 12.46% at 20° inclination. In clayey soil, slip is

11.61% at 10° and 10.74% at 20° inclination at a depth of 25 cm, and 19.66% at 10° and

18.32% at 20° inclination at a depth of 35 cm.

The analysis revealed a significant difference between the two soil types at a significance

level of 0.05. Furthermore, significant differences were observed between the different

working depths, with the 35 cm depth consistently showing a higher slip rate than the 25 cm

depth in both soil types. Regarding the angle of the subsoiler, there was a significant

difference in slip rates between 10° and 20°angles in sandy soil at both depths, with lower slip



rates observed for the 20° angle. However, in clayey soil, the difference in slip rates between

10° and 20° angles was not statistically significant at 0.05 level.

Figure 4.3.15 Slip rate (%) in different soil, angle, and depth conditions

Comparison between simulation and field experiment result

Figure 4.3.16 shows the correlation between field experiment traction with both

simulation horizontal traction (left) and total traction (right). The Pearson correlation

coefficient value is 0.817 and 0.752, respectively. The p-value is 0.013 and 0.031, which are

both lower than 0.05. Although the simulation result is lower than the field experiment results

both in sand and clay soil condition, the result showed that both simulation horizontal traction

and simulation total traction showed a significant correlation with the field experiment

traction at 0.05 level.

Figure 4.3.16 Correlation between field experiment traction with simulation horizontal traction (left) and field experiment

traction with simulation total traction (right)

Figure 4.3.17 showed the Correlation between simulation total traction and simulation

soil particles total energy. The Pearson correlation coefficient value is 0.834. The p-value is

0.010. The result showed a significant correlation between the simulation soil particles’ total

energy and the simulation total traction at 0.05 level. However, no significant correlation was

found between the simulation soil particles’ total energy and field experiment traction at 0.05

level. The Pearson correlation coefficient value is 0.542 and the p-value is 0.165.



Figure 4.3.17 Correlation between simulation total traction and simulation soil particles total energy

Figure 4.3.18 showed the Correlation between field experiment traction with fuel

consumption (left) and field experiment traction with slip rate (right). The Pearson correlation

coefficient value is 0.858 and 0.825, respectively. The p-value is 0.006 and 0.012, which are

both lower than 0.05. The result showed that fuel consumption and slip rate significantly

correlated with the field experiment traction at 0.05 level.

Figure 4.3.18 Correlation between field experiment traction with fuel consumption (left) and field experiment traction with

slip rate (right)

4.4 Discussion

Simulation Results

Our study investigated the traction resistance of the subsoiler, energy and velocity of the

soil particle in two simulated soil environments. The aim was to determine how the angle and

depth of subsoiling affect the horizontal and vertical forces required for soil penetration, as

well as the total energy required for tillage and the average velocity of soil particles in the

horizontal and vertical directions.

The results of the study indicated that the traction resistance experienced by the subsoiler

was affected by both the depth of tillage and the angle of the subsoiler. Specifically, our result

demonstrated that the 35cm depth had higher resistance than the 25 cm depth for all

inclination conditions of the subsoiler both in clay and soil condition. For the sand soil



simulation, when the angle was set to 10 degrees, the lowest horizontal traction resistance was

observed for both 25cm and 35cm tillage depths. Moreover, the results revealed that a

decrease in resistance was observed as the angle increased from less than 10 degrees, while an

increase in resistance was observed as the angle exceeded 10 degrees. The vertical traction

resistance of the subsoiler showed that the resistance decreased as the angle increased. At an

angle of 10 degrees, the resistance was higher compared to nearby angles of 7.5 and 12.5

degrees. Furthermore, the total traction resistance of the subsoiler demonstrated that the trend

of the total resistance followed that of the horizontal direction. The results indicated that the

lowest total resistance was obtained when the angle was 10 degrees. When the angle was

below 10 degrees, the resistance decreased as the angle increased, while it increased when the

angle was greater than 10 degrees. However, The 10 degrees show no highest or lowest

traction among other angles for the clay soil simulation. The horizontal and vertical traction

resistance increased with the angle increase from 0 to 25 degrees.

The performance of the subsoilers is affected by the angle of the subsoiler (Li et al.,

2018). For example, in a previous study, a pair of wings with 10° and 20° bend angles was

developed and attached to the subsoiler foot. Among all the wings, the 10° forward bent wing

showed the best performance based on the highest values of horizontal force, soil loosening

area, soil upheaving area, lowest specific draft, bulk density and soil cone index compared to

the other angle of the wings (Askari et al., 2016). And also, the same researcher found that the

highest draft, disturbed area and remaining residue plus the lowest specific draft and mean

weight diameter were obtained when applying the 10° forward bent-winged tines (Askari et

al., 2019). However, different subsoil types may perform best in different angles and soil

conditions (Raper, 1996; Wang et al., 2020; Zhang et al., 2022).

The total energy of soil particles, comprising translational and rotational kinetic energy,

was analysed in our study. The findings revealed that a subsoiler angle of 10 degrees exhibited

the highest total energy at a tillage depth of 25cm, while the lowest total energy was observed

at a tillage depth of 35cm in sand soil simulation. However, no significant differences in total

energy were found among different angles at 25cm or 35cm tillage depths in sand soil

conditions. But in the clay simulation, 20 degree showed significant differences compared to

10, 0, and 5 degree angles at 0.05 level. Lower total energy indicates lower energy

consumption during tillage, as demonstrated by previous studies (Wang et al., 2020; Zhang et

al., 2022). Therefore, our result showed that the subsoiler set at a higher degree angle

consumes more energy in 25cm and 35cm depth conditions in clay soil.

Our study analysed the average velocity of soil particles in horizontal and vertical

directions. The results revealed that the average horizontal velocity of soil particles increased



as the angle of the subsoiler increased in sand soil. However, the increasing trend in clay soil

is not clear. Although the average velocity of soil particles in the vertical direction showed a

slight increase with an increase in the subsoiler angle, no significant differences were

observed in the average vertical velocities of soil particles for different angles at a

significance level of 0.05 in sand and clay soil. Furthermore, the results indicated that as the

subsoiler angle increased, the average velocity of soil particles also increased in sand soil.

However, at an angle of 10 degrees, the average velocity was smaller compared to

neighbouring angles in sand soil. Moreover, in clay soil simulation, the average velocity

increases first and then decrease at 20 degree in 25 cm depth. Controversy, the average

velocity reduce first and then increase at 15 degree in 35 cm depth. However, when

considering the combination of 25 cm and 35 cm depths, no significant differences were

found among the different angles of the average velocity in clay soil at 0.05 level. It is worth

noting that while some studies have described the velocity contours of soil particles,

quantitative analysis of soil particle velocity to measure soil disturbance was not calculated in

those studies (Chen et al., 2013; Li et al., 2018, 2016; Zhang et al., 2022).

Field Experiment Results

Our study investigated the soil cone index before and after the tillage, soil surface

flatness, fuel consumption, traction force and slip rate in the field experiment. Our aim was to

determine how the angle and depth of the subsoiler affect the soil structure and tillage, as well

as the energy required for tillage and the working efficiency.

The soil cone index results showed that after tillage, the soil cone index was reduced in

all conditions. The results showed varying reductions in soil cone index after tillage

depending on the soil type, angle of the subsoiler, and tillage depth. Based on the information

provided in the summary, the reduction in soil cone index after tillage was generally higher

for sand soils than clay soils.

The analysis of the soil cone index after tillage revealed variations that depend on the

subsoiler's angle and tillage depth. Our findings indicate that at a tillage depth of 35 cm, there

is a significant difference in the soil cone index after tillage between the 10° and 20° angles of

the subsoiler. This suggests that the angle of the subsoiler has a noticeable impact on the soil

structure at this depth. In contrast, when the tillage depth is 25 cm, no significant difference in

the soil cone index is observed between the subsoiler's 10° and 20° angles. This indicates that

the angle of the subsoiler has less influence on the soil structure at this shallower depth.

Furthermore, our results highlight that sand soil is more sensitive to the subsoiler's angle than

clay soil. In both the 25 cm and 35 cm tillage depth conditions, there is a significant

difference in the soil cone index between the 10° and 20° angles of the subsoiler in sand soil.



However, no significant difference was found in clay soil when comparing the 10° and 20°

angles at the same tillage depth. However, the reduction also varied depending on the angle of

the subsoiler and the tillage depth. Varying soil structures can be observed due to different

subsoiling tillage methods. Hence, the selection of an appropriate tillage depth is critical, not

only for economic advantages but also for agronomic benefits (Sun et al., 2023).

The results of soil surface flatness indicate that sand soil initially had a more uneven

surface than clay soil. After the tillage process, the surface became flatter, but no significant

differences were observed in the comparison between before and after tillage for both soil

types. Angle 20 generally resulted in a less flat surface compared to angle 10, and a tillage

depth of 35 cm generally produced a flatter surface compared to 25 cm. However, significant

differences at the 0.05 level were only observed in specific comparisons, as mentioned above.

As for the fuel consumption result, our study showed that fuel consumption is higher when

the tillage depth is 35 cm compared to the 25 cm depth. In the case of sandy soil, there was a

significant decrease in fuel consumption at a significance level of 0.05 as the blade inclination

angle changed from 10° to 20° at both 25 cm and 35 cm depths. However, no significant

difference in fuel consumption was found when the blade inclination angle changed from 10°

to 20° in clayey soil at 25 cm and 35 cm depths. The disparity between the lower traction

observed in the sand soil simulation at a 10-degree angle and the higher fuel consumption

observed in the field experiment is intriguing. This inconsistency can be attributed to various

factors, such as the design of shanks specifically tailored for certain depths, which may result

in excessive traction resistence when utilised at different depths. However, recording

instantaneous fuel consumption is difficult during the experiment, and repeated experiments

can be added in future experiments to verify the results. Moreover, the performance of tillage

equipment can vary based on the specific depth and soil type conditions encountered (Raper,

1996).

The traction resistance result showed that the traction increased as the tillage depth

increased from 25 cm to 35 cm. It suggests that deeper tillage requires more force to pull the

tillage implemented through the soil, affecting fuel consumption and productivity. The

simulation result also proved that the clay has more traction resistance than the sand soil.

Generally, clay soils require more traction resistance than sandy soils, likely due to their

higher clay content and increased soil density. Research has demonstrated that different

subsoilers exhibit varying levels of traction resistance depending on the soil type. For instance,

studies involving angled shank and curved shank subsoilers in Norfolk sandy loam and

Decatur clay loam soil have revealed distinct differences in traction resistance (Raper, 1996).

These findings highlight the importance of considering both the subsoiler design and the



specific soil characteristics to optimise traction and tillage performance. And also, data

suggest that the effect of the angle of the wings on traction resistance may depend on the soil

type. In sandy soil, a subsoiler angle of 20° resulted in higher traction resistance than an angle

10° at a depth of 35 cm, but this trend was so clear in clayey soil. This could be due to

differences in soil structure and composition and how the subsoiler interacts with the soil.

Overall, these findings highlight the importance of considering soil type, depth, and subsoiler

angle when designing and implementing tillage operations. Farmers and agricultural

professionals can make more informed decisions about tillage practices and equipment by

understanding the factors that influence traction resistance, potentially improving efficiency

and reducing costs.

The result of the slip rate showed that deeper tillage has higher slip rates in sandy and

clay soil. Regarding the angle of the subsoiler, there was a significant difference in slip rates

between 10° and 20°angles in sandy soil at both depths, with lower slip rates observed for the

20° angle. However, in clayey soil, the difference in slip rates between 10° and 20° angles

was not statistically significant at 0.05 level. It suggests that the angle of the subsoiler has a

more significant impact on slip rates in sandy soils than in clayey soils. Overall, slip rates

were higher in clayey soils than in sandy soils, which is likely since clay soils have a higher

water-holding capacity and tend to be more cohesive, making them more difficult to tillage.

These findings suggest that slip rates are affected by a combination of soil type, depth of

tillage, and blade inclination angle and should be considered when selecting appropriate

tillage practices for different soil types and conditions.

In summary, this study study demonstrated that the angle and depth of subsoiler tillage

significantly impact the soil cone index, soil surface flatness, fuel consumption, traction force,

and slip rate. The results suggest that the reduction in soil cone index after tillage was

generally higher for sand soils than clay soils, but the reduction varied depending on the angle

of the subsoiler and tillage depth. Traction resistance increased as the tillage depth increased

from 25 cm to 35 cm, and clay soils require more traction resistance than sandy soils. Slip

rates were influenced by soil type, tillage depth, and blade inclination angle, with higher slip

rates observed in clayey soils than sandy soils. Deeper tillage has a higher slip rate, and there

was a significant decrease in fuel consumption as the subsoiler angle changed from 10 to 20°

in sandy soil. Overall, these findings highlight the importance of considering soil type, depth,

and subsoiler angle when designing and implementing tillage operations to improve

efficiency and reduce costs.

4.5 Conclusion

The result of this study showed that the reduction in soil cone index was influenced by



both the angle and depth of subsoiler tillage. Traction resistance increased with greater tillage

depth and varies based on soil type and subsoiler angle. Furthermore, the chosen tillage depth

and subsoiler angle significantly affect fuel consumption during subsoiling operations,

presenting an opportunity for optimising fuel efficiency through appropriate selection. The

analysis also reveals that slip rate, which reflects the effectiveness of tillage, is influenced by

soil type, tillage depth, and subsoiler angle. No significant difference in soil surface flatness

was observed across most tillage depths and working angles after the tillage operation.

Significant correlations were observed between simulation traction with field experiment

traction, simulation soil particle energy with simulation traction, and fuel consumption with

field experiment traction, all at a significance level of 0.05.

These findings have practical implications for farmers and agricultural professionals.

They can make informed decisions to improve efficiency, reduce costs, and enhance soil

structure by considering soil type, tillage depth, and subsoiler angle. Furthermore, the study

suggests avenues for future research to expand our understanding of these factors in different

soil types and tillage conditions. Overall, this study contributes to the knowledge base

surrounding subsoiler tillage and provides valuable insights for optimising tillage practices in

agriculture. By incorporating these findings into their operations, farmers can strive for

increased productivity and sustainability in their farming practices.

5. Conclusion

The first objective, centered on the intricate relationship between soil compaction and

varying levels of traction resistance during agricultural operations, yields profound insights

into the dynamic nature of this phenomenon. Through an exhaustive field experiment, we

meticulously quantified an array of soil parameters, including soil stress, bulk density,

moisture content, cone index, soil surface disturbance, rolling resistance, and slip rate, under

diverse traction conditions and varying pass frequencies. Our research brings to the forefront

the undeniable impact of traction resistance on soil dynamics.

Significantly, the results underscore the pronounced increase in soil stress and physical

property alterations, including heightened soil bulk density, moisture content, and cone index,

as traction and the number of passes intensify. It is noteworthy, however, that despite the

variation in traction conditions, no significant differences were observed for the number of

passes. This underscores the need to consider the dynamic factors of traction and rolling

resistance alongside static weight when addressing soil compaction.

Moreover, our study underscores the pivotal role played by the permanent traffic lane,

which consistently exhibited superior performance in terms of slip rate and energy



consumption across different traction conditions. Notably, the permanent traffic lane exhibited

remarkable fuel savings, emphasizing its potential in not only mitigating the adverse effects of

soil compaction stemming from random traffic but also enhancing operational efficiency and

energy conservation. These findings resonate with a paradigm shift in soil compaction

research, urging us to consider dynamic aspects, such as traction and rolling resistance,

alongside traditional static weight metrics. We propose the adoption of controlled traffic

farming (CTF) systems and more frequent tractor usage on permanent traffic lanes as practical

measures to amplify efficiency and curtail energy consumption in agricultural practices.

Objective two delved into the intriguing realm of field variability and its implications for

crop yield. By meticulously scrutinizing yield maps and Vegetation Indices (VIs) derived

through Google Earth Engine (GEE), we dissected the yield differences across headlands,

field edges, and the fertile field center. Notably, field size, clay content, and sand content

played pivotal roles in shaping these disparities.

Our findings resoundingly validate that headlands and field edges consistently produce lower

crop yields in comparison to the fecund field center. The quantitative data paints a clear

picture, with yield maps indicating a reduction of 12.20% and 2.49% in headlands and field

edges, respectively, compared to the bountiful field center. Concurrently, VIs underscored

these discrepancies, revealing reductions of 4.27% and 2.70% (NDVI), 4.17% and 2.67%

(GNDVI), and 5.87% and 3.59% (NDRE) in headlands and field edges across different

metrics.

Furthermore, our investigation highlighted a critical facet of this field variability – the

amplification of differences with increasing clay content and their mitigation with higher sand

content. This crucial insight underscores the need for future studies to consider additional

factors like soil organic content and crop type, to paint a more comprehensive picture of field

variability. Moreover, our findings strongly advocate strategic machine traffic planning to

mitigate yield losses in headlands and field edges, and thus boost overall agricultural

productivity.

The third objective is rooted in the realm of subsoiler tillage, where we explored the

nuanced relationship between subsoiler parameters, namely depth and angle, soil compaction,

and fuel consumption. Our findings illuminate the intricate dynamics of subsoiler tillage,

holding significant implications for optimizing fuel efficiency and enhancing soil structure.

A pivotal discovery emanates from our investigation's revelation that soil cone index

reduction is profoundly influenced by the combined effects of subsoiler angle and depth. This

finding underscores the need for precision in selecting subsoiler parameters to effectively

combat soil compaction.



Additionally, we unveil a noteworthy observation: traction resistance escalates with

increased tillage depth, albeit with variations that are contingent on soil type and subsoiler

angle. This crucial insight opens the door to optimizing fuel efficiency by prudent parameter

selection in subsoiler operations.

Simultaneously, our study delves into the compelling realm of slip rate, which serves as

an indicator of tillage effectiveness. It demonstrates that slip rate is a multifaceted parameter

influenced by diverse factors such as soil type, tillage depth, and subsoiler angle. Importantly,

we discerned no significant differences in soil surface flatness across most tillage depths and

angles after the tillage operation.

Practically speaking, our findings offer invaluable guidance for farmers and agricultural

professionals. They empower decision-makers to make informed choices that enhance

operational efficiency, curtail costs, and foster improved soil structure. The study also paves

the way for promising avenues of future research, inviting further exploration of these factors

in diverse soil types and tillage conditions, thus expanding the boundaries of our knowledge.

By incorporating these research-driven insights into their daily operations, farmers stand

poised to enhance productivity and sustainability in their agricultural endeavors.

Collectively, these three objectives provide a comprehensive understanding of the

intricate interplay between soil compaction, machinery performance, and their far-reaching

consequences for agricultural sustainability and productivity.

Our research underscores the imperative of encompassing dynamic elements such as

traction, rolling resistance, and subsoiler parameters, transcending traditional static weight

metrics in addressing soil compaction. Thoughtful management of these factors holds

significant promise in alleviating soil compaction, fostering soil vitality, and curtailing energy

consumption, all of which ultimately contribute to bolstering agricultural sustainability.

Moreover, our findings illuminate the pivotal role of field variability, emphasizing that crop

yield is far from uniform across the expanse of a field. The identification of reduced yields in

headlands and field edges, correlated with specific soil properties, underscores the pivotal role

of judicious machine traffic planning in optimizing crop yields and minimizing losses.

Lastly, our exploration of subsoiler tillage adds an additional layer of depth by shedding

light on the pivotal influence of subsoiler parameters in mitigating soil compaction and

enhancing fuel efficiency. This nuanced comprehension of tillage dynamics empowers

farmers with practical insights to enhance operational efficiency and trim costs.

In summary, this doctoral research represents a substantive contribution to the body of

knowledge surrounding soil compaction, machinery performance, and tillage practices. Its

real-world implications extend to both agricultural practitioners and professionals, offering



pathways to amplify productivity, diminish environmental impact, and foster a sustainable

future for agriculture. As we navigate the ever-evolving terrain of modern agriculture,

harnessing these insights becomes imperative to maximize the potential of our agricultural

systems while minimizing their ecological footprint.
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