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ABSTRACT  

Over past few decades, farm machinery has simultaneously become more powerful, 

efficient and heavy. This increasing heaviness however, has increased the risk of deep 

soil compaction. Deep compaction may be rectified by deep tillage, but this is an 

energy-intensive process and therefore expensive. It is also often temporary as 

subsequent field traffic causes new compaction problems. Consequently, compaction 

avoidance is the best management strategy.  

Controlled traffic farming (CTF) systems achieve this by confining all load-bearing 

wheels to the smallest possible area of permanent traffic lanes. Whilst up to 80% of 

cereal crops area can be wheeled in non-CTF systems each time a cereal crop is 

produced, the permanent traffic lanes of CTF typically occupy less than 15% of the 

field cropped area in well-designed grain-cropping systems.   

Controlled traffic farming systems eliminate the need to disturb the compacted soil of 

wheel-tracks when tilling and seeding; they also minimise or eliminate the need to re-

compact soft, disturbed soil for traffic and traction associated with field operations. 

Both aspects of CTF reduce the energy requirement of grain cropping activities. The 

main objectives of this work are, therefore to quantify: 

 The effect of CTF on the draught requirements and soil impact (soil surface 

roughness and soil physical properties) of tillage and seeding operations 

 The effect of driving a farm vehicle on permanent traffic lanes on the motion 

resistance encountered during field operations 

 The implications of CTF for timeliness of field operations as motion resistance 

is related to trafficability and field access. 

Field work was conducted during three years (2015-2017) on farms located in two 

Australian grain cropping regions with contrasting soils: heavy clays in the Northern 

region sites and lighter sands and loams in the Southern region sites. Four sites were 

used within each region and, where possible, experimental sites were on broadacre 

grain farms in long-term CTF. Northern region sites were all in Queensland, and 

Southern region sites were in Victoria and South Australia.   

The field work was designed to assess wheel traffic effects on draught force and soil 

surface roughness, with replicated measurements on sweep, chisel and narrow opener 
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tines at three depths for wheeled traffic lanes and non-wheeled traffic lanes (adjacent 

crop beds). Motion resistance was assessed by replicated runs towing tractors on 

permanent traffic lanes, adjacent crop beds and the nearest available hard surface at 

three different speeds. In all cases, soil textural, physical and mechanical properties 

were determined together with tine parameters of width of foot (tip) and rake angle, 

and tyre parameters including tyre inflation pressure, wheel load, tyre section width, 

overall unloaded tyre diameter, tyre section height and tyre deflection.  

Results derived from field studies showed that wheel traffic had a significant effect on 

draught force for all tines and depths in CTF sites, but was non-significant in most 

cases in non-CTF sites. This showed that the soil of non-CTF sites was affected by 

historic traffic compaction therefore, in non-CTF sites there were no differences in 

draught forces measured in wheeled soil and non-wheeled soil. This observation 

confirmed that most of the compaction damage to the soil likely occurred after the first 

wheel traffic. 

At the Northern region sites established with CTF on clay soils, draught force 

measurements showed that wheel traffic increased draught by up 74% and 47% for 

conservation tillage system (CTS) (sweep and chisel tines) and no-tillage (NT) (seeder 

opener tines) respectively, compared with draught forces measured on non-wheeled 

soil (≈2.21 vs. 3.85 kN, and 2.7 vs. 3.18 kN for CTS and NT for non-wheeled and 

wheeled soil, respectively). While at the Southern region sites, the draught force 

increased by up to 28% and 25% respectively for CTS and NT at the Swan Hill site 

(loam soil), compared to draught forces measured on non-wheeled soil (≈ 0.95 vs. 1.22 

kN and 1.09 vs. 1.36 kN for CTS and NT for non-wheeled and wheeled soil, 

respectively). At the Loxton site (sand soil), the draught force increased by up 22% 

and 9% for CTS and NT, respectively, compared to draught forces measured on non-

wheeled soil (≈ 0.94 vs. 1.18 kN, and 0.97 vs. 1.06 kN, for CTS and NT for non-

wheeled and wheeled soil, respectively). 

Wheeled traffic also resulted in greater soil surface roughness. The results showed 

that the Northern sites had 37% for NT systems and 59% for CTS and the Southern 

sites had 23% for NT systems and 27% for CTS. 

At Northern region sites, Controlled traffic farming resulted in improved soil physical 

properties. The results showed that soil penetration resistance (PR), bulk density of 
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soil (BD), soil moisture content (MC) and shear strength (SS) at depth 0-150 mm were 

higher (1.58 MPa, 1.19 Mg m-3, 38 % (w/w) and 0.19 MPa, respectively) and (2.18 

MPa, 1.6 Mg m-3, 22% (w/w) and 0.31 MPa, ) on Permanent Traffic Lanes (PTL) for 

the Felton and Pittsworth sites respectively, compared with Permanent Crop Lanes 

(PCB), where the results were lower (1.04 MPa, 1.08 Mg m-3, 36% (w/w) and 0.06 

MPa, respectively) and (0.93 MPa, 1.17 Mg m-3, 22% (ww), and 0.08 MPa, 

respectively), for Felton and Pittsworth sites, respectively. 

At the Southern region sites of Hopetoun (VIC), Swan Hill (VIC) and Loxton (SA) 

respectively, results also showed that PR, BD, MC and SS were higher (3.4 MPa, 1.66 

Mg m-3, 11% (w/w) and 0.21 MPa, respectively), (3.68 MPa, 1.75 Mg m-3, 13% (w/w) 

and 0.28 MPa, respectively) and (2.44 MPa, 1.67 Mg m-3, 6% (w/w) and 0 MPa, 

respectively), with PTL, compared with PCB where the results were lower (1.91 MPa, 

1.44 Mg m-3, 10%(w/w) and 0.09 MPa, respectively),(2.3 MPa, 1.32 Mg m-3, 8%(w/w) 

and 0.13 MPa, respectively) and (1.20 MPa, 1.54 Mg m-3, 5% and 0 MPa, 

respectively). 

Motion resistance (MR) results showed that wheeled traffic and ground speed both had 

significant effects on MR, and that traffic on permanent wheel tracks reduced MR at 

all CTF sites. Mean energy input to permanent traffic lane soil, that is MR on soil-

motion resistance on a hard surface, was up to 23% lower in Northern region clay soils 

(≈9.22 vs. 11.92 kN for PTL (CTF) and non-wheeled soil (non-CTF), respectively), 

and up to 20% lower in Southern region sands and loams (≈10.26 vs. 12.81 kN for 

PTL (CTF) and non-wheeled soil (non-CTF), respectively), compared with non-

wheeled soil.  

Modelling of draught force and motion resistance, based on soil, tine and tyre 

parameters was used to validate and extend the usefulness of the field results of draught 

force and motion resistance. The integrated tillage force prediction model of Godwin 

and O’Dogherty (2007) was used to predict the draught required by the implements 

employed in this study. Regression analyses showed a reasonably good agreement 

between predicted and observed draught for the range of different tines and soil types 

investigated, with the exception of the Hopetoun (Victoria) site. This was because the 

soil of the Hopetoun site was affected by non-homogeneous compaction as a result of 

using different track width of equipment (incomplete CTF). 
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In the Northern region CTF sites, which are dominated by clay soils, model predictions 

of draught were within an error range between 3% and 5%, -17% and 2%, and -12% 

and 1% for sweep, chisel and opener tines, respectively. In the Southern region CTF 

sites, which are dominated by medium and light-textured soils, model prediction of 

draught was in the range of 5% to 26%, -13% to -8%, and -21% to -15% for sweep, 

chisel and opener tines, respectively. 

Prediction of motion resistance was conducted with the Gee-Clough and Brixius 

models. Linear regression analyses showed that measured and predicted data did not 

correlate well, and this was observed for all soil types. But, predictions of Brixius’s 

model was better corresponding with most experimental data of motion resistance 

compared with the Gee-Clough’s model.  

For timeliness implications, the results derived from this study showed that the 

improvement in trafficability for CTF can be up to 50% and 80% for NT and CT 

(conventional tillage), respectively at Northern region sites on clay soil, while at 

Southern region sites on medium and light textured soils, the improvement in 

trafficability was 38%.  

The results of this study clearly demonstrate the potential of CTF to significantly 

reduce the energy requirements of cropping operations. The results demonstrate the 

validity and usefulness of the Godwin and O’Dogherty (2007) model. This study also 

demonstrates that permanent traffic lanes can significantly improve the trafficability 

of soil. These findings also confirm that CTF resultes in improved soil physical 

properties, which reduce the energy requirements of cropping operations including 

draught force and motion resistance, and improve trafficability and timeliness. These 

are expected to increase the sustainability of soil and enhance crop and environmental 

performance.  
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STATEMENT OF CONTRIBUTION 

This is the first study looking at the estimation of energy requirements of soil engaging 

implements and motion resistance of farm equipment in the context of controlled and 

non-controlled traffic farming systems in a wide range of Australian soils and climatic 

conditions. Based on the findings of this study, the following contributions to theory 

and practice are made to this field of research and the practice of Australian broadacre 

grain farmers: 

 The determination and quantification of the benefits of CTF in terms of on-

farm energy requirements through the estimation of total draught force from 

compacted and non-compacted zones. Such estimations of draught were 

conducted for different soils types, on- and off-wheel tracks, and for different 

tillage systems. Differences in energy requirements for soil engaging 

implements have been quantified for both CTF and non-CTF systems  

 The Godwin and O’Dogherty (2007) model was used to predict draught force 

for a range of tine designs, soil types and soil conditions. Draught force 

prediction derived from this model was in close agreement (±20) with data 

derived from the present field experimentation. Therefore, this modelling 

approach may be used to assist decision-making for operators and designers of 

soil engaging implements  

 This work also estimated the motion resistance of farm equipment travelling 

over compacted (wheel tracks) and non-compacted (crop beds) zones in 

different soils, soil conditions, and tillage systems. This work enabled 

differences in motion resistance to be quantified for both CTF and non-CTF 

systems 

 Based on the field experiments and modelling work, the research indicated up 

to 74% reduction in the energy requirements due to non-compacted (crop beds) 

zone effects in CTF system compared to non-CTF systems. CTF system was 

able to reduce motion resistance by up to 23% compared to non-CTF systems. 

The CTF system also resulted in improvement in trafficability of soils (up to 

80%) and timeliness of field operations due to the tramline effects compared 

to non-CTF systems. The research undertaken also draws a set of 

recommendations to further promote the adoption of CTF by Australian 

farmers. Areas that merit further research are presented and discussed.
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 INTRODUCTION  

 Background 

The need to continuously increase farm operating efficiency and reduce the cost of 

labour motivates the use of larger farm equipment. For instance, the mass of the larger 

agricultural tractors and harvesters has increased from less than 2 Mg in the 1940s to 

up to approximately 40 Mg today. When heavy equipment is used on moist, weak soil 

conditions, the risk of soil compaction increases significantly (Chamen & Longstaff 

1995; Horn et al. 2006).  

Soil compaction refers to the increase in soil density and consequent reduction in soil 

porosity, which therefore restricts water and air entry to the soil. This increases the 

risk of runoff and erosion. Compaction also increases resistance to root penetration, 

reducing root growth and crop yields (Khan et al. 2012). It is considered to be a serious 

environmental problem and is responsible for severe physical land degradation (e.g. 

Iler and Stevenson, 1991; Al-Gaadi 2013).  

Often, compaction of arable land in mechanised crop production is caused by vehicular 

traffic or external loads applied to soil by farm machinery (Hassan et al. 2007; Ahmad 

et al. 2009). While the first pass by a given machine can create up to 85% of the 

damage, (Jones et al, 1990), soil deformation increases with the number of subsequent 

passes (Seker & İşıldar 2000), so compaction is also related to the intensity of traffic 

or the number of tractor passes. 

In cropping systems where controlled traffic is not practiced, the area subject to traffic 

is often greater than 45%, and traffic may occur in different areas in successive crops.  

The trafficked area can be as large as 85% in conventional tillage systems (Tullberg et 

al. 2007). The outcome is widespread compaction throughout cropped fields, with 

substantial damage to soil structure; sometimes up to a depth of 40 cm or more (Batey 

2009). Depending on soil type, rainfall and crop species, this can also prevent crops 

from reaching yield potential and, in cereal crops, yield losses of 10% to 40% have 

been reported by Hussein et al. (2017, 2018) in Southern Queensland. 

Soil compaction may be rectified by deep tillage (Spoor & Godwin 1978), but deep 

tillage is energy-intensive, expensive, and often ineffective particularly when soil re-

settles very rapidly or has negative effects where an unfriendly subsoil layer is mixed 
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with the topsoil (Tullberg 2018). The cost of soil compaction in Australia is estimated 

to be AUD $850 million per year (Walsh 2002) and AUD $450 per hectare (White 

2007). Controlled traffic farming (CTF) systems offer an effective means of managing 

soil compaction and saving energy, in addition to other agronomic and environmental 

benefits (Tullberg 2000; Vermeulen & Mosquera 2009; McPhee et al. 2015). The 

Australian Controlled Traffic Farming Association Inc. (ACTFA, 

https://www.actfa.net/) defines Controlled Traffic Farming (CTF) as a system in 

which:   

 All machinery has the same or modular working and track gauge width, which 

enables establishment of permanent traffic lanes  

 All machinery is capable of precise guidance along those permanent traffic 

lanes 

 Farm, paddock and permanent traffic lane layout are arranged to optimise 

drainage and logistics (Figure 1.1). 

 

Figure 1.1: Layout of traffic lanes under controlled traffic farming systems (Chamen et al. 2003) 

In well-designed CTF grain-cropping systems, permanent traffic lanes typically 

occupy ≤15% of the total cultivated area, particularly when permanent no-tillage is 

practised. By contrast, in the absence of CTF, the area subject to traffic is often greater 

than 45% and can even be as high as 85% in conventional tillage systems that require 

primary tillage operations prior to crop establishment (Tullberg et al. 2007).  

https://www.actfa.net/
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In general, the tyres of agricultural equipment need strong soil for efficient traffic and 

traction, but agricultural crops need weak, non-compacted soil for plant growth 

(Tullberg 2008; Botta et al. 2012). Therefore, soil compaction has positive effects on 

the mobility, trafficability and motion resistance of wheeled vehicles. According to 

Zoz (1970), the tractive efficiency (TE) of wheeled tractors is greater on firm soils but 

smaller on soft soils due to the difference in soil strength. Furthermore, soil 

compaction has a positive impact on the coefficient of motion resistance (Kurjenluoma 

et al. 2009; Botta et al. 2012). 

Terms of trafficability is known as the ability of the soil to support and provide 

mobility for a vehicle (Muro & O'Brien 2004; Shoop 2009). Mobility is referred to as 

the ability of a vehicle to establish motion between two designated points over a 

prescribed course (Yong et al. 1984). Whereas motion resistance is defined as the force 

opposing the movement of a wheel (or other running gear) on a given surface 

(Macmillan 2002). Motion resistance is often expressed in terms of the motion 

resistance coefficient, which is the motion resistance per unit wheel load.   

The obvious solution for soil compaction prevention is complete and permanent 

separation of productive cropping soil (beds) from the permanent traffic lanes to which 

all heavy wheels track systems are confined. This combination might be expected to 

largely eliminate compaction from cropping beds, ensuring improved crop 

performance, while the severely compacted traffic lanes ensure improved trafficability 

(mobility and motion resistance) and tractive performance for machinery and 

improved timeliness of cropping operations. 

Controlled traffic farming systems restrict compaction to precise permanent traffic 

lanes and improve wheel performance (enhancing mobility and reducing motion 

resistance), leaving natural soil processes and productivity, uncompromised by heavy 

traffic, over most of the field area (Vermeulen et al. 2010). Controlled traffic farming 

offers an effective means of managing compaction and saving energy by operating 

agricultural machinery on uncompacted soil (Tullberg 2000) and, more importantly, 

avoiding structural damage to cropping soil. This usually results in an improvement in 

the soil structure of cropping paddocks (McHugh et al. 2009) and enhanced crop and 

environmental performance (Tullberg et al. 2018). 
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Australian farmers who practice CTF report reduced power and fuel requirements for 

field operations. While CTF has been the subject of considerable research, most has 

focused on the agronomic and environmental aspects such as gaseous emissions and 

loss of crop yield (e.g. Braunack et al. 1995; Braunack & McGarry 2006; Li et al. 

2008; McHugh et al. 2009; Antille et al. 2016; Tullberg et al. 2018). Little research 

has been conducted on the matter of energy requirements in CTF. Therefore, the 

assessment of CTF is of great importance because of its consequences for soil 

compaction, and its effect on energy requirements. There appears to be a paucity of 

information concerning the effects of compaction of wheel tracks on the energy 

requirements of modern, heavy tractors and harvesters, some of which are more than 

40 Mg.  

The conclusions derived from the literature review indicate that only two studies in 

Australia (Tullberg 1986; 2000), have investigated traffic impacts on tillage energy 

requirements, but the heaviest traffic used in that study was produced by a 6 Mg tractor 

which was used in only one cropping system. This study also gave no consideration to 

the detrimental effects of wheel traffic on the motion resistance of equipment. 

However, Tullberg (2000) did observe that the traffic effect of wheels on the draught 

of tillage implements increased total draught by 30% or more compared with the same 

implement operating in non-trafficked soil. Burt et al. (1994) in the USA and Arslan 

et al. (2015)in the UK however, found that traffic systems had no significant effect on 

energy requirements but, these studies gave no consideration to the detrimental effects 

of wheel traffic on the motion resistance of equipment.   

Thus, this project study has first investigated the effect of wheel traffic on the energy 

requirements of soil-engaging implements in a number of cropping environments. This 

study also assessed the effect of permanent traffic lanes on the motion resistance of 

farm equipment for crop production. The experimental data was obtained from 

assessing the textural and physical parameters of the soil in both wheeled and non-

wheeled conditions. Modelling and validating were used to extend the usefulness of 

the results on both draught force and motion resistance. To achieve this, the Godwin 

and O’Dogherty (2007) model was used to predict draught force, while the Gee-

Clough (1980) and Brixius (1987) models were used to predict motion resistance. The 

latter models were also used to determine impacts of CTF on timeliness by comparing 
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the results of mobility and coefficient of motion resistance under uncontrolled and 

controlled traffic conditions. 

 Project description 

 Aim 

The overall aim of this research is to determine the energy effects of CTF in the context 

of Australian broadacre grain cropping systems, and using tillage draught and motion 

resistance models to provide more generalised outcomes. 

 Hypothesis 

The hypothesis of this research is:  

The separation of traffic lanes and crop bed under CTF reduces draught (energy) 

requirements and machinery motion resistance. Reducing machine motion resistance 

improves trafficability, field access and timeliness of field operations. 

 Objectives 

To achieve the overall aim of this research, the following objectives were defined: 

1) To determine the effect of wheel traffic on the draught force of soil-engaging 

implements (tillage and seeding)  

2)  To model draught of soil engaging implements operated in controlled and non-

controlled traffic systems in Australian soils 

3) To determine the effect of permanent traffic lanes on motion resistance  

4) To identify the implications of CTF for timeliness of field operations as motion 

resistance is related to trafficability and field access. 

 Outline of methodology 

This research tested the hypotheses that the permanent traffic lanes of CTF systems 

improve the productivity and sustainability of conservation farming by reducing the 

energy requirements and timeliness of field machinery operations. To achieve a strong 

conclusion on the outlined objectives, a number of approaches will be used. The 

research was undertaken in five phases as shown below. 
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 Phase I  

Review the relevant literature to assess the current state of knowledge on the impacts 

of soil compaction by farm machinery traffic on the energy requirements of soil-

engaging implements. The following aspects were also taken into account: 

 Identification of those parts of the Australian agricultural system using CTF 

and their cropping environment 

 The impact of soil properties on draught force and motion resistance 

 Understanding how traffic influences on draught force and motion resistance 

are important engineering considerations which have a direct effect on energy 

use-efficiency on-farm  

 A critical review of draught force prediction models 

 An overview of the motion resistance models with an emphasis on the Gee-

Clough and Brixius (ASABE) models.   

As a result of these, the draught force objective will be achieved using a special 

machine called a tillage unit (Figure 1.2). It was manufactured to measure the draught 

force immediately behind the tractor wheel and off wheel. 

 

Figure1.2: Overview of the experimental tillage unit 

In addition, the three tine types to be used (chisel, sweep, and seeder opener), are 

widely used in Australian farming. The three working depths to be used (75, 100, and 

125 mm) are those commonly used for planting and fertiliser application: shallow 
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tillage, and deep placement of fertiliser, respectively. This stage will also examine the 

calibration and testing of experimental devices, such as load cells and pull meter, 

which will be used in all experiments. Device testing was conducted at the USQ 

Materials Laboratory. These devices were then tested at the USQ ag-plot before being 

utilised in a real farm environment. 

 Phase II 

The main task of this stage was to conduct the experimental work on-farm to 

investigate the effect of traffic-induced compaction on the energy requirements of soil-

engaging implements. This experiment is related to Objective 1. The study was done 

at different sites as follows: 

 Queensland:  

o Felton (CTF system) 

o Pittsworth (CTF system) 

o Gatton (non-CTF system) 

o Kingaroy (non-CTF system) 

 Victoria:  

o Hopetoun (incomplete CTF system) 

o  Swan Hill (CTF system) 

 South Australia: 

o Loxton (CTF system) 

o Waikerie (non-CTF system). 

These are common areas where CTF is most widely used on larger crop areas in 

Australia. Furthermore, some soil parameters were measured during these 

experiments: 

 Dry bulk density 

 Moisture content  

 Shear force 

 Soil penetration resistance  

 Soil profile. 
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 Phase III 

This stage specifies the details of laboratory work conducted in the civil engineering 

facility at the University of Southern Queensland to measure the soil mechanical 

properties:  

 Cohesion  

 Soil friction angle  

 Adhesion  

 Soil-metal friction. 

These measurements were made to feed the Godwin and O’Dogherty (2007) model to 

predict the draught force. The task of this stage was aimed at achieving Objective 2. 

 Phase IV 

The literature review revealed that variation in soil condition and type can influence 

machine energy requirements due to differing soil strength and bulk density. 

Therefore, soil condition was selected as the first factor. Two soil conditions were 

represented in both CTF and non-CTF systems. Permanent Traffic Lane (PTL) and 

Permanent Crop Bed (PCB) were used in the CTF systems. In the non-CTF system, 

the soil condition factor was represented using non-wheeled soil to represent non-

compacted traffic lanes and wheeled soil to address compacted traffic lanes. Because 

of variation in working speed on the farms due to the diversity of agricultural 

operations, working speed was selected as the second factor. This stage consisted of 

conducting the experiment in all selected sites, to achieve the Objective 3. The results 

from this experimental work were compared with results obtained from the Gee-

Clough and Brixius (ASABE) models (Objective 3).  

 Phase V 

This stage specifies the details on timeliness, thus the results from the experimental 

work conducted in Phase 2 and 4 were brought together to investigate the effect of 

CTF on timeliness. This stage was designed to achieve the Objective 4 of the research. 

At the end of the study, findings were summarised and conclusions were drawn. 

Recommendations for future research in this field were also produced. 
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 Statistical analyses 

Experiments in this study were conducted in a block design. Statistical analyses were 

undertaken using the Statistical Package for Social Sciences (SPSS) (version 24), and 

involved the analysis of variance (ANOVA), and Duncan's multiple range test (MRT) 

to compare the means. A probability level of 5% (p<0.05) was used. Nonlinear and 

linear regression analyses were used to describe the relationships between draught 

force and operating depth. The relationship between motion resistance and cone index 

was investigated by regression analyses. This also was used to describe the 

relationships between predicted and measured values for draught force and motion 

resistance. The relationship between motion resistance coefficient and mobility 

number was also investigated by linear regression analyses. The values of analyses are 

reported as the mean and standard deviation (SD).   

 Thesis structure   

A summary of the methodological approach and the thesis structure is shown in Figure 

1.3.  

 

Figure 1.3: Outline of the research methodology and summary of the thesis structure 
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Chapter 1 presents an introduction to the research and background information which 

link into the subsequent chapters. Chapter 2 provides a literature review on soil 

compaction and its impact on soil properties, yield and energy requirements of 

agricultural machinery. The focus of the review includes controlled traffic farming 

(CTF) as a system used to manage soil compaction in field, comparative studies 

between CTF and conventional practice, and CTF’s role in increasing agricultural 

productivity and reducing energy requirements. This work identifies the scientific and 

knowledge gaps in the literature. 

Chapter 3 introduces the methodologies employed to meet the four research 

objectives. This chapter includes site locations and layouts, methods and the 

equipment used at each site, soil descriptions and an overview of instrumentation used 

in this research. Chapter 4 presents the research carried out at field scale to examine 

the effect of wheel traffic on the draught force of soil-engaging implements and soil 

surface roughness. The outcome of this chapter addresses Objectives 1. Chapter 5 

introduces the modelling aspects of the data in relation to draught force. The results of 

this chapter refer to Objective 2.   

Chapter 6 focuses on the experimental work to assess the benefits of permanent traffic 

lanes in CTF on the motion resistance characteristics of farm equipment on a range of 

soil types and conditions. In addition, the chapter also covers the models which have 

been used to predict motion resistance. The results of this chapter address Objective 3. 

Chapter 7 focuses on the role of CTF in the improvement of timeliness of cropping 

operations. Special emphasis has been placed on the effect of permanent traffic lanes 

trafficability and field access, which are related to motion resistance. The results of 

this chapter refer to Objective 4.  

Chapter 8 integrates the findings from Chapters 4, 5, 6 and 7 to provide an overall 

discussion. Chapter 9 presents the conclusions of this research project, reflecting on 

the overall findings from each of the previous chapters. A number of recommendations 

and future research directions are provided Chapter 10. 
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 LITERATURE REVIEW 

 Introduction 

This literature review attempts to:  

 Summarise the current state of knowledge on soil compaction  

 Identify those techniques that can be used to manage the soil compaction 

 Understand how CTF influences tillage draught forces and motion resistance 

 Properly identify the knowledge gap this research aims to correct. 

 Soil compaction 

Knowledge on soil compaction has increased remarkably in the past two decades 

(Sidhu & Duiker 2006; Batey 2009; Nawaz et al. 2013; Antille et al. 2016). Many 

researchers have defined soil compaction one of these is Craig (1997), who defines it 

as “the process of increasing the density of a soil by packing the particles closer 

together with a reduction in the volume of air but with no change in the volume of 

water”. Chancellor and Schmidt (1962) pointed out that soil is compacted when the 

load applied to the soil is larger than its strength. Figure 2.1 attempts to illustrate its 

impact on porosity. Soil compaction is often associated with an increase in soil density 

and strength, and reduction in soil macro-pores, which decreases the hydraulic 

conductivity (Schwab et al. 2002), and affects water, air and nutrient availability to 

plants (Agricultural Training Board 1989). 

  

Figure 2.1: Soil compaction causes a reduction in available space for air and water 

(Agricultural Training Board 1989 quoted by Misiewicz 2010) 

Soil compaction can occur at any soil layer and can be caused by a number of factors.  

Chancellor (1976) classified these as natural soil-forming processes resulting from the 

impact of animals or human intervention (mechanical farm/forestry operations). The 

last factor is generally regarded as the primary factor, and clearly within man’s control 
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(Lipiec et al. 2003). Raper (2005), for instance stated that 90 % of soil compaction is 

caused by machinery traffic, and similar statements were made by Soane et al. 

(1980b); Soane and van Ouwerkerk (1980).  

Soil compaction changes the physical, mechanical, chemical and biological properties 

of soil which severely inhibits the capability of the soil to supply plants with water and 

the air. According to Tullberg (1990), traffic from wheeled farm machines is common 

in most agricultural operations, even in zero tillage systems. Most, if not all, common 

farm operations require the use of heavy machinery during field operations and Soane 

et al. (1982), found that >90 % of field area is impacted during traditional UK seedbed 

preparation. An example of high traffic area in Australia is illustrated Figure 2.2. 

 

Figure 2.2: Traffic patterns from non-CTF cropping are illustrated in this photograph taken 

after flash flooding removed loose surface tilth from a conventionally-tilled, freshly seeded field 

in Central NSW (McGarry, no date quoted by Tullberg et al. 2007) 

Soil compaction has been reviewed by many authors, (e.g. Soane et al. 1980a, 1980b; 

Soane et al. 1982; Hamza & Anderson 2005; Batey 2009; Nawaz et al. 2013), who 

have provided a detailed overview of its causes. Compaction is affected by a number 

of factors such as nature and type of soil, soil moisture content, amount of compaction 

attainable under field conditions, and type of machinery causing compaction (Whitlow 

2001). The susceptibility of the soils to compaction varies with the soil texture. 

Frictionless clay soils (clay) are the most susceptible to compaction, and silt soils and 

cohesion-less sand soils the least (Horn et al. 1995) when they are at the optimum 

water content. The susceptibility of soils to compaction is highly affected by water 

content (Horn et al. 1995; Hamza & Anderson 2005), and most soils offer more 
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resistance to compaction when dry. As water is added to dry soil; it is absorbed and 

films are created around the soil particles, providing lubrication as they pack more 

closely together as illustrated in Figure 2.3. 

 

Figure 2.3: Dry bulk density vs. water content relationship (Ishaq et al. 2001) 

The primary source of external soil loads is the running gear of tractors and machinery. 

When these loads produce stresses less than that soil’s pre-compression stress, the 

outcome is largely elastic deformation according to Koolen and Kuipers (1983) and 

Horn and Lebert (1994). In this case, compaction occurs only under stresses greater 

than the precompression stress. Subsequent work by Kirby (1991) and Keller (2004) 

found that some permanent deformation also occurrs when measured stress is less than 

the pre-compression stress. Figure 2.4 presents the effect of a wheel load on soil. 

 

Figure 2.4: Pressure stresses distribution beneath two different tyres and loads at same ground 

pressures (Forristal 2003) 

The soil compaction caused by wheel load at given soil condition depends on tyre 

carcass stiffness, inflation pressure, diameter and section width (Håkansson et al. 
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1988; Antille et al. 2013). If the tyre carcass is more flexible, then more load is carried 

by the rolling surface and less on the edges of the carcass (Misiewicz et al. 2016). Low 

inflation pressure of the tyre results in an increase in the footprint and tyre flexibility 

(Ansorge 2007). Raper et al. (1995) found that increased inflation pressure decreased 

both the total contact length and the total contact area of the tyre, and resulted in the 

level of soil-tyre interface stresses (Figure 2.5). Soil compaction can result from high 

contact pressure, low soil strength, or both (Soane et al. 1982). 

 

Figure 2.5: Effect of tyre inflation pressure on soil-tyre interface stress (kPa) for 18.4R38 tyre 

with load 1.34 Mg (Raper et al. 1995) 

The effects of tyre size at high axle loads and a range of inflation pressure were 

investigated by Antille et al. (2013), where soil compaction resulting from loaded tyres 

was assessed. The study proved that increased tyre size and low inflation pressure 

reduced both soil deformation and the increase in soil bulk density beneath the tyres. 

The authors also found the advantage of increasing tyre size (i.e. contact patch area) 

and lowering inflation pressure where the tyre with the highest inflation pressure gave 

a significantly higher increase in penetration resistance obtained from drop-cone 

penetrometer compared with the tyres with lower inflation pressures. In a different 

study, Ansorge and Godwin (2007) examined the effects of tyres and tracks at high 

axle loads on soil compaction. Their results show that the TerraTrac system causes 
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less soil damage than tyres (at an overall load of 12 tonne for the tracks and 10.5 tonne 

for the tyres). 

In spite of a great benefits of reducing the pressure of the equipment load on a soil at 

given condition which could be achieved by increasing the contact area but the total 

volume of compaction does not necessarily reduce, however, most of the soil receiving 

most of the compaction will be near the surface (Chancellor 1976). Its alleviation is 

usually costly in terms of the energy and power required by the soil loosening process. 

 Influencing of soil compaction  

Soil compaction is considered to be a multi-disciplinary problem in which machines, 

soil and crop interactions play an essential role. It is also seen as a major cause of 

physical land degradation worldwide (e.g., Al-Gaadi 2013) and a threat to agricultural 

productivity. Compaction is responsible for the degradation of an estimated 83 million 

hectares globally, in Europe (33 million ha), Africa (18 million ha), Asia (10 million 

ha), Australia (4 million ha), and in some areas of North America (Flowers & Lal 

1998; Hamza & Anderson 2005; Nawaz et al. 2013). Mechanical methods such as 

deep ripping can be used to disturb compacted soil, but these are expensive and 

consume much energy, as noted by Raper et al. (1995). Lipiec et al. (2003) tried to 

summarise all the factors influencing of soil compaction in his scheme (Figure 2.6). 

The effects of soil compaction are not always negative. Appropriate soil compaction 

may improve the germination of seeds by providing a better soil/seeds contact and 

might also improve root absorption of nutrients and water (Arvidsson 1999). It has 

also been said to improve the ability of the soil to withstand further stresses by 

increasing its (mechanical) strength of the soil and improving mobility and traction 

(Schafer et al. 1992). 
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Figure 2.6: Scheme of soil compaction influences (Lipiec et al. 2003) 

 Influence of soil compaction on soil physical properties   

The physical parameters used to quantify soil compactness include bulk density and 

porosity, soil strength, water infiltration rate, and reduction of aeration(Nawaz et al. 

2013).  

Bulk density, the dry soil mass per unit volume, is the parameter most commonly used 

to characterise and quantify the soil compaction (Panayiotopoulos et al. 1994), but in 

shrink/swell soils, characterisation and quantification of soil compaction should be 

done at the standard soil moisture content (Håkansson & Lipiec, 2000). For an accurate 

determination of the influences of the soil compaction on all soil types, the soil bulk 

density alone is not enough; other soil parameters such as penetration resistance (cone 

index), soil aeration, and soil moisture content should also be measured (Lipiec & 

Hatano 2003). Chamen (2006) presented a comprehensive review of soil compaction 

effects on soil strength and bulk density, and concluded that imposed wheel loads 

caused an increase in both soil bulk density and penetration resistance.  

In an experiment on a silty clay loam, Jorajuria and Draghi (1997) measured the impact 

of traffic intensity (0, 1, 5 and 10 passes) on bulk density by comparing the impact of 

tractors with similar contact pressures but different mass (4.2 Mg and 2.3 Mg) on a 

soil (Figure 2.7).   
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Figure 2.7: The Relative effects of wheel loads and wheel passes on soil bulk density (Jorajuria 

and Draghi 1997). 

They noted that the first pass of both tractors caused a greater increase in soil bulk 

density (26% and 20%, respectively) than that of five passes (24%, and 19%, 

receptively); an effect confirmed by Silva et al. (2008). The impact of traffic 

compaction is nevertheless highly variable in different soils and cropping systems, as 

demonstrated by Chamen (2006) (Figure 2.8). 

 

Figure 2.8: Wheel loads effects on bulk density of the surface 200mm in different UK cropping 

systems and soils 

Bulk density increases with a decrease in the number and volume of large soil pores, 

which in turn alters aeration, infiltration, and hydraulic conductivity. It is normally 

accompanied by an increase in soil strength and penetration resistance, which is often 

used as a parameter of soil compaction (e g. Chamen et al. 1990; Botta et al. 2006; 
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Nawaz et al. 2013). The cone penetrometer is widely employed (ASABE 2013a) to 

carry out simple measurements of soil strength and indicate soil accessibility for root 

penetration and exploration (Materechera & Mloza-Banda 1997). Ghildyal and 

Tripanthi (1987) demonstrated a clear linear relationship between penetration 

resistance and bulk density for one soil at the same moisture content. Soil strength 

normally increases with bulk density, but it also decreases with moisture content, so 

caution is necessary when interpreting penetration resistance measurements when 

moisture content varies (Bouwman & Arts 2000). Other factors such as clay content 

and exchangeable cations can also affect soil strength (Mathers et al. 1966).  

The literature includes many papers investigating soil compaction in terms of bulk 

density and penetration resistance (e.g. Chamenet al. 1990; Chamen & Cavalli 1994; 

Jorajuria et al. 1997; Botta et al. 2002; Pagliai et al. 2003; Radford & Yule 2003; Botta 

et al. 2006; Nawaz et al. 2013), but the difficulty with using penetration resistance 

alone to measure compaction effects has been demonstrated by Chamen (2006) who 

collated data for wheel load impacts on penetration resistance across the depth range 

0–500 mm for different UK cropping systems and soils (Figure 2.9).  

 
Figure 2.9:  Wheel load effects on penetration resistance change across different UK cropping 

systems and soils 

Traffic-induced soil compaction causes deleterious effects on pore space, water 

holding capacity, infiltration, and drainage characteristics of soil, so hydraulic 

conductivity and water infiltration rates can also be used as indicators of soil 

compaction (Silva et al. 2008). This has been demonstrated by many authors, and a 

review by Chamen (2011) reported infiltration ranging from 84 to 400% in 

uncompacted versus compacted soil. Australian examples include Hamza and 
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Anderson (2003), and Li et al. (2001) who reported a 4–5 fold increase in infiltration 

in the absence of traffic. Another example is illustrated in Table 2.1.   

Table 2.1: Soil conditions affects by soil compaction at 0-61 mm. (Flocker et al. 1958) 

Compaction 

treatment 

Bulk density 

(Mg.m-3) 

Air-filled porosity 

(%) 

Water infiltration 

rate (mm.h-1) 

Light 1.25 30.8 40.17 

Moderate 1.40 22.6 9.7 

Severe 1.56 13.6 10 

 

The hydraulic conductivity of soil is defined as “the ratio of water flow rate (flux) to 

the potential gradient, where flux is normally expressed as volume per unit area per 

unit time” (Hillel 2007). Chamen and Longstaff (1995) demonstrated the significant 

effect of 3 Mg wheel load traffic in reducing hydraulic conductivity of 4-year non-

trafficked clay soil at 0.8 m depth from 30 to 12 mm.day-1. Arvidsson (2001) 

documented a more extreme case of the conductivity change produced by four passes 

by a 10 Mg wheel load sugar beet harvester (Table 2.2).  

Table 2.2: Hydraulic conductivity following four passes of a sugar beet harvester with 10 Mg 

wheel loads on a loam soil (Arvidsson 2001) 

Depth 

Hydraulic conductivity, mm h-1 

300-350 mm 500-550mm 

Year 1996 1999 1996 1999 

Reduction (%) 825 596 1314 406 

 

Reduced soil aeration is an indicator of soil compaction. This indication can be 

quantified by different parameters such as the air filled porosity, oxygen diffusion rate, 

redox potential, and air permeability (Cannell 1977). The data presented in Table 2.1 

indicate how extreme compaction effects can be on the air filled porosity. Soil aeration 

is also fundamental for the activity of the soil organisms which develop soil structure 

and fertility through interaction with organic matter and crop residues to supply the 

soil with humus and nutrients. 
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Compaction reduces pore size and number, reducing the infiltration capacity of soil, 

increasing surface runoff and erosion under intense rainfall. Tullberg et al. (2001) 

demonstrated that tractor traffic produced a consistent annual runoff over 4 years. In 

this case mean annual run-off from wheeled plots was 44% greater than that from 

controlled traffic plots, whereas runoff from stubble mulch tillage plots was 24% 

greater than that from zero tillage plots. Greater run-off is also associated with greater 

erosive loss of soil and nutrients. 

 Crop growth and yield affected by soil compaction   

The relationship between crop performance and soil compaction has been widely 

investigated, because compaction often has negative effects. (Figure 2.10), and most 

researchers recognise that soil degradation is likely to diminish the capacity for 

productive cropping.  

 

Figure 2.10: Relationship between soil compaction and crop yield in a sandy loam soil (Negi et 

al. 1981) 

Håkansson et al. (1988) reported that crop responses could be directly and indirectly 

influenced by soil compaction. The direct impact is interference with the crop uptake 

of water, nutrients and air mentioned by Nawaz et al (2013). The indirect effect is 

associated with timeliness, and particularly the additional time often required to 

prepare a seedbed and, the quality of the seedbed, once prepared. Compaction can also 
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increase soil nutrient loss by leaching, runoff, and gaseous losses to atmosphere (Iler 

& Stevenson 1991), thus reducing fertiliser efficiency (Hussein et al. 2017).   

Voorhees (1986) in Minnesota, reported a series field trials demonstrating that axle 

loads less than 5 Mg could cause compaction to a depth of 300 mm, but with axle 

loads greater than 10 Mg, compaction would reach a depth of 600mm.  This research 

confirmed that surface layer compaction can significantly influence crop yield 

depending on soil texture and climatic conditions. A moderate increase in the soil 

compaction level may increase yields during relatively dry conditions, while yields 

will be decreased during wet seasons. Subsoil compaction, on the other hand, resulted 

in a significant yield decrease over several years. (Figure 2.11).  

These trials covered a range of soil textures and crop species, and showed that soils 

with high clay content generally experience a greater crop yield response to 

compaction (negatively or positively) than coarse textured soils. This is consistent 

with findings of past studies by Negi et al. (1981), and also generally agree withDwyer 

(1983) in the UK, who found that maximum axle weight should not exceed 6 Mg to 

avoid subsoil compaction. Voorhees (1986) also noted that deep ripping of compacted 

soil can be detrimental because subsequent wheel traffic on the loosened soil can 

recompact the soil to a higher bulk density than its original value.  

It is interesting to note that axle loads smaller than 3 Mg were typical for most field 

operations in 1975, whereas axle loads of harvest and transporting equipment were 

between 10 and 20 Mg in 1992 (Koolen et al. 1992). These values are substantially 

smaller than those found now (2018) in Australian grain production, where tractor and 

harvester axle loads often exceed 10 Mg and 20 Mg respectively. 
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Figure 2.11: Relative crop yield as an effect of 10 tonnes load application (Voorhees 1986) 

Douglas et al. (1992) compared the effect of traffic system on crop responses, showing 

that that total dry matter yield was significantly greater after zero traffic than either 

conventional traffic or reduced ground traffic systems. Chamen et al. (1990) also 

looked at the effects of low ground pressure, conventional and zero traffic systems on 

soil and crop responses. Their tests were conducted on a clay soil with wheeling 

treatments varying in pressure from 0 to 250 kPa. They found that conventional and 

low ground pressure systems resulted in the highest values of soil properties including 

soil bulk density and cone penetration resistance, whereas the zero traffic system 

returned the lowest. However, there was no significant difference in yield recorded 

between conventional, low ground pressure and zero traffic direct drilled treatments. 

Only the combination of the zero traffic and shallow cultivation led to some drop in 

yield. Therefore, the authors concluded that the crop performance is more likely to be 

reduced by under-compaction than over-compaction in the wheeling pressure range 0 

to 250 kPa. Chamen et al. (2015) argued that low ground pressure systems were a 

reasonable means of compaction mitigation but were constrained due to their negative 

impact on topsoils and gradual degradation of subsoils 

In conclusion, the relationship between soil compaction and yield is not 

straightforward. It involves some interactions of soil, water and air as it affects various 
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stages of plant development. In this discussion, it is necessary to remember that that 

an optimum soil compaction is required for appropriate seed germination. Each 

species has an optimum soil bulk density which gives maximum yield. The densities 

lower and higher than the optimum cause yield reduction. In recent years, agricultural 

equipment has become progressively more powerful but also heavier, therefore, its 

harmful effect on the soil-plant relationship tends to increase. Here are recent studies 

on the effect of compaction on crop performance and yield (e.g. Smith et al. 2014; 

McPhee et al. 2015; Godwin et al. 2017; Hussein et al. 2017, 2018; Hefner et al. 2019). 

 Effect of soil compaction on draught force and motion resistance 

Surface soil compaction is mainly a function of the pressure applied to the soil surface 

(Plackett 1984), so the amount and type of tillage required to loosen it is closely related 

to the forces previously applied (Soane 1983). Soil compaction can have both direct 

and indirect effects on energy requirements. The direct effects are associated with 

draught force and motion resistance, while the indirect effect is the creation of clods. 

Energy is dissipated when compacting soil (overcoming motion resistance), which in 

turn requires significantly greater (usually draught) energy to disturb by subsequent 

tillage or seeding equipment (Tullberg 2014).  

Draught force, defined as the force needed to pull implements, is increased by soil 

compaction, which increases the strength of the soil mass and the aggregates within 

that mass (Chamen 2006). For a given soil type, energy levels for cultivation differ 

widely according to soil moisture content (Chamen et al. 2015). Soil related 

differences are illustrated in the work of Patterson et al. (1980) who produced data for 

cereal crop establishment over a number of years from three different soils, the 

principal components of which are listed in Table 2.3 together with energy 

requirements per unit volume of soil moved. Soil strength usually increases with its 

bulk density (Keller 2004), as does draught force (Mouazen & Ramon 2002). Draught 

requirements for agricultural operations also increase with soil moisture (Solhjou et 

al. 2013; Tagar et al. 2014; Chamen et al. 2015), increasing the energy required for 

tillage; an effect illustrated in Figure 2.12, by López Bravo et al. (2016). 
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Table 2.3: Energy requirements for different cultivation systems in three soils (Patterson et al. 

1980).  

Description Site 1 Site 2 Site 3 

Soil texture Clay loam Silty loam Clay loam 

Particle size distribution 

(%) 
 

Sand 25 12.1 27.2 

Silt 25.1 51.4 21.4 

Clay 45.9 28.5 51.4 

Energy requirements  

Depth of work, mm 220 130 110 220 145 105 205 130 105 

Energy, kJ.m−3 117 103 108 56 75 74 146 108 122 

 

Figure 2.12: Draught  force response surface function of moisture and soil dry bulk density ( 

after López Bravo et al. 2016) 

Soil compaction is, thus, a major factor contributing to increased draught  force (Sahu 

& Raheman 2006), and the literature provides many examples of this. In the USA for 

instance, Voorhees (1979) found draught force increases of 25% and 43% respectively 

from one and five passes of a 7 Mg tractor, and DeJong-Hughes (2015) also found that 

compaction increased the draught of a narrow chisel from 0.311 kN to 1.55 kN.  
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In Australia, Tullberg (2000) demonstrated that compaction, due to tractor and/or 

implement wheels preceding a tillage implement, can increase total implement draught 

by more than 30%. He labelled this effect the ‘traffic penalty’ of the operation, 

pointing out that the energy inefficiencies of traction are responsible for increasing the 

energy requirements of tillage and seeding. 

An indirect effect of soil compaction is the increase in cloddiness of soil after tillage, 

requiring more intensive tillage to produce a seedbed (Chancellor 1976), and 

increasing the time required for tillage operations. This cloddiness impact of 

compaction has also been investigated by Lyles and Woodruff (1961) who found 

similar patterns to those reported by Flocker et al. (1958) and illustrated in Table 2.4. 

Table 2.4: Effect of soil compaction on cloddiness and clod strength (Flocker et al. 1958) 

Compaction 

treatment 

Bulk density 

(Mg.m-3) 0-61 

mm depth 

Clod population 

(grams)  

Clod density 

(Mg.m-3) 

Clod shear 

strength (g.cm-2) 

Light 1.25 8 440 1.49 492.6 

Moderate 1.40 21 770 1.50 745.9 

Severe 1.56 43 680 1.64 865.6 

Motion resistance is the force opposing the movement of a wheel (or other running 

gear) on a surface (Macmillan 2002). Motion resistance of agricultural equipment 

includes two components: an internal resistance (due to losses inside wheels or tracks) 

and external resistance (due to soil deformation)(Lyasko 2010b). Internal resistance is 

largely related to running gear (tyre or track) type and characteristics, and is relatively 

small in most field situations. External resistance, which is heavily influenced by soil 

conditions, is normally the biggest contributor to motion resistance in agriculture. This 

is clear from the early work of McKibben and Davidson (1940) quoted by McKyes 

(1985), and Lyasko (2010a) has demonstrated the impact of wheel slip in increasing 

motion resistance on field surfaces. (Figure 2.13). 

Soil deformation is the major factor affecting motion resistance, as illustrated in a field 

experiment on a fine clay by Botta et al. (2012), where motion resistance force was 

greatest on soft ploughed soil with large plastic deformation and rut depths. Motion 
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resistance was much smaller on soil prepared for no-tillage (NT) (Figure 2.14). This 

is consistent with the results of Zoz & Grisso (2003) and Kurjenluoma et al. (2009). 

 

Figure 2.13: Motion resistance coefficient vs. tire slip in four soil conditions: 1 = concrete; 2 = 

firm soil; 3 = tilled soil; 4 = soft or sandy soil (Lyasko 2010a). 

 

 Figure 2.14: Relationship between motion resistance (kN) and soil conditions. Values with 

different letters within each soil conditions show significant differences between tractors (P < 

0.01, Duncan’s multiple range test) (Botta et al. 2012). 

When one wheel follows precisely in the track of another wheel, compaction by the 

front wheel will increase soil strength and thus, tractive performance of the rear wheel. 

This accounts for the commonly observed improvement in tractive efficiency of four-

wheel-drive (versus two wheel drive) tractors. Bezborodova et al. (1968), for instance, 

found that the motion resistance of a wheel with a 12.00-18 tyre on loam soil at 12 to 

14% moisture content, decreased by 41%, 36% and 31% respectively in the 2nd, 3rd 

and 4th passes along the same wheel track.  

Guerif (1994) noted that compaction can improve field access for vehicles particularly 

during wet periods, improving the ability to perform operations such as planting and 
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harvest at the optimum time (timeliness). Field access depends on equipment mobility 

and trafficability; this in turn is related to motion resistance as pointed out by Saarilahti 

(2002) who provided mobility/trafficability classes based on motion resistance 

coefficients (Table 2.5).   

In conclusion, the relation between soil compaction and energy requirements is 

straightforward. Compaction increases the strength of a soil, and the energy required 

to disturb or till it. It also increases cloddiness after tillage, which can increase the time 

required for tillage operations. Meanwhile, the greater strength of compacted soil can 

also limit deformation and reduce motion resistance, increasing mobility and 

trafficability.  

A question here is: Which system can optimise all these contradicting factors, and, at 

the same time provide soft soil for high yield and less draught force, and hard soil for 

good traction, mobility and trafficability with and less motion resistance? Australian 

farmer experience has been that the strategies that improve soil conditions such as 

CTF and NT (together or separately) have their largest effects in bad years, which is 

when prices are highest. Australian farmers also point out that a whole lot of system 

effects-timeless being the most important (but it only applies with self-draining 

layouts), but also factors such as greater uniformity of both crop and weed growth 

(better timing of pesticide applications) and avoiding issues with harvester ruts, which 

frequency spoil double-cropping opportunities. 

 Techniques for overcoming soil compaction  

Soil compaction is inevitable, and potentially damaging compaction is unavoidable 

due to the intensive use of farm machinery in different farm operations (Hamza et al. 

2011). Soil compaction is significantly affected by soil moisture, clay content, and 

Table 2.5: Mobility and trafficability classes based on motion resistance coefficient  

(Saarilahti 2002) 

Mobility/ trafficability class  Motion resistance coefficient   

Good  < 0.02 

Fair 0.20-0.30 

Poor  > 0.30 
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bulk density (initial strength), as discussed earlier (Saffih-Hdadi et al. 2009). From the 

perspective of machine-soil interaction, compaction is influenced by axle load, wheel 

slip, and contact area, which depends on tyre inflation pressure and, therefore, contact 

pressure at the tyre-soil interface, and tyre deflection (Soane et al. 1980a, 1980b). To 

minimise compaction, these parameters can be manipulated in conjunction with soil 

moisture conditions at the time of traffic. An example is the Schjønning et al. (2013) 

50:50 rule proposal, which avoids traffic if soil stresses at 50 cm deep exceed 50 kPa 

on soils with moisture contents near field capacity. Similar strategies based on critical 

soil moisture levels for field traffic have been used to determine suitable conditions 

for traffic with slurry-spreading equipment (Vero et al. 2014), but these strategies can 

produce yield or financial penalties. Such penalties arise when unsuitable soil moisture 

conditions result in delay or avoidance of operations such as planting and harvesting.  

Potential strategies for eliminating, alleviating or managing compaction are 

summarised in Figure 2.15, from Soane et al. (1979); (1982) (in Antille et al. 2016). 

Mechanical loosening operations such as deep ripping are sometimes effective for 

alleviating compaction, as demonstrated by e.g., Bennie & Botha (1986); Varsa et al. 

(1997); Hamza and Anderson (2003, 2005). This can result in increased crop yield 

(e.g., Bennie & Botha 1986; Vepraskas & Wagger 1990; Willis et al. 1997), but deep 

ripping is an energy-intensive activity and subsequent heavy wheeling can result in 

even worse soil compaction (DeJong-Hughes et al. 2001). Deep ripping can also 

produce unsatisfactory results, particularly when other subsoil constraints (e.g., sodic 

subsoil) are present (GRDC 2009), and its beneficial effects are often short lived.  

An alternative approach to alleviating compaction is the use of deep-rooted annual 

crops such as mucuna or pigeon pea (Hulugalle & Lal 1986; Hulugalle et al. 1986) or 

deep-rooted perennials such as Leucaena leucocephala (Lal 1989; Kang et al. 1990). 

In Australia, for instance, growers talk about the benefits of tillage radish (Giarola et 

al. 2013; AGF 2018). These and similar strategies can also improve the soil’s physical 

conditions by enhancing the biological activity of earthworms and through the 

addition of organic matter (Adem & Tisdall 1984; Derpsch et al. 1986). The beneficial 

effects of biological loosening are not clear but Hulugalle et al. (1986) indicates they 

are greater in soils that have been subjected to only low levels of compaction.  
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Figure 2.15: Options for controlling compaction in agricultural soil (after Soane et al., 

1979, 1982; modified by Antille et al. 2016). SMD, soil moisture deficit. 
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Avoidance might well be the best strategy for managing compaction (Antille et al. 

2016) by restricting all heavy loads to well-defined traffic lanes, whether temporary 

or permanent (e.g. Soane et al. 1979; 1982; see aslo Godwin 2009; 2016). 

In Figure 2.15, full adoption of Controlled Traffic Farming (CTF) requires permanent 

traffic lanes or tramlines, but the term ‘seasonal’ CTF refers to temporary tracks, 

where affected areas may be targeted for post-harvest remediation. The latter approach 

relates to the concept of precision soil management (Godwin 2009). Gantry systems 

(Chamen et al. 1992b, 1994a, 1994b) are technically feasible, but without large-scale 

manufacture their development has been limited (Godwin, 2009). These approaches 

appear to be best management for controlling soil compaction. 

The traffic reduction approach can be achieved by combining, in one pass, operations 

such as cultivation and seeding or certain types of harvesting operations using 

currently available machinery and common sense attitudes to machinery management 

(Kayombo & Lal 1993). 

Soil compaction caused by a tyre at a given load and soil condition depends on tyre 

inflation pressure, diameter and section width. Low inflation pressure of the tyre 

results in an increase in the contact area and tyre flexibility (Ansorge 2005). The 

effects of tyres and tracks at high axle loads were studied by Ansorge and Godwin 

(2007), where soil compaction resulting from loaded tyres and tracks was assessed. 

The study proved that TerraTrac system causes less soil damage than tyres (at an 

overall load of 12 tonne for the tracks and 10.5 tonne for the tyres). This study 

concluded that the method of load distribution to the ground is very important.  

Antille et al. (2013) also looked at the effects of tyre size on soil compaction and 

provided an indicator for tyre selection for combine-harvester tyres at high axle load 

and a range of inflation pressure. Their results show that increased tyre size and low 

inflation pressure reduced both soil deformation and the increase in soil bulk density 

beneath the tyres. After one passage of tyres on the soil, the increase in soil bulk 

density was approximately 25% for the low bulk density soil (1.20 t m-3) and only 2.3 

– 5% for the high bulk density soil (1.60 t m-3). The authors also found the advantage 

of increasing tyre size (i.e. contact patch area) and lowering inflation pressure where 

the tyre with the highest inflation pressure gave a significantly higher increase in 

penetration resistance obtained from a drop-cone penetrometer compared with the 
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tyres with lower inflation pressures. Chamen et al. (1990) and Alakukku et al. (2003) 

state that greater benefits in reducing soil compaction could be achieved by reducing 

tyre inflation pressure or by using more favourable/suitable tyres. 

 Relationship between contact area and soil deformation    

The options suggested in Figure 2.15 may be related to Micklethwaite’s equation 

(Micklethwaite 1944 cited by Alcock 1986; Antille et al. 2016) for maximum thrust: 

S=(( c× A)+(W×tanΦ))……………………………………………………………..Equation 2.1 

where S is thrust, c is cohesion, A is area, W is weight, and 𝝫 is angle of internal 

friction. In clay soils, in order to maximise traction and reduce wheel slip, greater 

benefits result from increased contact area because of the cohesive component of shear 

force (Micklethwaite 1944). This can be achieved by increasing tyre diameter, section 

width or both, whereas for sandy soils, benefits will be from increased weight (Antile 

et al. 2016). The following are requirements for maximising thrust with minimum 

motion  resistance, slip and compaction (after Wong 2010): 

An increase in contact area through increased tyre diameter is preferable to section 

width because it will minimise rut width and reduce motion resistance (McAllister 

1983; Crossley et al. 2001; Kurjenluoma et al. 2009). Increased contact area will also 

reduce slip and therefore motion resistance (Inns & Kilgour 1978; Komandi 1999). 

Figure 2.16 (Antille et al. 2016 quoted from the earlier work Soehne 1958; modified 

by Godwin (2005)) shows the relative effects of wheel load, inflation pressure and 

forward speed on pressure distribution beneath a tyre and highlights the relative 

influence of those parameters on soil compaction. In fact, these approaches can be 

combined with CTF, which is characterized by a permanent traffic lane, and greater 

benefits will result from this combination. However, an increase in contact area 

through the use of dual tyres, has a positive effect on the reduction of soil compaction 

compared with single tyre use. Meanwhile the single tyre doesn’t have always a 

negative effect, according to Bennett et al. (2017) who demonstrated that a standard 

cotton picker (JD7760) did not significantly affect penetration resistance when 

compared with the penetration resistance under a CTF cotton picker (JD7760) (Figure 

2.17). They also concluded that the CTF approach provides better protection of the 

soil resource than the conventional system and is likely to result in greater productivity 

in the long-term.   
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Figure 2.16: Relative effects of tyre load, tyre inflation pressure and forward speed on pressure 

distribution beneath self-propelled tyres (after Soehne 1958; modified by Godwin 2005; quoted 

by Antille et al. 2016). 

 

Figure 2.17: Penetration resistance maps for (A) CTF JD7760 system, and (B) standard JD7760 

system (Bennett et al. 2017) 

In many studies on soil compaction, emphasis has been placed on the need to reduce 

the high axle loads and the high contact stresses that are imposed by modern vehicles, 

and to reduce the amount of such traffic involved in crop production (Håkansson et al. 

1988; Soane 1990). All of the above approaches could be combined with CTF to 

achieve their purpose. Researchers in Western Australia found that integrating deep 

ripping with CTF could increase the benefit and longevity of ripping. In addition, these 

approaches are working to alleviate and remove soil compaction. The use of CTF in 

this approach would make soil compaction exploitable. As machinery is getting bigger 

and soil compaction is getting deeper, CTF is definitely worth considering.  
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 Controlled traffic farming 

CTF is an agricultural system that seeks to isolate cropping zones from the damaging 

effects of compaction by concentrating traffic in permanent laneways where 

compaction will improve trafficability. This is achieved by use of the same or modular 

equipment working widths with all heavy equipment wheels adjusted to a common 

track gauge to fit the permanent lanes. A multidisciplinary scientific and engineering 

team working with grain farmers in Central Queensland from 1993 to 1998 developed 

the Australian CTF system (Tullberg et al. 2007). In these systems the permanent lanes 

– often referred to as “tramlines” – can occupy less than 15% of field area with precise 

guidance. This common 3-m track gauge system is illustrated in Figure 2.18 and 

operates well with a 9 m seeder and harvester and 27 m sprayer, but use of 12.2 m 

seeders and harvesters, with 36.6 m sprayers is increasing, and even wider systems are 

contemplated (Isbister et al. 2013).  

Beside this, the rules of road transport must be considered. Generally, in Australia, the 

maximum road transport limit is 5 m. This layout of CTF (machine width 3 m) requires 

various combinations of warning signs, lights etc., when equipment travels along 

public roads in densely populated areas. The vehicles over 3.5 m can only travel in 

daylight hours. They also require front and rear pilot vehicles during public road 

transport (TMR 2013). This suggests a track width less than 3.5 m and a maximum 

tyre width of 0.5 m for unrestricted road travel (McPhee & Aird 2013). 

Marker arms and physical measurement have been used to set out CTF systems, but 

most Australian growers now use real-time kinematic (RTK) differential global 

positioning systems (DGPS) auto-steer. The current RTK-DGPS system precision is 

about 2 cm, providing a convenient and economic system for equipment to follow the 

same tracks year after year (Jensen et al. 2012). CTF can increase yields (Williford 

1980) and reduce production costs relative to non-CTF systems (Tullberg 2007). CTF 

was used on 22% of the Australian grain production area in 2016-2017 (ABS 2017), 

and adoption is increasing rapidly.  
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Figure 2.18: Illustration of common CTF systems 

 International CTF Adoption 

Some of the original research on controlled traffic started in the USA in 1950 (Taylor 

1983), using modified tractors or specifically designed wide-span machines (gantries) 

(Taylor 1994). That research often focused on wide-span gantries, with implements 

normally working within their widely spaced tandem wheels (Chamen et al. 1992b). 

(Figure 2.19). Gantries appear to be an optimal solution, halving the area of permanent 

lanes compared to tractor-based CTF, and gantry track gauge to date has varied from 

4 to 12 m – and even 21 m in one case. With no large machinery manufacturer yet 

producing a gantry however, there is no commercial on-farm adoption. 

 

Figure 2.19: Gantry for controlled traffic research (Taylor 1983). 

Research groups in the United Kingdom, Switzerland, Slovakia, the Czech Republic, 

the Netherlands, Denmark and Germany have all investigated the effects of controlled 

traffic farming (e.g. Lamers et al. 1986; Sommer et al. 1988; Chamen et al. 1990; 
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Chamen et al. 1992a, 1992b; Chamen & Audsley 1993; Chamen et al. 1994a, 1994b; 

Chamen & Longstaff 1995). Positive results from much of this work have encouraged 

adoption. European road regulations disallow normal use of vehicles wider than 2.55 

m (Vermeulen et al. 2010). Most European CTF is based on smaller gauge widths 

(Figure 2.20), but CTF adoption is nevertheless increasing, with around 28,000 ha in 

CTF now, and another 44,000 ha in planning or transition (Chamen 2013).  

 

Figure 2.20: Common CTF adopted in Europe known as OutTrac. (Chamen 2006) 

A group of Canadian farmers began transferring the Australian CTF experiences to 

Canadian farms in 2010, with two three-year projects to help western Canadian 

farmers assess CTF under Alberta conditions. Five farmers co-operated in the original 

project using field-scale equipment on demonstration plots ranging from 577 to 1945 

ha, and more farmers joined a second project so the work covered a wide range of soils 

and climatic conditions. More time is needed to see all the benefits, but nearly all their 

cropland is now farmed using CTF (Gamache 2013).  

In China, controlled traffic was demonstrated in dryland farming in Shanxi province 

in 1998 confirming that CTF would improve current farming systems (Chen et al. 

2008; Bai et al. 2009), addressing the cropping problems of the Loess Plateau (e.g. He 

et al. 2012; Chen & Yang 2015). Despite the potential benefits, adoption is minimal 

in this environment of very small farms where opportunity costs, land scarcity, policies 

and subsidies inhibit adoption (Wang et al. 2008). 

 Adoption of Controlled traffic farming in Australia 

CTF is not new, Australian farmers have been perfecting it for two decades. Tullberg 

and Murray (1987), at Queensland Agricultural College, reported on research to assess 
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the effects of controlled traffic on tractor energy losses and tillage requirements as 

well as soil and crop effects. Their results showed that controlled traffic can reduce 

the fuel consumption up to 40%, allow similar output and capacity from a tractor of at 

least 30% less power; maintain yields without the necessity for deep tillage operations; 

and increase rainfall infiltration, which also reduces runoff and erosion in some 

circumstances.  

As a result of the benefits of CTF, its adoption rapidly increased to a point where Yule 

et al. (2000) estimated for Australia, an increase in activity from 3,000 ha in 1995 to 

300,000 ha in 2000. In 2009, about 3 million hectares were estimated in controlled 

traffic across Australia (Edwards et al. 2012). As mentioned previously, the 3m track 

width system commonly used in Australian dryland grain production, with standard 

setup of 9 m header and seeding 27 m sprayer, has a machinery-matching ratio of 3:1. 

The increased working widths of the machines and satellite guidance systems made it 

possible to practice CTF without widespan vehicles. Thus, nowadays many growers 

are using a standard setup of a 12.2 m header and seeding, and 36.6 m sprayer, and in 

some cases they are using whether setup of a 1:3:2 or 2:1:3 machinery matching ratio 

depending on the work width of farm machines. 

 Soil, yield and energy requirements under controlled traffic farming  

CTF works by reducing compaction, which can produce economic loss by increasing 

grower input costs, preventing a plant from accessing deep soil moisture. There is a 

growing need to apply CTF for increasingly sustainable productivity and decreasing 

production costs in many regions of the world. CTF research has been carried out in 

many different environments, soils and cropping systems around the world (Lamers et 

al. 1986; Chamen et al. 1990-1994; Bakker & Barker 1998; Braunack & McGarry 

2006; Tullberg et al. 2007; Chen et al. 2008; Vermeulen & Mosquera 2009; McPhee 

et al. 2015) (Table 2.6). 

In Australia, CTF research and development has been conducted in sub-tropical, rain-

fed and irrigated grain and cotton systems on Vertisols, dry land grain or deep sands, 

and in the sugarcane industry (Braunack & McGarry 2006; Blackwell 2007; Li et al. 

2007; Tullberg et al. 2007; McHugh et al. 2009). The soil physical properties such as 

bulk density, soil strength, cone index (Chamen & Longstaff 1995; Unger 1996) 

infiltration (Li et al. 2007) and soil water content have been used to evaluate soil 
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management systems (Alvarez & Steinbach 2009; Bai et al. 2009; Chamen 2011; 

Smith et al. 2014). Braunack and McGarry (2006) found a significantly lower bulk 

density and penetration resistance to 30 cm depth in sugarcane controlled traffic trials 

in north Queensland, Australia. In another study in Brazil, Souza et al. (2014) also 

found that bulk density and compaction in the seedbed and plant row under the 

managements of traffic control were both lower than trafficked soil.  

A number of authors have investigated the effect of CTF on crop yield. Demmel et al. 

(2015) investigated the effect of a controlled traffic farming system on different farms 

between 2009 and 2014. The results illustrated the complexity of soil stress and soil 

compaction, with significant differences between soil parameters in wheeled and non-

wheeled areas, and no clear yield or agronomic trends in first year. However, there 

was a general tendency to slightly higher yields in the non-wheeled areas compared 

with the wheeled areas. The different yield reaction by first year could be related to 

the natural soil recreation processes take a long time to adjust. In addition, annual plant 

and yield development is strongly influenced by other factors such as the course of 

temperature and precipitation.  

Souza et al. (2014) found that sugarcane productivity and sugar yield increased by 

18.72% and 20.29%, respectively, with traffic control. Chamen (2006) reported that 

with CTF and compaction trials, the yield on untrafficked areas reached 80-160 % 

compared to trafficked ones; permanent tramlines always had the lowest yields. 

Godwin et al. (2017) also found that CTF has a significant impact on crop yield where 

the replicated plot experiments in non-traffic soil produced a maximum and significant 

differential of +11% compared to random traffic. Numerous articles on the impact of 

traffic systems on crop yield in different soil texture have been reviewed by Chamen 

(2011). In comparison to zero traffic soil; those with conventional traffic yielded 

reductions of 16% for clay, 18.5% for loam and 7% for silt. It was concluded that CTF 

under European cropping conditions might lead to a general yield increase of 5-8 % 

(Anken et al. 2016). 

In term of energy requirements, reductions in energy requirements are primarily due 

to:  

(1) Relatively low soil specific resistance in the absence of traffic compaction  
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(2) Tillage operations conducted at shallower depths when remediation of deep 

compaction is not required  

(3) Reduced power loss in ground drive due to lower motion resistance and reduced 

wheel slip (Tullberg 2000; Godwin & O’Dogherty 2007; Chen & Yang 2015). 

Draught force and motion resistance are components of energy requirements in 

agricultural systems. Taylor (1983) was probably the first researcher to recognize the 

additional benefits brought to a controlled traffic system by optimising the design of 

the permanent traffic lanes. It was well known that the first pass across a relatively 

soft soil brought with it high motion resistance and poor tractive efficiency. However, 

by the fourth pass, efficiency had risen from less than 50% to close to 75% on a 

Decatur silty loam. Lamers et al. (1986) also indicated that a 13% increase in the 

relative tractive efficiency of permanent traffic lanes (tramlines) is brought about by a 

reduction in motion resistance and increased coefficient of traction. In addition, the 

expected improvements in soil structure and the reduction of fuel occurred (Lamers et 

al. 1986). A study by Jensen et al. (2012) in Denmark on the socio-impacts of 

controlled farming in Denmark concluded that the Danish Gross Domestic Product 

(GDP) increased by 34 million euros due to the implementation of precision farming 

(PF) and CTF on larger farms in Denmark. The results also clearly showed that 

adoption of PF and CTF farming systems will benefit the environment. They were able 

to verify a reduction of environmentally harmful agricultural inputs such as pesticides 

and fuel. 

Chamen et al. (1990, 1992a) examined the draught force aspect while working on a 

clay soil in England, and comparing conventional and zero traffic. They reported that 

zero traffic reduced the draught requirements for shallow (100 mm) primary tillage by 

up to 60%, while a 20% reduction in draught for conventional ploughing at depth (200 

mm). Chamen and Longstaff (1995) also indicated a 37% reduction in draught when 

ploughing 200 mm deep after a longer period without traffic on the clay soil. Energy 

demands for seedbed preparation fell by up to 87% (Chamen et al. 1992b). In fact, all 

the above studies and others may not have taken full measurements of energy, and 

most measured only total draught force requirements (Table 2.6).  
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Table 2.6: Summary of studies and parameters which have been studied in CTF in field around the world (after Chamen 2011).  

Country Soil 
Depth, 

mm 

Tillage 

system 
Traffic system Irrigation 

Draught force Motion 

resistance 

Soil properties 
Crop Resourses 

Off traffic On traffic Total BD CI 

Argentina Clay - NT, CP CTF, Non-CTF -     √ √ - Botta et al. (2009) 

Australia Clay 0-220 Tines - CTF, Non-CTF - √ √     Grains Tullberg (1986) 

Australia Clay 0-170 various CTF, Non-CTF Irrigated     √  Maize Braunack et al. (1995)  

Australia Clay 0-200 NT, ST, CP CTF, Non-CTF Irrigated      √ - McPhee et al. (1995) 

Australia Clay 0-220 Tines - CTF, Non-CTF - √ √     Grains Tullberg (2000) 

Australia  
Silty clay, silty clay 

loam, loam  
0-400 ST, CP CTF, Non-CTF -     √ √ Sugarcane Braunack & McGarry, (2006) 

Australia Clay - NT, ST CTF, Non-CTF Rainfed     √ √ - McHugh et al. (2009) 

Australia  Clay loam - MP, CP CTF, Non-CTF Irrigated   √  √ √ Vegetables McPhee et al. (2015) 

Australia Clay - - CTF, Non-CTF Irrigated     √ √ Cotton Bennett et al. (2017) 

Brazil Clay - - CTF, Non-CTF -     √ √ Sugarcane Souza et al. (2014) 

China Silt loam 0-200 NT, ST, CP CTF, Non-CTF Irrigated     √ √ Wheat & Maize Bai et al. (2008) 

China Silt loam 0-200 NT, ST CTF Rainfed     √ √ Wheat Chen et al. (2008) 

China Silt loam 0-200 NT CTF Rainfed     √ √ Wheat Qingjie et al. (2009) 

Czech Republic  Loam - - CTF -     √ √ Wheat & Barley  Gutu et al. (2015) 

Denmark Sandy loam - - CTF, Non-CTF Irrigated       Vegetables Hefner et al. (2019) 

Netherlands Loam ,clay - - CTF, Non-CTF Irrigated   √ √ √ √ Vegetables Lamers et al. (1986) 

Netherlands Loam - - SCTF, Non-CTF Irrigated      √ Vegetables 
Vermeulen & Mosquera 

(2009) 

Slovakia Silt loam - - CTF, Non-CTF -     √ √ Cereal Galambošová et al. (2017) 

Turkey Clay loam 0-200 MP4, CP5 CTF, Non-CTF Rainfed     √ √ - Yavuzcan (2000) 

Turkey Clay loam 0-230 CT, ST  Non-CTF Rainfed     √ √ Corn, Wheat Yavuzcan et al. (2002) 

UK Clay 0-350 MP CTF, Non-CTF Rainfed     √ √ Cereal Blackwell et al. (1985) 

UK Clay various NT, ST CTF, Non-CTF  Rainfed     √ √ Wheat Chamen et al. (1990) 
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CT - conventional tillage; CP - chisel plough; ST - shallow tillage; MP - mouldboard plough; DP - deep ripping; BD - bulk density; CI - cone 

index; NT – no-tillage  

 

 

Country Soil 
Depth, 

mm 

Tillage 

system 
Traffic system Irrigation 

Draught  Force Motion 

resistance 

Soil properties 
Crop Resourses 

Off traffic On traffic Total BD CI 

UK Clay 0-200 CP CTF, Non-CTF Rainfed   √  √ √ Wheat Chamen et al. (1992a) 

UK, Germany, 

Netherlands  

Sandy loam, loam, 

clay 
0-250 various CTF, Non-CTF Rainfed     √ √ various Chamen et al. (1992b) 

UK Clay 0-550 DP CTF, Non-CTF Rainfed   √  √ √ Cereal Chamen & Cavalli (1994) 

UK Clay 0-200 various CTF, Non-CTF Rainfed   √  √ √ Wheat Chamen & Longstaff, (1995) 

UK Clay loam 0-250 MP CTF, Non-CTF Rainfed   √    
Barley, Potatoes 

& Oil seed rape 
Dickson and Ritchie (1996) 

UK Sandy loam 0-250 DP, ST, NT CTF, Non-CTF Rainfed √ √     - Arslan et al. (2015) 

UK Sandy loam 0-250 DP, ST, NT CTF, Non-CTF Rainfed     √ √ 
Wheat, Barley,  
Oats   

Godwin et al. (2017) 

USA Sandy loam 0-500 CP CTF, Non-CTF Irrigated     √ √ - Meek et al. (1992) 

USA Sandy loam various various CTF, Non-CTF Irrigated   √   √ Cotton Burt et al. (1994) 

USA Clay loam 0-500 NT CTF Irrigated     √ √ - Unger (1996) 
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Overall, CTF is widely regarded as a practical and cost-effective technology to reduce 

field traffic-induced soil compaction and is the basis for a more precise cropping 

system. CTF farmers have provided many anecdotal reports of reduced power 

requirements and fuel consumption, so the energy effects of CTF are clearly important, 

but published evidence is not unanimous. Tullberg (1986, 2000) working on a clay 

soil in Australia observed that the traffic effect of wheels on the draught of tillage 

implements increased total draught by 30% or more compared with the same 

implement operated in non-trafficked soil.  

Burt et al. (1994) in the USA and Arslan et al. (2015) in UK however, found that traffic 

systems had no significant effect on energy requirements. In Burt’s case, they 

demonstrated that operating depth for tillage implements in non-trafficked soil was 

greater than trafficked soil. As these implements operate only on the surface soil, the 

traffic could have created a resistance to penetration and therefore, forced the 

implements to operate at a lesser depth.  

But, in Arslan et al.’s case, they found differences for tine tillage draught in traffic 

systems, but these were not significant. Meanwhile, in zero tillage, they indicated that 

there were no differences in traffic system for seeding in particular. This is because 

measurement was for the whole planter, therefore, it could be that the draught due to 

rolling resistance of depth and press wheels was considerably greater than draught due 

to the "tillage" component of seeding. However, these studies considered only the 

draught force effects, not motion resistance. It also appears that there are still no 

studies of CTF energy effects, which include motion resistance effects. 

 Draught force prediction models of soil-engaging tines 

 Factors affecting draught force  

The aim of this section is to show the factors influencing draught force in a field. 

Draught force as defined by ASABE (2005) is, “The force to propel an implement in 

the direction of travel”. The draught force of soil-engaging implements is affected by 

a number of parameters such as physical and mechanical properties of soil, soil 

strength (soil compaction, soil texture and soil moisture) (Arvidsson et al. 2004), tine 

parameters (tine type, tine shape and size, tine rake angle) and operational conditions 

(speed of tine and work depth of tine) (Godwin 2007). In terms of soil compaction, 

draught force requirements of soil-engaging implements may be drastically increased 
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by soil compaction (Iler & Stevenson 1991). They reported that a 43% draught force 

increase to plough a soil that had been previously compacted by five passes of a 7 

tonne tractor and a 25% increase in draught force when compacting the soil with just 

one pass (Voorhees 1979; Iler & Stevenson 1991). For more details please see section 

2.3.3.  

In terms of soil texture, several studies investigating the effects of soil texture on 

draught force requirements of a soil-engaging implement in several countries have 

showed that the highest draught force was found in clay soils compared to sandy soils. 

Draught force of soil-engaging implements in clay soils can be more than twice that 

in sandy soils (Summers et al. 1986; Harrigan & Rotz 1995). Kiss and Bellow (1981) 

and Van Bergeijk et al. (2001) found that the clay content in the soil has a strong 

influence on draught force. Their results of two years of experiments showed that the 

range of specific draught force was 30 kN.m-2 to 50 kN.m-2, when the range of clay 

content was from 6% to 22%. In another study, Novák et al. (2014) demonstrated that 

the draught force was increased 30% at work in clay soil in comparison to sandy soil. 

This was caused by increased traction in soils with a high content of clay particles, 

high soil cohesion strength, and possibly adhesion (McKyes 1985; Chen et al. 2013). 

The draught force of a soil-engaging implement can also be affected by soil moisture 

content, which affects mechanical behaviour and soil strength (Ayers 1987). The 

relationship between soil strength and soil moisture content is dependent on the soil 

type and its bulk density. The moisture weakens the inter-particle bonds, causing 

swelling and reducing internal friction making the soil more workable and 

compactible (Hillel 1982). Experiments have shown that strength of fine particles soils 

varies directly with bulk density and inversely with moisture content (Perumpral 

1987). Draught force of a soil-engaging implement may decrease by increasing the 

moisture content of loamy sand soil (Nkakini 2015). According to an investigation by 

Raper and Sharma (2004) to determine the effect of the range of soil moisture content 

on energy requirements including draught force in sandy loam soil, the draught force 

in very dry soil conditions was 8.7 kN compared to draught force in wet, moist and 

dry soil conditions which were 6.4 kN, 6.8 kN and 5.7 kN respectively. These studies 

cannot be adopted as a general rule, as draught force depends on soil type and 

condition.   
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In another study, Grisso et al. (1996) examined force operating with different 

implements and a range of soil moisture content from 12% -25% in silty clay loam 

soil. They found that the wide range of soil moisture content did not significantly affect 

the implement draught force of chisel ploughs and field cultivators in particular. In a 

different experimental study in clay loam soil, Karmakar et al. (2009) found that 

significantly increasing draught force response of a soil-engaging implement was 

observed with increasing soil moisture content. The cause may be the increased soil 

compressibility level at high moisture content, so during tine movement, more of the 

soil ahead is compressed before it could leave the line of movement. Accordingly, the 

increased force is required to cut and slide the compressed soil over the tine surface, 

and this results in increased draught force (Karmakar et al. 2009). The most significant 

results is that draught force of tine is not directly proportional to the soil moisture 

content. 

In terms of tine parameters, draught force can be strongly affected by parameters 

including type of tine, width of tine and rake angle of tine. There have been several 

studies in the literature reporting the effects of tine parameters on draught force. 

Manuwa (2009) performed experimental investigations on the performance of three 

tillage tines (very narrow tine, narrow tine, and wide tine) in a sandy clay loam soil. 

His results showed that the draught force at 100 mm depth in a sandy clay loam soil 

was 0.06 kN for very narrow tine, whereas draught forces were 0.183 kN and 0.603 

kN for narrow tine and wide tine respectively. This is mainly due to the amount of soil 

disturbed by narrow tines being much less than that displaced by wide tines. However, 

Godwin (2007) demonstrated that the draught force of tine increases in proportion to 

width of tine in very narrow tine, then at a decreasing rate (narrow tine range) and 

finally at a linear but lower rate than the initial phase (blade or wide tine range). These 

findings show that draught force of tine is not directly proportional to width of tine 

(Figure 2.21). 
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Figure 2.21: Effect of tine width on the horizontal (draught) force acting on a 90º rake angle 

tine (Godwin 2007) 

Rake angle is the angle of the tine’s plane to the horizontal plane in the direction of 

travel. The rake angle can affect draught force of a soil-engaging tine. Godwin (2007) 

showed that draught force is slowly increased by increasing the rake angle between 

20° to 67°, and then rapidly increases after 67°. The cause of this increase may be the 

vertical force which is acting on the tool to assist or prevent penetration into the soil 

(Godwin 2007). Figure 2.22 shows the effect of tine rake angle on draught force.  

 

Figure 2.22: Effect of tine rake angle on draught (solid) and vertical (broken) forces (Godwin & 

Spoor 1977) 

A number of studies have examined the influence of operational conditions (speed and 

working depth) on the draught force of soil-engaging implements. Summers et al. 

(1986) demonstrated that draught force is linearly proportional to work depth and 

ground speed for sweep and chisel tines particularly. Mak and Chen (2014) indicated 

that draught force of a sweep tine in a loamy sand soil increased rapidly with working 
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depth from 0.4 kN to 1.6 kN as depth changed from 50 to 200 mm. This occurs not 

only because greater depths increase the disturbed soil volume, but also because soil 

density and strength varies due to overburden pressure (Manuwa 2009). They also 

demonstrated that increasing ground speed resulted in a significant increase in the 

draught force at all the depths tested. This is caused by the larger force necessary to 

accelerate the soil at higher tine speeds (Rowe & Barnes 1961). Figure 2.23 illustrates 

the effect of work depth on draught force. 

Studies have reported different relationships between draught forces of a soil-engaging 

implement and operating depth e.g. linear (Summers et al. 1986), quadratic (Grisso et 

al. 1996), polynomial (Kiss & Bellow 1981), and exponential relationships (Godwin, 

2007; Manuwa 2009). The draught force response to operating depth has a linear 

component when operating depth is less than 70 mm, while the response curve could 

be explained by other models when operating depth is higher than 70 mm. This is 

because the draught force of tines is rapidly increased as the depth increased due to 

the increase of bulk density with depth (Collins & Fowler 1996). 

 

Figure 2.23: Effect of tine depth on the draught force acting on a 90° rake angle tine (Godwin 

2007) 

A number of studies have examined the relationship between draught forces of a soil-

engaging implement and ground speed. Wheeler and Godwin (1996), for example, 

reported similar increases of draught with speeds up to 5.6 m.s-1 in field and laboratory 

tests with narrow tillage tools in frictional and cohesive soils. Different studies have 

reported the relationship between them as linear, quadratic, polynomial, parabolic and 

exponential (Rowe & Barnes 1961; Swick & Perumpral 1988; Gupta & Surendranath 

1989; Grisso et al. 1996; Manuwa 2009), respectively. These different characteristics 
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might be related to the inertia required to accelerate soil, the effect of shear rate on soil 

shear strength and/or the effect of shear rate on soil-metal friction, all of which vary 

with soil type and condition.  

In clay soil, increased draught force of tine has been explained by a corresponding 

increase in soil shear strength due to an increase in the shear rate (Rowe & Barnes 

1961). However, it has been shown that the strength of frictional soils does not 

increase greatly with increasing shear rate (Stafford & Tanner 1983; McKyes 1985). 

This indicates that, in cohesionless soils, the increase in draught associated with an 

increase in speed is attributable to an increase in the inertial forces required to move 

the soil blocks. 

However, studies carried out by Al-Janobi and Al-Suhaibani (1998) and Mak and 

Chen (2014) showed that depth had the greater and speed the lesser effect on draught 

force (Figure 2.24). Accordingly, the major considerations, as drawn by Godwin 

(2007), is never work the equipment deeper than necessary and small reductions in 

working depth can make a very significant difference to the magnitude of the draught 

force. 

 

Figure 2.24: Effect of ground speed on the draught force of tine (after, Wheeler & Godwin 

1996) 

 Prediction of draught force  

Draught force is an important performance indicator of a soil-engaging implements as 

it affects the power requirement of the implement. Prediction of a soil-engaging 

implement’s draught requirement is of great value to both implement designer and 
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farmers (Desbiolles et al. 1997). Many and varied models can be used to predict 

draught force. These models can be grouped into two categories: Analytical 

(mathematical) and numerical modelling (Abo Al-Kheer et al. 2011). In this study, the 

analytical modelling method is used to quantify and predict the draught force produced 

by tine. This model enables draught and vertical forces to be calculated for a wide 

range of soil engaging implements from the knowledge of tool geometry, operating 

depth, soil physical properties and the form of the soil disturbance pattern produced 

by the tines. Several analytical models have been developed for predicting the draught 

force of a soil-engaging tine. Most of these have been reviewed by Grisso and 

Perumpral (1985) and Kushwaha et al. (1993), including both two-dimensional models 

and three-dimensional models. Depending on the operating depth, at greater depths 

soil failed and flowed around the tine much like soil failure in deep foundations 

(Upadhyaya et al. 2009). O'Callaghan and Farrelly (1964) observed that the depth at 

which the transition occurred from the crescent type of failure at the top to sideways 

failure in a horizontal direction at greater depth was proportional to tine width. 

Depending also on the depth‐to‐width ratio (d/w) for such tines, three categories have 

been distinguished, via wide tines (d/w < 0.5); narrow tines (1 < d/w < 6); and very 

narrow tines (d/w > 6) (Godwin & O’Dogherty 2007). Later Godwin and Spoor (1977) 

used the term “critical depth” for the depth at which the soil failure pattern changed 

from crescent failure to sideways failure (Figure 2.25).  

 

Figure 2.25: Illustration of the patterns of failure for each tine category. Figure shows (a) Blade; 

(b) Narrow tine; (c) Very narrow tine (Smith et al. 1989; Godwin 2007) 

Terzaghi’s passive earth pressure theory is the common framework for the analytical 

approach, and the basis for the equation proposed by Reece (1965) as the Universal 
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Earthmoving Equation (UEE), describing the force required to cut the soil by a tine. 

The UEE uses soil weight, cohesion and surcharge, and accounts for varying soil 

friction angles, simplified tine geometry and soil-tine interface strength properties. 

This equation has been employed successfully by a number of researchers (Reece 

1965; Hettiaratchi & Reece 1967; Godwin & Spoor 1977; McKyes & Ali 1977; 

Perumpral et al. 1983). 

𝑷 = (𝜸𝒈𝒅𝟐𝑵𝜸 + 𝒄𝒅𝑵𝒄 + 𝒄𝒂𝒅𝑵𝒂 + 𝒒𝒅𝑵𝒒)𝒘………………………….Equation 2.1 

Where the symbols are: 

symbols Definition 

P Total tine force, N 

γ Total soil density, N m-3 

g Acceleration due to gravity, 9.81 m s-2 

d Tine working depth below the soil surface, m 

c Soil cohesion, N m-2 

ca Soil adhesion, N m-2 

q Surcharge pressure vertically acting on the soil surface, N m-2 

w Tine width, m 

Nγ, Nc and Nq Factors which depend not only on the soil frictional strength, 

but also on the tool geometry and tine to soil strength 

properties 

In the subsequent subsections, a detailed analysis of the existing analytical models is 

presented. 

a Reece model 

As stated previously, the Reece model is based on UEE. Reece (1965) proposed the 

Equation (2.1), to describe the force required to cut the soil by a tine. He made some 

simplifying assumptions about soil failure in two dimensions. As well, a failure zone 

was assumed to exist ahead of the cutting blade. The soil in the failure zone was 

assumed of be in the critical failure state (Figure 2.26a) at less than the critical depth. 

However, when a cutting tine is not very wide, a large proportion of the cut soil moves 

sideways (Payne 1956). Since more soil must be moved per unit width of the tine in 

the three-dimensional cases compared to the wide blades (two-dimensions), a larger 

draught is expected for three-dimensional cases than that of wide tines. 
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Figure 2.26: Different soil failure in front of narrow tines: (a) O’Callaghan and Farrely (1964); 

(b) Hettiaratchi and Reece (1967); (c) Godwin and Spoor (1977); (d) McKyes and Ali (1977); (e) 

Perumpral et al. (1983), (McKyes 1985) 

b Hettiaratchi-Reece model 

Hettiaratchi and Reece (1967) developed a three‐dimensional soil failure model that 

was similar to the earlier model developed by O’Callaghan and Farrely (1964) in some 

aspects. This model also assumed a critical depth for the operating tine and two 

traversal failure zones only below the critical depth (Figure 2.26b). In the model, a 

two-dimensional equation are used to calculate the forward failure forces ahead of a 

soil-tine interface and a three‐dimensional equations for the transverse failure away 

from the centre line of the interface. The equations were used in the same way as for 

the O’Callaghan-Farrely model except that the mass of soil was counted in this model. 

According to Grisso and Perumpral (1985), this model has been found to overestimate 

the draught force for tines, yet the model underestimated draught force for inclined 

tines. 
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c Godwin-Spoor model 

Godwin and Spoor (1977) developed a model to predict draught force on narrow tines 

with a wide range of depth to width ratios. In this model, they studied the soil failure 

patterns, proposed a three‐dimensional crescent failure at depths less than the critical 

depth and a two‐dimensional horizontal failure pattern at depths greater than the 

critical depth. For the three‐dimensional crescent failure, a failure model was proposed 

as a parallel centre wedge flanked with two side crescents (Figure 2.26c).  

The lateral failure below the critical depth was similar to earlier horizontal failure 

models proposed by O’Callgahan and Farrelly (1964) (Figure 2.26a) and Hettriaratch 

and Reece (1967). The model included an addition parameter, r, the rupture radius. In 

this model, r was defined as the total forward distance of soil failure on the surface 

from the tine face. 

The total force was calculated as the sum of the forces due to the three sections. The 

centre wedge force was calculated using Equation (2.1). This two‐dimensional 

expression was also used to calculate the force for small elements cut from the side 

crescents using the N-factors of Hettiaratchi and Reece (1974). The total applied force 

due to the side crescents was obtained by integration.  

According to Payne and Tanner (1959), the difficulty with such a model is that r 

changed when the aspect ratio of the tine (d / w) varied and soil strength changed. As 

a result, Godwin and Spoor (1977) developed a graph using the data from Payne 

(1956), Payne and Tanner (1959) and Hettiaratchi and Reece (1967) to determine the 

aspect ratio (rupture distance over depth, i.e., d/w) and the tine rake angle. However, 

the application of this model required prior knowledge of r which is difficult to 

measure in practice (Shen & Kushwaha 1998). 

d McKyes and Ali model 

McKyes and Ali (1977) developed another model for narrow tines. It is similar to that 

of Godwin and Spoor (1977) but did not require prior knowledge of the rupture 

distance (r) for computing the forces on the tine. A failure wedge was proposed ahead 

of the cutting tine (Figure 2.26d). The model also consisted of a centre wedge and 

two side crescents. The failure shape of the centre wedge’s bottom was assumed to be 

a plane, while the two side crescents were assumed to be a straight line, and make an 

angle with the horizontal.  
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In this model, the draught force contribution from the centre wedge and the two side 

crescent wedges were calculated by using Equation 2.1 to estimate the total draught 

force expression. However, in this equation the N‐factors are re‐evaluated for failure 

wedge. 

Moreover, the model uses a technique that increases the magnitude of N-factors as the 

tine becomes narrower (Grisso & Perumpral 1985). In addition, by setting w = ∞, the 

researchers compared the N-factors with the N-factors used for two‐dimensional 

models. It was found that for smooth tines, the results were very close, yet for the all 

rough define tines with α > 90° −φ, rupture angle and the N-factors were much higher 

than those for the two‐dimensional soil cutting cases. McKyes (1985) published a set 

of charts to determine the N-factors for some rake and rupture angles. 

e Grisso et al. model 

Grisso et al. (1980) and Perumpral et al. (1983) developed a model with a similar 

shaped failure zone to that of the Godwin and Spoor and the Mckyes and Ali models. 

However, the side crescents were replaced by two forces (Rcr) acting on the centre 

wedge. Soil weight of the two side crescents was neglected, and side planes of the 

centre wedge were treated as slip planes, therefore, the failure zone of this model 

included only a centre wedge (Figure 2.26e). As in the Mckyes and Ali model, the 

bottom slip surface was assumed to be straight. As well, the soil in front of the tine 

was assumed to move upward. This model produced equal values of c N and ca N from 

the previous two models, but γ N value of the Grisso et al. model was less than one 

half of the same quantity resulting from the Mckyes and Ali model.  

f Godwin and O’Dogherty model 

In the models discussed previously, a constant friction angle δ was used. As well, the 

effect of the travel speed of the tine is not considered. However, increasing speed 

means that the shear failure in front of the tine occurs more frequently (Arvidsson & 

Keller 2010). An increase in draught force with speed was found to be due to 

increasing shear strength with increasing strain rate (Stafford 1979). This can have a 

significant effect on soil-engaging tine forces (Wheeler & Godwin 1996).  
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The first model was introduced by McKyes (1985) who proposed another model that 

was basically the same as the Reece (1965) model, with an additional term that 

accounted for the effect of tool speed on the draught force requirements.  

The second model was developed by Swick and Perumpral (1988) and the third model 

by Zeng and Yao (1992). The Swick and Perumpral model had some assumptions 

which overestimated the size of the side crescents. Therefore, a new angle of η based 

on the experimental data was proposed, which was a function of the rupture distance 

r and the rake angle α. In the Zeng and Yao dynamic model, the acceleration and strain-

rate effects were included. 

The main difference between this model and the McKyes and Ali model is that this 

model needs a prior knowledge of shear strain at failure to determine the position of 

shear failure boundary. Another difference is that total draught of the tine Px , is 

divided into five components as shown in the equation below: 

Px = PG sinα + (PSH + PA) cosβ + PF cosα + PC…………………….…….Equation 2.2 

Where: Px = total draught of the tine, N; PG = compressive force of soil along the 

blade, N; PSH = side-edge shear force, N; PA = inertia force of soil in acceleration, N; 

PF = frictional force along the cutting blade surface, N; PC = bottom-edge cutting 

force, N. 

The final model by Godwin and O’Dogherty (2007) modified the Godwin and Spoor 

(1977) model and proposed a dynamic soil-cutting model that incorporated the tine 

dynamic effects. The general soil mechanics equation for the prediction of the forces 

acting on tines was developed through a series of stages.  

The model formulation included soil properties effects, soil inertial forces and soil‐

tine interaction parameters. The soil failure zone for this model was same as that of 

the Godwin and Spoor (1977) model and consisted of a three‐dimensional crescent 

failure above critical depth and a two‐dimensional horizontal failure pattern below 

critical depth. For the three‐dimensional crescent failure, a failure model was proposed 

as a parallel centre wedge flanked with two side crescents (Figure 2.26c).  

In this model, the forces’ contribution from the centre wedge and the two side crescent 

wedges were calculated using Equation (2.1). The equation was modified by Godwin 

et al. (1984) and Wheeler and Godwin (1996), with an additional term that accounted 
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for the effect of tine speed on the draught force requirements for improving the 

estimation. The equations for the horizontal and vertical forces due to the passive force 

then become:  

 𝑯 =  [(𝜸𝒅𝟐𝑵𝜸 + 𝑪𝒅𝑵𝑪 + 𝒒𝒅𝑵𝒒) (𝒘 + 𝒅 (𝒎 −
𝟏

𝟑
(𝒎 − 𝟏))) +

𝜸𝒗𝟐

ǥ
 𝒅𝑵𝒂(𝒘 +

𝟎. 𝟔𝒅)] 𝐬𝐢𝐧 (𝜶 + 𝜹) .................................................................................Equation 2.3 

 𝑽 = [(𝜸𝒅𝟐𝑵𝜸 + 𝑪𝒅𝑵𝑪 + 𝒒𝒅𝑵𝒒) (𝒘 + 𝒅 (𝒎 −
𝟏

𝟑
(𝒎 − 𝟏))) +

𝜸𝒗𝟐

ǥ
 𝒅𝑵𝒂(𝒘 +

𝟎. 𝟔𝒅)] 𝒄𝒐𝒔 (𝜶 + 𝜹)..................................................................................Equation 2.4 

The different in this model enables draught and vertical forces to be calculated for a 

wide range of soil engaging implements from a knowledge of tool geometry, working 

depth, soil physical properties and the form of the soil disturbance pattern produced 

by the tines. The effects of soil-tine adhesion were also taken into account to improve 

the prediction of draught force. The final equation for the draught force in Godwin and 

O’Dogherty model become: 

𝑷 = ( 𝜸𝒅𝟐𝑵𝜸 + 𝑪𝒅𝑵𝑪 + 𝑪𝒂𝒅𝑵𝒄𝒂 + 𝒒𝒅𝑵𝒒 +  
𝜸𝒗𝟐

ǥ
 𝒅𝑵𝒂) 𝒘..................Equation 2.5 

Where: 

P = draught force; γ = bulk unit weight of soil; d = operating depth, C = cohesion, Ca 

= soil-metal adhesion; q = surcharge pressure; g = gravitational acceleration, v = 

working velocity; w = width of tine; and. Nγ, Nc, Nca, Nq, and Na = dimensionless 

factors. 

This model is also the most widely accepted analytical model. In addition to its 

advantages, Godwin and O’Dogherty prepared a number of spreadsheets, covering 

single tines, interacting tines, cultivating discs, land anchors, and mouldboard ploughs 

to facilitate the measurement, calculation, and prediction of draught force.  

As well as all of these features, the model has the ability to predict the draught force 

within error bounds of ±20%. Additionally, the main advantage of the Godwin and 

O’Dogherty model is its simplicity. However, this model has not been validated for 
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Australian soils that typically have a very high clay content within the soil-engaging 

implement (Bennett et al. 2016).   

 Motion resistance modelling 

Modelling of soil-wheel interaction to predict motion resistance should take into 

account all vehicle design and operational parameters, as well as the soil parameters. 

The approaches used to predict motion resistance are many and varied, but can 

generally be grouped into three categories: theoretical, semi-empirical, and empirical 

methods (Crossley et al. 2001). In the agricultural field, considerable research has been 

conducted using the empirical approach. This method utilises soil penetration 

resistance as measured by a cone penetrometer as well as the measure of tyre 

dimensions and characteristics to predict motion resistance in the field. Freitag (1965) 

conducted experiments using dimensional analysis of tyres in two soft soils, and sand 

and clay soils to develop dimensional numbers, explained by factors such as a CI, tyre 

dimensions, and the defection of the tyre. Similar relationships were developed by 

Turnage (1972) and extended Freitag’s work of the form:  

𝑵 =
𝑪𝑰 .𝒃 .𝒅 

𝑾
 . (𝒌) … … … … … … … … … … … … … … … … … … … … … … … … … … … … ..Equation 2.6 

Where, 

N = mobility number; CI = cone index in kPa; b = tyre section width in m; d = tyre 

diameter in m; W = tyre load in kN; k = a unique coefficient in this equation is √
𝜹

𝒉
 ; δ 

= tyre deflection in m; and h = tyre section height in m.  

Wismer and Luth (1973) developed relationships of a similar form to predict the 

coefficient of motion resistance, which was later modified by Gee-Clough (1978b, 

1980), and McAllister (1983).  

Brixius (1987) further developed a similar mobility number to account for more tyre 

factors. Table 2.7 shows some of the most commonly recognized coefficients that 

researchers have used for calculating the wheel mobility number. Modelling and 

simulation of tyre performance was reviewed by Taheri et al. (2015). The mobility 

models in agricultural equipment that are most widely used are those by Gee-Clough 

(1980), and Brixius (1987). They are accepted by the ASAE Standards (Tiwari et al. 

2010), because of their acceptable accuracy. Several studies have modified the values 
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of constants in Brixius equations for more accurate results relating to their operating 

conditions (Evans et al. 1991; Al-Hamed et al. 1994). 

Furthermore, many researchers (e.g. Tiwari et al. 2010; Hegazy & Sandu 2013) have 

used several empirical techniques in their studies, and have claimed that predicted 

performance was lower with some models and higher with others. However, many of 

empirical wheel-soil prediction models based on the mobility number approach have 

been developed in the USA and European countries to suit the conditions in those 

countries. The use of models relevant to mobility in Australian agricultural activities 

is rare in the literature.  

 Relationship between CTF and timeliness 

In controlled traffic farming, the separation of permanent traffic lanes and permanent 

cropping areas can give compacted traffic lanes, which are known as tramlines. Firm 

traffic lanes generally improve wheeled machinery performance because components 

of soil strength are responsible for motion resistance and for wheel slip (travel loss). 

Motion resistance decreases as an inverse function with soil strength (cone idex)(CI) 

Table 2.7: Wheel mobility number coefficients and coefficients of motion  resistance (after 

Taheri et al. 2015) 

Author 
Wheel mobility number 

Coefficient 

Coefficient of motion  

resistance 
References 

Wismer and Luth kw = 1 0.04 +
1.2

𝑁
 1973 

Freitag    kF =√
𝛿

ℎ
 - 1965,1970 

Turnage  kT =  √
𝛿

ℎ 
 

1

1+𝑏/2𝑑
 - 1972 

Gee-Clough kG =  √
𝛿

ℎ 
 

1

1+𝑏/2𝑑
 0.049 +

0.287

𝑁
 1978-1981 

Brixius (ASABE) kB = (
1+5𝛿/ℎ

1+3𝑏/𝑑
) 

1

𝑁
+ 0.04 +

0.5𝑆

√𝑁
 1987 

Maclaurin     kM = 
𝛿0.4

𝑏0.2 𝑑0.2 - 1981, 1997 

Rowland and Pee       kT = √
𝛿

ℎ
 

𝑑0.15

𝑏0.15 3 × 𝑁−2.7 1972, 1975 

Hegazy and Sandu kHS = √
ℎ−𝛿

𝑑
 - 2013 
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(see Section 2.3.3). This can indicate an improvement of mobility/trafficability 

because these are outcomes of soil-wheel interactions and determine wheeled vehicle 

performance in given field conditions (also see Section 2.3.3). Those parameters 

including motion resistance and mobility/trafficability are an indicator of timeliness 

improvement. Compacted soils do provide better support to farm equipment than loose 

soils (McKyes 1989) by providing traction, motion resistance and mobility for the 

machinery, and greater flexibility for timeliness season after season (Taylor 1994; 

Beard et al. 1995). Soil moisture content constitutes another important issue in non-

CTF systems. Traction and mobility of farm machinery are decreased in wet soil 

conditions, detrimentally affecting the timeliness of field operations (Carter 1985; 

Burt et al. 1986). However, lower soil bearing capacity is the worst access condition 

in a wet and soft soil. Figure 2.27 shows examples of small vehicle with less than 2 

Mg (left picture) in a paddock during a grower inspection in a Western Australian 

paddock. What is likely to happen to a heavy tractor is easily imagined (right picture). 

 

Figure 2.27: Field access in wet and soft soil condition (Henning 2018), right (Becker 2003) 

In CTF systems, with compacted soil in permanent wheel tracks, there is a dual benefit 

with respect to mobility and motion resistance of farm machinery compared to soft 

soil: increased load support capacity and, reduced water infiltration and absorption 

(Laguë et al. 2003). Thus, CTF systems can particularly improve field access 

conditions for all farm machinery during wet periods (Guerif 1994).  

This can lead to improved timeliness which is a measure of the ability to perform 

various machinery operations such as planting, spraying and harvest at the optimum 

time; an important aspect for most agricultural enterprises. Improvement of timeliness 

could allow more timely spraying, particular in no tillage cropping as an essential 

component of effective no tillage cropping (Tullberg 2007; Tullberg et al. 2007).  
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Proper timing of field operations significantly improves both the quantity and the 

quality of produce (Taylor 1994). Delay in harvesting and planting can cost a grower 

between approximately 0.5% and 2% yield loss for every day of delay (Tullberg 2007). 

In USA, Oskoui and Voorhees (1991) found that the cost of a 3 to 4 week delay in 

planting of corn in a 300 to 400 ha farm can be as high as $50,000 per year. Tullberg 

(2007) argued that CTF growers have access to the paddock after rain two days or 

more before growers in non-CTF. Burt et al. (1986) also found that CTF growers could 

advance field operations following rain by up to two days in extremely wet conditions. 

But, the benefits of this timeliness are often dependent on soil type and conditions. 

Dickson and Ritchie (1996) noted that their 'zero traffic' system sometimes allowed 

field access for secondary cultivations five days earlier than ordinary cropping. In the 

UK, spring barley, winter barley and spring oil-seed rape have been grown under zero 

traffic system, which compares favourably with other traffic systems (Godwin et al. 

2017).  

In a different study in UK, Spoor (1997) found that availability of days for drilling is 

increasing up to 14 days depending on soil and season after using controlled traffic in 

a sugar beet farm. Increased timeliness makes early planting possible, which often 

results in yield increases. In Australia, improved timeliness provides greater cropping 

opportunities, including double cropping where it was not possible before particular 

in Australia (Vermeulen et al. 2010). 

Generally, timeliness can be improved by:  

• Working faster (increased speed and/or increased implement width)  

• Working longer hours (in the day, in the season, or after rain)  

• Providing comfort to the drivers by using CTF to provide a smoother passage 

along firm wheel tracks , enabling them to work for a longer time  

• Reducing the number of operations required (Isbister et al. 2013).  

CTF systems can provide timeliness improvements through all of these avenues 

(McPhee et al. 1995; McPhee et al. 2015). A number of farmers in Australia also claim 

that improved timeliness is one of the most important characteristics of CTF, but this 

has not yet been properly investigated and validated (McPhee 2011). 



CHAPTER 2: LITERATURE REVIEW 

58 

Adnan A. A. Luhaib 

 Synthesis of CTF  

Without doubt, CTF has many benefits compared with non-CTF systems such as:  

• Reductions in power and fuel requirements of cropping operations (Tullberg 

1986, 2000) 

• Improvements to field efficiency and timelines of sowing, spraying and 

harvesting (Bochtis et al. 2010), because the draught requirement of tilling or 

seeding should be less in non-compacted soil, and motion resistance to traffic 

should be less on permanent lanes, and compacted paths also provide a firm 

base for tractor and combine tyres  

• Flotation and traction are both improved   

• Eliminated overlaps and skips during pesticide and fertilizer application and 

while seeding crops (Reeder 2006)  

• Improved soil porosity and structural conditions hence, hydraulic conductivity, 

surface infiltration and water use efficiency (Li et al. 2001; Tullberg et al. 

2001; Li et al. 2007; McHugh et al. 2009; He et al. 2012)  

• Improving fertiliser use efficiency (Antille et al. 2015; Hussein et al. 2017);  

• Decreasing greenhouse gas emissions (Tullberg et al. 2011; Gasso et al. 2013; 

Antille et al. 2015; Tullberg et al. 2018)  

• Increasing biological activity (Isbister et al. 2013)  

• Increasing grain yield and grain quality improvements (Tullberg et al. 2007; 

Isbister et al. 2013; Smith et al. 2014; Hussein et al. 2017, 2018) 

• Improved resource use efficiency translates into greater economic returns 

(Chamen 2011; Kingwell & Fuchsbichler 2011; Chamen et al. 2015)  

• Compatibility with no-tillage and precision agriculture technologies with most 

major crops (wheat, sorghum, cotton, and other small grains) (Tullberg et al. 

2007; Smith et al. 2014; Antille et al. 2015; Godwin et al. 2015).  

In summary, CTF can have major positive impacts on energy use on-farm, production 

costs, cropping sustainability, timeliness, crop water and fertiliser use efficiency, crop 

yields, environmental conditions, and can work with most conservation tillage 

systems, and with most major crops.  

Controlled traffic farming has some recognised limitations such as costs of conversion. 

CTF adoption relies on all machines having the same wheel spacing (Chamen 2006). 
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In some cases, this requires an extra cost to extend the axels of machines and auto-

steering systems, and the guidance technology as recommended with CTF are also 

sources of costs (Chamen 2011). In case of a damaged machine, the exchange with 

another machine may cause a problem, as the replaced machine has to fit into the 

chosen working track width (Isbster et al. 2013). The potential interference of in-field 

infrastructure for soil erosion control (e.g. contour banks) or surface drainage, 

particularly for steep slopes can also increase costs (McPhee et al. 2013; Antille et al. 

2015). Careful design of permanent traffic lanes’ layout is also required (McPhee et 

al. 2013). CTF also requires a higher level of skill and knowledge from the farmer 

(Jensen et al. 2012). 

 Summary and the Research Gap 

This chapter has given an extensive review of literature related to the aims and 

objectives and the concept employed in the present study. The review of the literature 

provided a broad overview of issues relating to compaction of agricultural soils due to 

random conventional vehicular traffic and its impacts on soil properties, yield, and 

energy requirements. The techniques, which are used for overcoming soil compaction, 

with more focus on controlled traffic farming systems was reviewed. The role of 

controlled traffic farming in the world and Australia in eliminating worries about soil 

compaction and enhancing overall farm efficiency, in particular draught force and 

motion resistance, was presented. A brief overview of draught force and motion 

resistance modelling was also presented. This helps to understand the role of CTF in 

reducing the energy use on-farm, including draught force and motion resistance, and 

improving timeliness. Finally the relationship between controlled traffic farming 

systems and timeliness was presented.  

From the literature review, it can be seen that soil compaction has long been 

recognised as a great problem for agriculture, and extensive research work has been 

carried out on the subject; usually under non-CTF cropping systems (Dwyer 1983; 

Voorhees 1986; Arvidsson, 2001; Pagliai et al. 2003). The effects of soil compaction 

on energy requirements, field conditions, and yield have also been explored (e.g. Negi 

et al. 1981; Chamen et al. 1990; Jorajuria & Draghi 1997; Håkansson and Lipiec 2000; 

Lipiec & Hatano 2003; Keller 2004; Botta et al. 2006, 2012; Chamen et al. 2015).  
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In recent decades, CTF has been the subject of considerable research, but most has 

focused on the agronomic and environmental aspects of CTF. Little work has been 

done on the matter of energy requirements in CTF. Therefore, the assessment of the 

CTF is of great importance because of its consequences on soil compaction, and its 

effect on energy requirements. There appears to be a paucity of information 

concerning the effects of compaction of wheel track on the energy requirements 

caused by using modern, heavy tractors and harvesters, some of which are more than 

40 Mg. In addition, CTF farmers have provided many unofficial reports of reduced 

power requirements and fuel consumption, so the energy effects of CTF are clearly 

important, but published evidence is not unanimous. In Australia, Tullberg (1986, 

2000) working on a clay soil observed that the traffic effect of wheels on the draught 

of tillage implements increased total draught by 30% or more compared with the same 

implement operating in non-trafficked soil. But, the heaviest traffic used in that study 

was produced by a 6 Mg tractor, and in only one cropping system.  

Burt et al. (1994) in the USA and Arslan et al. (2015) in UK however, found that traffic 

systems had no significant effect on energy requirements. Burt demonstrated that 

operating depth for tillage implements in non-trafficked soil was greater than 

trafficked soil. These implements operate only on the surface soil, the traffic could 

have created a resistance to penetration and therefore forced the implements to operate 

at a lesser depth.  

But, in Arslan et al.’s case, they found differences for tine tillage draught in traffic 

systems, but these were not significant. Meanwhile in zero tillage, they indicated that 

there were no differences in traffic system for seeding in particular. This is because 

measurement was for the whole planter, therefore it could be that the draught due to 

rolling resistance of depth and press wheels was considerably greater than draught due 

to "tillage" component of seeding. However, these studies considered only the draught 

force effects, but not motion resistance. It also appears that there are still no studies of 

CTF energy effects, which include motion resistance effects. There are only two 

studies (Tullberg 1986, 2000), which investigated traffic impacts on tillage energy 

requirements, but the heaviest traffic used in that study was produced by a 6 Mg 

tractor, and in only one cropping system. Furthermore, no consideration was given to 

the detrimental effects of wheel traffic on the motion resistance of equipment.  
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Agricultural soils vary from almost pure sands to soils very high in clay and/or organic 

matter. Sand has almost no cohesive strength, while soils having a large percentage of 

clay are quite cohesive, but all physical properties are strongly influenced by moisture 

content (Barger et al. 1967).  

Australia has a great diversity of soils. This variety has had a significant effect on 

mechanical soil properties (soil strength), which affects the efficiency of traffic and 

traction of machinery in the field. The soils are typical of the 14 Soil Orders in the 

Australian soil classification such as Vertisols, Calcarosols, Tenosols, Kandosols, 

Rudosols and Dermosols (Isbell 2002). It was, therefore, considered important to 

investigate the validation of draught force and motion resistance modelling under 

Australian CTF conditions 

Thus, this study will first investigate the effect of wheel traffic on the energy 

requirements of soil-engaging implements in a number of cropping environments. The 

study will also assess the effect of permanent traffic lanes on the motion resistance of 

farm equipment for crop production. The impact of CTF on the timeliness of crop 

operations will also be considered. The study will use modelling and validation to 

extend the usefulness of the results on both draught force and motion resistance. To 

achieve this, the Godwin and O’Dogherty model (2007) will be used to predict draught 

force, while the Gee-Clough and Brixius (ASABE) models will be used to predict 

motion resistance. The latter models will also be used to determine impacts of CTF on 

timeliness by comparing the results of mobility and coefficient of motion resistance 

under uncontrolled and controlled traffic conditions. 
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 METHODOLOGY 

 Introduction 

The literature review (Chapter 2) has shown that most of the attention paid to soil 

compaction has been to its effects on soil properties and yield rather than to energy 

aspects, and there is little information on CTF system energy effects (see Table 2.6). 

In Australia, only Tullberg (1986, 2000) has looked at traffic impacts on tillage energy. 

But the study’s heaviest traffic was produced by a 6 Mg tractor, and applied to only 

one soil type and cropping system. Broader studies of CTF energy effects, which 

should include both draught force and motion resistance effects, are completely 

absent. 

Agricultural soils vary widely in texture from almost pure sand to soils with a very 

high clay and/or organic matter content, with very different draught -related physical 

properties. Sand has almost no cohesive strength, while high-clay soils are relatively 

cohesive, and all physical properties are strongly influenced by moisture content 

(Barger et al. 1967). Australia has a great diversity of soils so it is important to 

investigate the effects of CTF on cropping energy requirements in contrasting 

conditions typical of the Australian grain industry.   

CTF can be expected to affect energy requirements by its impacts on soil engaging 

implement draught, and on tractor/machine motion resistance. Because the Australian 

grain industry is largely no till, CTF draught effects might mostly be seen in seeding 

operations, but other implements are sometimes used for strategic tillage. Motion 

resistance effects will apply to most cropping operations, and these are probably the 

most relevant to the reduction in timeless constraints of CTF systems (v. non-CTF 

cropping). 

Draught and motion resistance models, if calibrated and validated for Australian soil 

conditions, should be helpful in enabling a greater generalisation of CTF energy 

impacts across a greater range of soil conditions, and perhaps also for exploring 

timeliness effects.  

The objectives of this study are summarised below: 
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1. For a representative range of grain farming equipment performing within its 

normal range of operating parameters, and used over a range of typical grain 

cropping soils: 

a. Quantify the impact of prior wheel traffic on soil-engaging (tillage and 

seeding) equipment draught 

b. Quantify the motion resistance encountered by farm tractors, sprayers 

and harvesters 

c. Assess the textural and physical parameters of each soil site in both 

wheeled and non-wheeled conditions.  

2. Use this data to: 

a. Demonstrate the impact of CTF on the energy requirements of cropping 

operations at each site 

b. Calibrate and if possible validate the draught and motion resistance 

models for each soil site 

c. Use the outcome of a and b as the basis for a broader exploration of 

CTF effects. 

Industry-relevant results require commercial-scale equipment in normal farming 

situations which are only available on commercial farms.  This implies an on-farm 

research protocol that would be acceptable to farmers in terms of the imposition on 

their time and equipment, and any damage associated with experimental tillage and 

unnecessary wheeling. Where possible, this study was carried out on farms that have 

been in CTF for some years (up to 15 years). 

 Sites Selection 

The experimental works were conducted in two broad sets of soil conditions – clay in 

Northern region sites, sand/loam soils in Southern region sites, using several sites 

within each region, as illustrated in Figure 3.1. In the Northern region where CTF is 

most widely used on larger crop area sites, the study sites selected for this research 

were located on CTF farms situated at Felton, 27ᵒ, 49, 3815 S, 151ᵒ, 45.541 E, 

Pittsworth 27ᵒ, 45, 4603 S, +151ᵒ, 27.7265   E, and on non-CTF sites at Gatton, 27ᵒ, 
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32, 2204 S, 152ᵒ, 20.1376 E, and Kingaroy 26°44'49.84" S, 151°41'59.27" E. The 

CTF farms were located in the Darling Downs region of Queensland, growing grain 

crop such as wheat, barley, sorghum and a variety of pulses. They were selected 

because the farmers have been applying controlled traffic for long periods (up to 15 

years). Gatton and Kingaroy were non-CTF sites used for some preliminary tests, but 

nevertheless provided some useful information. 

The Southern region sites were situated in two states, Victoria and South Australia. 

The Victorian measurements were carried out at, Woomelang (Hopetoun), 35ᵒ, 35, 

6782 S, 142ᵒ, 42, 204 E, and Kooloonong (Swan Hill), 34ᵒ, 55, 8049 S, 143ᵒ, 2ᵒ, 6826 

E. In South Australia, the study sites were located on farms situated at Loxton, 34ᵒ, 

28, 2801 S, 140ᵒ, 34,  5579 E, and Waikerie, 34ᵒ, 19, 9882 S, 139ᵒ, 59, 8517 E.  All 

Southern region farms were in the Murray Mallee region, with the Loxton and Swan 

Hill farms operating under long-term CTF, while Hopetoun operated with an 

incomplete CTF system, and Waikerie was non-CTF. All were producing grain crops 

such as wheat, barley and canola, and were under no till systems.   

 

Figure 3.1: Map of farms and location of trails sites 

 Soil Characteristics 

Agricultural soils vary from almost pure sands to soils very high in clay and/or organic 

matter. Sand has almost no cohesive strength, while soils having a large percentage of 
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clay are quite cohesive. All physical properties are strongly influenced by moisture 

content (Barger et al. 1967). Australia has a great diversity of soils. This variety has 

had a significant effect on mechanical soil properties (soil strength) as it changes the 

efficiency of traffic and traction of machinery in field. The soils are typical of the 14 

Soil Orders in the Australian soil classification such as Vertisols, Calcarosols, 

Tenosols, Kandosols, Rudosols and Dermosols (Isbell 2002).  

Thus, four soil types were considered as part of this study. The soils addressed were 

divided into two groups of heavy clay soils from the Northern region sites, and 

medium-textured and light soils, from the Southern region sites. The soils in Northern 

region sites were mainly clay (Tables 3.1). In contrast, the soils in Southern region 

sites were between loam and sandy soils (Tables 3.2). Soil texture was determined by 

the hydrometer method that is explained in the following section. The identification 

of other characteristics during the research program used a series of laboratory-based 

and in-situ tests:  

 Bulk density 

 Penetration resistance of soil  

 Shear force 

 Moisture content measurement  

 Soil surface assessment. 

These parameters were selected for testing as they were considered to be the factors 

most likely to influence energy consumption during field operations of agricultural 

equipment. As an example soil strength varied with soil suction, texture and structure. 

Soil strength is affected by soil texture and initial soil bulk density (Hillel 1982). The 

coarser the soil texture, the lower the soil strength (Smith et al. 1997; Peng et al. 2004).  

The variations of soil conditions and types have an impact on energy requirements 

through the difference in soil strength and bulk density. Energy requirements such as 

motion resistance, mobility and traction can be improved by compacted soil, which 

increases soil strength (for more details, see section 2.3.3, section 2.6 and section 2.7). 

Particle-size distribution is the most obvious test because texture is the most common 

means of soil identification. Soil’s texture describes the amount of sand, silt and clay 

particles in the soil.  
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 Soil texture 

Texture of soils was measured by the hydrometer method suggested by the (Standards 

Association of Australia (1976) and Laker and Du Preez (1982). A soil auger was used 

to sample the soil at depths up to 400 mm. This was repeated ten times randomly to 

obtain a more representative sample of the plot’s soil (Appendix A3.1). The soil 

samples for each depth were mixed and the soil passed through a 2 mm sieve to remove 

the gravel fraction. 40 g of oven dried soil from each depth was weighed into 300 cm3 

plastic bottles. 50 cm3 of 10% Calgon and 5 cm3 of 0.6 M Sodium hydroxide (NaOH) 

were added, and made up to 300 cm3 with distilled water.  

The bottles were tightly sealed and placed on a shaker for 24 hours. The suspension 

was transferred to 1000 cm3 cylinders by washing with distilled water and the 

cylinders were then made up to 1000 cm3. A blank solution was prepared by adding 

50 cm3 of 10% Calgon and 5 cm3 of 0.6 M Sodium hydroxide (NaOH) into 1000 cm3 

cylinder and the cylinder was then made up to 1000 cm3 with distilled water. The 

cylinders were left on the laboratory bench to equilibrate at 25 Cº. The suspensions 

were then mixed vigorously and thoroughly and left to settle for 5 minutes.  

The hydrometer measurement was taken after 5 minutes of suspension and of the blank 

solution. The suspensions were then left to settle for 5 hours. Then the hydrometer 

measurement was taken for both samples. The differences in hydrometer reading for 

the suspension and blank solution after 5 minutes was used to calculate silt and clay 

percentages. The clay percentage was calculated by measuring the hydrometer reading 

for suspension and blank solution after 5 hours as below:  

% 𝐂𝐥𝐚𝐲 + 𝐒𝐢𝐥𝐭 =
𝐇𝐲𝐝𝐫𝐨𝐦𝐞𝐭𝐞𝐫 𝐫𝐞𝐚𝐝𝐢𝐧𝐠 (𝐒𝐨𝐢𝐥)𝟓 𝐦𝐢𝐧𝐮𝐭𝐞− 𝐇𝐲𝐝𝐫𝐨𝐦𝐞𝐭𝐞𝐫 𝐫𝐞𝐚𝐝𝐢𝐧𝐠 (𝐛𝐥𝐚𝐧𝐤)𝟓 𝐦𝐢𝐧𝐮𝐭𝐞

𝐌𝐚𝐬𝐬𝐬𝐨𝐢𝐥
× 𝟏𝟎𝟎.Equation 3.1 

 

% 𝐂𝐥𝐚𝐲 =
𝐇𝐲𝐝𝐫𝐨𝐦𝐞𝐭𝐞𝐫 𝐫𝐞𝐚𝐝𝐢𝐧𝐠 (𝐒𝐨𝐢𝐥)𝟓 𝐡𝐨𝐮𝐫𝐬− 𝐇𝐲𝐝𝐫𝐨𝐦𝐞𝐭𝐞𝐫 𝐫𝐞𝐚𝐝𝐢𝐧𝐠 (𝐛𝐥𝐚𝐧𝐤)𝟓 𝐡𝐨𝐮𝐫𝐬 

𝐌𝐚𝐬𝐬𝐬𝐨𝐢𝐥
× 𝟏𝟎𝟎 … … … … ..Equation 3.2 

% Silt = Outcome of Equation 3.1 – Outcome of Equation 3.2 

% Sand = 100 – Outcome of Equation 3.1  
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Table 3.1: Texture of soil of Queensland experimental sites 

 

Sites Depth (mm) 

Particle size distribution (%) 

Texture 

Clay Silt Sand 
F

e
lt

o
n

 

(B
la

c
k

 V
er

ti
so

l)
 

0-100 51.25 23.25 25.5 Clay 

100-200 53.5 21.5 25 Clay 

200-300 54.25 21.25 24.5 Clay 

300-400 55.5 20.5 24 Clay 

Average 53.625 21.625 24.75 Clay 

P
it

ts
w

o
rr

th
 

(G
re

y
 V

er
ti

so
l)

 

0-100 46.25 23.75 30 Clay 

100-200 47.5 25 27.5 Silt clay 

200-300 47.5 23.75 28.75 Clay 

300-400 52.5 22.5 25 Clay 

Average 48.4375 23.75 27.8125 Clay 

G
a

tt
o

n
 

(B
ro

w
n

 C
h

ro
m

o
so

l 
) 

0-100 48.25 23.25 28.5 Clay 

100-200 50.5 21.5 28 Clay 

200-300 53.25 20.25 26.5 Clay 

300-400 54.5 20 25.5 Clay 

Average 51.625 21.25 27.125 Clay 

K
in

g
a

ro
y
 

(G
re

y
 V

er
ti

so
l)

 

0-100 47 23 30 Clay 

100-200 49 22 29 Clay 

200-300 51 21.5 27.5 Clay 

300-400 52.5 22 25.5 Clay 

Average 49.875 22.125 28 Clay 
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Table 3.2 Texture of soil of Victorian and South Australian experimental sites

 Sites Depth (mm) 

Particle size distribution (%) 

Texture 

Clay Silt Sand 
H

o
p

e
to

u
n

  

(R
e
d

 C
a

lc
a
r
o

so
l)

 
0-100 15 2.5 82.5 Sandy Loam 

100-200 22.5 5 72.5 
Sandy Clay 

Loam 

200-300 40 2.5 57.5 Sandy Clay 

300-400 45 7.5 47.5 
Sandy Clay, 

Clay 

Average 30.625 4.375 65 Sandy Clay 

S
w

a
n

 H
il

l 
 

(R
e
d

 S
o

d
o
so

l)
 

0-100 15 12.5 72.5 Loam 

100-200 25 10 65 Clay Loam 

200-300 27.5 11.25 61.25 Clay Loam 

300-400 30 6.25 63.75 Clay Loam 

Average 24.375 10 65.625 Clay Loam 

L
o

x
to

n
  

(C
a

lc
ic

 C
a

lc
a

ro
so

l)
 

0-100 7.5 2.5 90 Sandy 

100-200 11.25 2.5 86.25 Sandy Loam 

200-300 12.5 2.5 85 Sandy Loam 

300-400 23.75 5 71.25 
Sandy Clay 

Loam 

Average 13.75 3.125 83.125 Sandy Loam 

W
a

ik
er

ie
 

(C
a

lc
a

ro
so

l)
 

0-100 5 2.5 92.5 Sandy 

100-200 6.25 1.25 92.5 Sandy 

200-300 6.25 1.25 92.5 Sandy 

300-400 6.25 2.5 91.25 Sandy 

Average 5.9375 1.875 92.1875 Sandy 
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 Bulk density (BD) (Mg.m-3) 

Bulk density is the ratio of dry soil mass to total soil volume (Cresswell & Hamilton 

2002). The core method was used to measure the bulk density (Blake 1965). For this 

method, cylindrical metal samplers (48 mm dia. x 52 mm length) were used (Figure 

3.2). These were pressed into the soil to the desired depth and were removed to 

preserve a known volume of samples. The samples were immediately placed into bags 

to minimize evaporation. The samples were then weighed before dried on a digital 

scale in the laboratory for later determining soil moisture. The samples were 

transferred to containers and placed in an oven at 105° (24 to 48 hours). The samples 

were then reweighed and the weight of each marked. The bulk density was calculated 

using Equation (3.3).  

𝝆𝒃 =
𝒎𝒛

𝑽𝒔
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . … ..Equation 3.3 

Where 𝜌𝑏 is bulk density, Mg.m-3; 𝑚𝑧 is a mass of dry soil, Mg; 𝑉𝑠 is a volume pf the 

soil sample, M3.  

Measurements of bulk density and other strength-related soil measurements were 

made in Permanent Traffic Lanes (PTL) (tramlines) and Permanent Crop Beds (PCB) 

at each CTF site, and random locations in non-CTF sites (Table 3.3). The 

measurements were collected at soil depths: 0-50; 50-100; 100-150 mm. The 

measurements were randomised into plots to decrease the effect of soil heterogeneity, 

and were repeated four times for each main plot to obtain a more representative bulk 

density measurement of the plots (Appendix A3.1). 

 

Figure 3.2: Procedure of bulk density sampling 
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Table 3.3: Physical properties of the soils for all studied sites 

Soils properties 

Felton site 

Sampling site Depth (mm) 

Bulk density (Mg.m-3) Shear force (MPa) Moisture content (%) 

Mean SD Mean SD Mean SD 

PTL 

50 1.130  0.020 0.164  0.015 33.39  2.33 

100 1.208  0.012 0.187  0.003 39.42  1.67 

150 1.248  0.014 0.209  0.012 40.49  0.82 

 

PCB 

 

50 0.881  0.039 0.027  0.005 24.75  1.76 

100 1.126  0.051 0.071  0.010 38.85  1.08 

150 1.227  0.012 0.092  0.007 43.19  0.92 

Pittsworth Site 

PTL 

50 1.543   0.032 0.251   0.017 17.11  1.64 

100 1.654   0.027 0.328   0.016 24.36  1.20 

150 1.607   0.049 0.340   0.023 24.73  1.59 

PCB 

 

50 1.005   0.105 0.051   0.014 14.74  1.33 

100 1.227   0.060 0.074   0.057 25.28  0.81 

150 1.294   0.047 0.118   0.015 26.13  1.83 

Gatton site 

Paddock 

50 1.074  0.099 0.063  0.034 11.57 1.05 

100 1.213  0.043 0.083  0.064 13.91  0.14 

150 1.299  0.037 0.149  0.014 14.86  0.32 

Kingaroy site 

Paddock 

100 1.091  0.057 - - 9.79  2.39 

       

200 1.214  0.042 - - 21.54  0.58 

Hopetoun site 

PTL 

50 1.660  0.049 0.212  0.020 8.63  0.72 

100 1.750  0.055 - - 10.75  1.19 

150 1.575  0.031 - - 13.94  1.41 



CHAPTER 3: METHODOLOGY 

71 

Adnan A. A. Luhaib 

3.3.3. Penetration resistance of soil (PR) (MPa) 

The force per unit cone base area required to press the cone through the soil layers is 

called the Penetration Resistance (PR) (ASABE 2013b). The soil cone penetrometer 

is traditionally used to assess the soil strength within a soil profile, and measures the 

force required to insert a cone tip into the soil. PR is calculated by dividing this 

insertion force by the base area of the cone (ASABE 2013a).   

PCB 

 

50 1.329  0.029 0.092  0.014 7.16  2.05 

100 1.437  0.092 - - 9.13  1.54 

150 1.555  0.104 - - 13.73  1.17 

Swan Hill site 

PTL 

50 1.820  0.058 0.276  0.019 9.49  0.72 

100 1.796  0.089 - - 9.43  1.4 

150 1.630  0.033 - - 12.74  0.63 

PCB 

 

50 1.216  0.055 0.082  0.017 8.12  0.78 

100 1.312  0.010 0.128  0.025 7.12  0.80 

150 1.444  0.048 0.191  0.017 8.23  1.54 

Loxton site 

PTL 

50 1.587  0.024 0 0 5.04  0.41 

100 1.671  0.035 0 0 5.67  0.41 

150 1.768  0.056 0 0 6.02  0.39 

PCB 

 

50 1.422  0.080 0 0 4.63  0.23 

100 1.530  0.112 0 0 5.96  0.64 

150 1.679  0.062 0 0 5.02  0.33 

Waikerie site 

On-track 

50 1.512  0.076 0 0 4.34  0.40 

100 1.617  0.057 0 0 4.57  0.83 

150 1.656  0.033 0 0 5.62  0.67 

Off-track 

 

50 1.398  0.075 0 0 4.08 0.38 

100 1.556  0.033 0 0 4.21 0.65 

150 1.590  0.061 0 0 4.38 0.41 
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A ‘Rimik” power-insertion penetrometer (Rimik, CP4011) (http://www.rimik.com), 

was used for PR determination (Appendix A3.2). This provided a constant insertion 

velocity, which should produce significantly more accurate and consistent results than 

hand-held technology (Moraes et al. 2014). CI measurements were conducted over the 

0 – 500 mm depth range with 20 replicates over the depth range (ASABE, 2013a). 

3.3.4 Shear force (MPa) 

The CI mentioned above relate to motion resistance. Measurements of the shear 

strength of soil have been claimed to provide better relationships with implement 

performance (Shoop 2009). The shear vane device was used for assessing the shear 

strength of soil in-situ (Appendix A3.3). A shear vane device is a simple tool designed 

to measure the shear strength of soils. Shear force measurements were carried out with 

the same process used for bulk density (Table 3.3).  

3.3.5 Moisture content measurement (MC) (%) 

Soil strength is affected by soil moisture and bulk density (Ayers 1987), so this was 

the reason to determine the moisture content of the sites’ soils. The gravimetric with 

oven drying method was used to determine moisture content. This method is described 

by Gardner (1965). Two different sampling methods were used to determine the soil 

moisture: the samples were taken for bulk density measurement were also used to 

determine the moisture content to cover the entire work depth. The soil sample was 

weighed before being placed in an oven at 105ºC for 24 hours. The samples were then 

re-weighed and the soil moisture content calculated (Table 3.3).  

A soil auger was used to sample the soil at different depths. The samples were 

immediately placed in sampling bags to minimize evaporation from the samples. 

Sampling was done at 100mm up to 500 mm depth. This was done to cover the entire 

depth range encountered in PR. The soil samples were collected from the same 

locations as the bulk density samples. They were then weighed on a digital scale in the 

laboratory before being placed in an oven at 105ºC for 24 hours. The samples were 

then weighed again and the weight of each marked. The moisture content was also 

calculated (Chapter 6) and (Appendix A6.2). 

http://www.rimik.com/
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3.3.6 Soil surface assessment 

A profile meter was used to measure soil profile and to provide values for tyre rut 

profile and soil roughness. Rut profile was measured to record the changes in soil 

surface deformation, which is considered to be closely related to soil compaction and 

reduction of motion resistance (Soane et al. 1980a; Botta et al. 2009; Botta et al. 2012). 

These were measured using a profile meter, which consists of a frame with 32 

adjustable pins spaced 20 mm apart (Appendix A3.4).   

The frame was placed across the tyre rut profile at a right angle, and the pins dropped 

to the soil surface. The pins were then locked, and the meter carefully placed on a 

graph of plastic sheet aligned to the grid, and photographed. Four rut profile 

measurements were taken for permanent traffic lanes and permanent crop bed at CTF 

sites, and wheeled and non-wheeled soils at non-CTF sites before and after measuring 

the motion resistance. The after measurements were taken from each tyre rut profile 

four times at random locations in the rut.  

Soil roughness is the irregularities of the soil surface, and is caused by factors such as 

soil texture, aggregate size, rock fragments, vegetation cover and land management 

(Thomsen et al. 2015). Moreover, agricultural terrain roughness plays an important 

role in soil–tyre interaction and tractor vibration, and its measurement provides an 

additional parameter defining the quality of the work.   

This quality is not only influenced by soil conditions and implement parameters such 

as tools, work speed, depth (Bögel et al. 2016), it can also be affected by trafficking 

of agricultural equipment. The same measurements and procedures carried out for rut 

profile were repeated for the determination of soil surface profile. Hoverer, these 

measurements were taken four times from wheeled soil and non-wheeled soil for all 

tine at each depth.  

 Draught force and soil roughness measurements in field 

(Methodology of Chapter 4): 

A number of methods have been used to measure draught force in a field, depending 

on the type of implement hitch (pull (wheel-mounted), semi-mounted (semi-integral) 

and rear-mounted (three-point integral) (ASABE 2009)). Most of the standard 

methods of measuring implement draught also include an undesirable component of 
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motion resistance, and are incapable of looking at comparative draught of tines in 

wheel tracks and neighbouring soil. This study needed to measure draught forces of 

the soil-engaging implement in CTF wheel-tracks and non-wheeled soil (permanent 

crop beds) simultaneously, necessitating the use of a specialised tillage energy unit for 

this study. 

  Tillage energy unit  

This unit has four identical instrumented tine assemblies mounted on a 4m wide toolbar 

with transverse adjustment allowed positioning of two tine assemblies in the tractor 

wheeltracks, and two in non-wheeled soil, with all at in the same vertical position 

relative to the toolbar. The tillage energy unit was originally manufactured at the 

University of Queensland for work reported by Tullberg (2000), and is shown in Figure 

3.3. 

 

Figure 3.3: Overview of the experimental tillage unit used in the study; (A): Close-up of data-

logger, (B): Close-up of force transducer; and (C): Plan view of tractor and tillage unit 

Draught-sensing was achieved with edge-on chisel plough shanks attached to parallel 

link assemblies, the movement of which was restricted by shear beam force 

transducers (SKT model 1500). These were monitored by a data logger (Rimik 

DataNode) (Figure 3.4) providing an oversampling and decimation system for 

filtering signal noise and recording the mean draught force measurement at two-



CHAPTER 3: METHODOLOGY 

75 

Adnan A. A. Luhaib 

second intervals for each transducer (Appendix A3.5). The four-tines on their parallel 

link assemblies were mounted on a 4m wide three-point linkage toolbar fitted with 

adjustable depth control wheels at its extremities (Figure 3.3). It could be fitted with 

proprietary soil engaging tools (shares): chisels, sweeps and seeder openers. 

 

Figure 3.4: Assembly of Draught-sensing tine 

A limitation of the tillage unit is that the operating depth in wheeled soil is lower than 

in non-wheeled soil. Because all tines were fitted to one frame (toolbar) all operated 

at the same depth relative to the toolbar, so wheel track tines, normally positioned 

directly behind each tractor wheel, operated at reduced depth relative to the depressed 

soil surface of the wheel track. A further limitation was the transducer capacity (8 kN), 

which restricted operating depth to 150mm. 

 Calibration Tests 

All the shear beam force transducers (SKT model 1500) were calibrated in the Material 

Laboratory at the University of Southern Queensland (Figure 3.5), with compression 

loads of 0 to 8 kN, the expected working range so sensitivity and repeatability could 

be recorded (Cox 1988). All tests were repeated after the initial field trials and after 

completion of this work, but transducer characteristics were unaffected (Appendix 

A3.6). The strain gauge pull-meter, used to measure the motion resistance, was also 

calibrated in tension at this time (Figures 3.5) and (Appendix A3.6).   
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Figure 3.5: Calibration procedure for transducers (top) and pullmeter (bottom)  

 Experiment design  

A major consideration in designing these experiments was what would be acceptable 

on commercial grain farms. These are the only places where long-term controlled 

traffic soil is available; the only sites which can provide realistic (scientifically valid) 

data on long-term effects of wheel traffic, or the absence of such traffic. 

The draught force experiments were carried out using 550-m × 15-m, plots arranged 

in a block design, with three replications. Three factors and different levels of 

comparison, namely soil conditions (non-wheeled to represent CTF, wheeled to 

address non-CTF), working depth (75, 100, and 125 mm, respectively) and type of 

tine (chisel, sweep, and seeder opener, respectively) were used. The working depths 

were chosen to represent those commonly used for fertilizer application, shallow 

tillage, and deep placement of fertilizer, respectively. 

“Strategic” tillage is occasionally conducted in long-term no-tillage soil for control of 

glyphosate-resistant weeds (Melland et al. 2016). Sweep tines, and chisel tines are 
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commonly used to deal with surface compaction. Both leave significant amounts of 

crop residue on the soil surface to protect the soil from wind and water erosion 

(Harrigan & Rotz 1995). Opener tines are also commonly used for planting and 

fertilizing operations on Australian farms. All tines were used at the normal working 

speed of 8 km.h-1 for all draught measurements, because this speed is commonly used 

in farm practice to avoid the negative performance effects of faster speeds in no-tillage 

systems (Barr et al. 2016).  

Draught force measurement for all selected tines (Appendix A3.7) at a range of 

operating depths (50-125 mm) were compared in (relatively) soft soil of the non-

wheeled Permanent Crop Beds (beds, or PCB) and in the (relatively) wheeled soil. In 

all cases, tests were carried out with generous assistance from the farmers (Section 

3.2), using their equipment. In some cases, all tests could not be completed, two sites 

(Gatton and Waikerie) were not managed in CTF, and at one site (Hopetoun) CTF was 

incomplete (one machine not part of the system). 

Soil roughness measurements were also carried out for all selected tines at a range of 

operating depths (50-125 mm) and were compared in (relatively) soft soil of the non-

wheeled soil and in the (relatively) firmer wheeled soil. In all cases, the measurements 

were conducted using a profile meter which was previously described in Section 3.3.6. 

Soil roughness measurements were made at all sites except the Kingaroy (QLD) site, 

where the measurement of draught force was completed with only the chisel tine at 

one depth (150-200 mm).  

 Soil surface roughness 

The method used to measure soil surface was described previously. The results of the 

method were computed through the standard deviation (SD). This was used to 

calculate the soil surface roughness as follow: 

𝑆𝑆𝑅 = 100 ∗ log 𝑆𝐷 … … … … … … … … … … … … … … … … … … … … … … 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟒  

Where: SSR = soil surface roughness (%); SD = standard deviation  

 Specifications of Experimental Tractors  

The purpose of this section is to describe the tractors, which were used in this study. 

In all cases, the tractors were those normally used on the host farms, and it all cases 

were considerably larger than the tractors for which the tillage unit was originally 
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designed (Category 2 hitch systems, ASABE 2015). Commercial farms with larger 

tractors use linkage systems or “quick hitches” conforming to Category 3 or 4 

(Appendix A3.8), so a new headstock adapter, illustrated in Figure 3.6, was 

manufactured at the University of Southern Queensland (USQ) workshop, allowing 

use with both larger and smaller tractors. Details of all tractors used in this study are 

reported in Appendix A3.9. 

 

Figure 3.6: Hitches of tillage unit 

 Statistical analysis 

The Statistical Package for the Social Sciences (SPSS-version 23) software was used 

to analyse the experimental data (Swan & Sandilands 1995), and determine the effects 

of the factors in Section 3.4.3 on the draught force and soil surface roughness. This 

included analysis of variance (ANOVA) and Duncan’s multiple range test which were 

used to compare the means at a probability level of 5%. The results of analyses are 

presented in Appendix A.4. 

 Modelling of draught force (Methodology of Chapter 5) 

The draught force requirements of selected tines at range of operation at different sites 

(which described in the previous section), were compared with the predicted results. 

Godwin and O’Dogherty (2007) model was applied to predict the draught force of 
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tines in all studied sites. To accurately predict draught force, the model required 

parameters for soil condition and geometry of implements, in addition to operating 

depth and ground speed of each site. The implement parameters, including rake angle 

and width of the foot (tip), were calculated for all tines, and working depth and ground 

speed were also calculated. These parameters along with the soil parameters were used 

as inputs in the Godwin and O’Dogherty model. The values which are presented in 

Table 3.4, are considered in most draught force models. 

Table 3.4: Tines parameters of soil-engaging implements  

Among the soil parameters, are bulk unit weight and the mechanical soil properties. 

Bulk unit weight was calculated from wet bulk density multiplied by acceleration of 

gravity. Wet bulk density was measured using the procedure previously described in 

Section 3.4.1. The mechanical soil properties included soil-soil parameters (cohesion 

and internal friction angle) and soil-metal parameters (adhesion and external friction 

angle). These parameters were measured using direct shear box.  

Direct shear box was used to determine the mechanical soil properties, such as 

cohesion, internal friction angle, adhesion and external friction angle. These 

parameters are mainly used to feed a number of models to predict the energy 

requirements of soil-engaging implements. New rings were manufactured to 

dimensions the same as those used for the direct shear test. These rings were used to 

take undisturbed soil samples at different depths. Sampling was done at 50 mm up to 

150 mm depth except for the Kingaroy site which was 100 mm up to 200 mm. These 

were used to cover the entire depth range encountered in operating depths.   

For each sample, excess soil was trimmed away from the sample ring. The samples 

were immediately wrapped and covered to reduce evaporation from the samples. 

These samples were kept in a box, and the box was refrigerated to keep the samples in 

the same condition as they were in the field where the experiments were conducted.  

Soil core samples were taken to direct shear equipment, model ShearTrac II at the 

Tine parameters  Parameters symbol 

Tines 

Sweep Chisel Seeder opener 

Width of the foot (tip) (m) w 0.45 0.05m 0.025m 

Rake angle ( ͦ) α 20-23˚ 22-24˚ 43-45˚ 

Ground speed (m.s-1) v 2.2  2.2  2.2  
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Civil Engineering Laboratory at the University of Southern Queensland (Appendix 

A3.10). The soil sample was placed in the shear box to fill two halves of the shear box. 

Each sample was subjected to four load increments of 25; 50; 100 and 200 kPa.   

Shear stress at failure against normal stress during the direct shear box test was 

graphed. With this graph, internal friction angle and cohesion of soil were estimated 

for each sample’s soil and depth. The same procedures and tests conducted for 

cohesion and angle of internal friction were repeated for the determination of adhesion 

and angle of soil–metal friction. However, a new sold core of the same material used 

in the manufacturing of tillage unit and tines was manufactured. This sold core was 

placed at the bottom half of shear box and the soil sample was placed at the top half 

of shear box. An excess soil outside the top half of shear box was trimmed off. 

Soil parameters in Table 3.5 are an example for range of those parameters, which are 

considered by McKyes & Desir (1984) and McKyes (1985). The values presented in 

Table 3.6 are the soil parameters, considered in most draught force models, including 

the Godwin and O’Dogherty (2007)’s model. 

Table3.5: Values of soil parameters for sand and clay soils (McKyes, 1985) 

In Table 3.6, soil parameters include soil-soil and soil-metal parameters determined 

for all sites except the Loxton and Waikerie sites which were based on historical data. 

 

Table 3.6: Values of soil parameters for studied soils 

Sites Soil parameters Parameters symbol 

Working depth (m) 

0.075 0.1 0.125 

F
e
lt

o
n

 

(B
la

c
k

 V
er

ti
so

l)
 

Bulk unit weight (kN m-3) γ 10.61 15.34 17.21 

Cohesion (kN m-2) C 62.1 63.6 66.3 

Adhesion (kN m-2) Ca 2 2.4 2.7 

Internal friction angle ( ͦ) ϕ 20.8 21.3 21.8 

Soil-metal friction angle ( ͦ) δ 21.4 22.1 
22.3 

 

Soil type C (kPa) φ ( ͦ) BD  (Mg m-3) 

Sand 0 18-50 1.75-2.11 

Clay 0-28.2 0-37 0.84-1.89 
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P
it

ts
w

o
r
th

 

(G
ra

y
 V

er
ti

so
l)

 

Bulk unit weight (kN m-3) γ 12.03 16.3 18.03 

Cohesion (kN m-2) C 61.3 65.2 65.3 

Adhesion (kN m-2) Ca 1.7 2 2.3 

Internal friction angle ( ͦ) ϕ 21.4 21.9 22.2 

Soil-metal friction angle ( ͦ) δ 21.4 21.4 21.4 

G
a

tt
o

n
 

(B
r
o

w
n

 C
h

r
o
m

o
so

l)
 

Bulk unit weight (kN m-3) γ 11.6 14 15 

Cohesion (kN m-2) C 42.7 45.8 45.8 

Adhesion (kN m-2) Ca 1.3 2 2 

Internal friction angle ( ͦ) ϕ 21 22 22 

Soil-metal friction angle ( ͦ) δ 20 21 21 

K
in

g
a

ro
y

  

(G
ra

y
 V

er
ti

so
l)

 

Bulk unit weight (kN m-3) γ - 13.92 
14.85@ 

0.2 

Cohesion (kN m-2) C - - 65.8 

Adhesion (kN m-2) Ca - - 2 

Internal friction angle ( ͦ) ϕ - - 21.8 

Soil-metal friction angle ( ͦ) δ - - 21.4 

H
o

p
e
to

u
n

 

(R
e
d

 C
a

lc
a
r
o

so
l)

 

Bulk unit weight (kN m-3) γ 13 14 17 

Cohesion (kN m-2) C 9.1 9.1 9.7 

Adhesion (kN m-2) Ca 6.3 6.4 6.9 

Internal friction angle ( ͦ) ϕ 37.8 38.1 38.9 

Soil-metal friction angle ( ͦ) δ 32.2 32.7 33.7 

S
w

a
n

 H
il

l 

(R
e
d

 S
o

d
o
so

l)
 

Bulk unit weight (kN m-3) γ 14.1 16.1 16.8 

Cohesion (kN m-2) C 9.2 9.5 9.5 

Adhesion (kN m-2) Ca 6.1 6.8 6.8 

Internal friction angle ( ͦ) ϕ 38.9 38.9 38.9 

Soil-metal friction angle ( ͦ) δ 33.7 33.7 33.7 

L
o
x

to
n

 

(C
a

lc
ic

 C
a

lc
a
ro

so
l)

 

Bulk unit weight (kN m-3) γ 17.1 17.2 18.1 

Cohesion (kN m-2) C 14 14 14 

Adhesion (kN m-2) Ca 1 2 3 

Internal friction angle ( ͦ) ϕ 35 35 36 

Soil-metal friction angle ( ͦ) δ 26 26 
28 
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W
a

ik
e
ri

e 

(C
a
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a
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l)
 

Bulk unit weight (kN m-3) γ 14.14 16 16.5 

Cohesion (kN m-2) C 7.1 7.4 7.4 

Adhesion (kN m-2) Ca 1 2 3 

Internal friction angle ( ͦ) ϕ 40 41 41 

Soil-metal friction angle ( ͦ) δ 28 29 29 

 Godwin and O’Dogherty model component  

The soils’ physical and mechanical properties for all soil sites in the previous section 

were entered into draught force model (Godwin & O’Dogherty, 2007) to predict the 

draught forces for soil-engaging implements. In addition, operating condition 

parameters and geometry of the tines, including operating depth and ground speed, 

were also reported in previous section. The values of all of these parameters, which 

were entered into the draught force modelling, are presented in Table 3.4 and Table 

3.6. 

 Sensitivity of Godwin and O’Dogherty model  

This section discusses the relationships between the output and input parameters of 

the draught force model. A number of sensitivity tests were conducted to find which 

factors may have a major influence on draught force requirements for different soil-

engaging implements to quantify the degree of sensitivity of the model. Baseline 

scenarios were dictated by the model input parameters, which include three categories: 

soils’ physical and mechanical properties, tine parameters and operational conditions. 

The scenarios were constructed by changing the values of a single input factor while 

keeping all other input parameters constant.  

The first category included bulk unit weight, both soil-soil parameters (cohesion and 

internal friction angle) and soil-metal parameters (adhesion and external friction 

angle). The second category included the width tine and rake angle of tine. The third 

category included operating depth and operating speed. These categories were 

included for sensitivity testing. A quantitative, relative sensitivity, referred to as the 

sensitivity index, was calculated to quantify the impacts of input factors on certain 

output results(Walker et al. 2000).  

𝑺𝑰 = [(𝑶𝑷𝟐 − 𝑶𝑷𝟏)/𝑶𝑷𝒂𝒗𝒆𝒓𝒈]/[ (𝑰𝑷𝟐 − 𝑰𝑷𝟏 )/𝑰𝑷𝒂𝒗𝒆𝒓𝒈] …………………………Equation 

3.5 
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Where: SI = the relative sensitivity index; IP1and IP2 = the minimum and maximum 

input values tested for a given parameter; IP averg. = the average of IP1and IP2; 

OP1and OP2 = the model output values corresponding to IP1and IP2, and OP averg. 

= the average of OP1and OP2. A higher absolute value of the sensitivity index 

indicates a greater impact of input data on the output, and a negative value shows that 

there is an inverse relationship between the input and the output (Walker et al. 2000). 

The data entered into Equation 3.5 to test the sensitivity of model were based on 

measured data, which were determined during lab and field measurements in this 

study, as well as the historical data found from Godwin and O’Dogherty (2007); 

McKyes and Desir (1984); McKyes (1985). The outcomes of the Equation 3.5 are 

listed in Table 3.7. 

Table 3.7 Input parameters tested 

Parameters description   Input parameters   

IP2  IP1  IP avg.    SD 

Bulk unit weight (kN m-3) (γ)* 18 10 13 2.1 

Cohesion (kN m-2) (C)* 100 7 49 31 

Adhesion (kN m-2) (Ca)* 7 1 4 2.2 

Internal friction angle (ͦ ) (ϕ)* 40 22 31 8.3 

Soil-metal friction angle (ͦ ) (δ)* 34 20 26 5.4 

Width of the tine (m) (w)* 0.45 0.02 0.12 0.15 

Rake angle of the tine (ͦ ) (α)* 90 20 53 24.4 

Ground speed (m s-1) (v) 3 0.5 1.75 0.85 

Operating depth (m) (d)* 0.175 0.05 0.113 0.04 

Surcharge (kN m-2) (q) 0.055 0.040 0.047 0.005 

 Including the data of lab and field measurements in this study 

 Validation of Godwin and O’Dogherty model 

Validation is usually defined as “substantiation that a computerized model within its 

domain of applicability possesses a satisfactory range of accuracy consistent with the 

intended application of the model” (Schlesinger 1979). The aim of the Godwin and 
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O’Dogherty model validation is to investigate the reliability and accuracy of the model 

under Australian soil conditions.  

The validation technique used to investigate the validity of the model was based on 

measured data (the results of draught force obtained for all tines in all study sites 

reported in Chapter 4 compared with predicted data which were acquired with the 

Godwin and O’Dogherty model). Once again, the parameters used to feed the model, 

corresponded with the parameters used in the draught force measurement for all tines 

in all the studied sites. 

 Statistical analysis 

Statistical analyses (Appendices A.5.1 and A5.2) were undertaken using SPSS. Linear 

regression analyses were used to investigate the relationship between measured and 

predicted draught force based on the Godwin and O’Dogherty (2007) tillage force 

prediction model for all study sites. This analysis was undertaken using a 95% 

confidence interval for the linear model fitted to the data. The results are presented in 

Appendix A.5.2. 

 Motion resistance measurements and modelling (Methodology 

of Chapter 6) 

3.6.1 Motion resistance in field (MR) (kN) 

As previously discussed, motion resistance is related to soil strength, so the soil’s 

physical properties were measured using the procedure previously described in 

Section 3.3.3 and Section 3.3.5, respectively are equally relevant here the effect of 

wheel tracks on the motion resistance of farm machinery was determined using the 

farm tractor because this was used in almost all agricultural operations during farm 

activities. Motion resistance was measured on on PTL, PCB, and road at a range of 

ground speeds that were also in accordance with Australian growers’ practices. 

 Experimental design  

Motion resistance experiments were arranged in a block design, with three replications. 

Two factors were used: permanent traffic lanes (PTL) to represent motion resistance 

in CTF and the non-wheeled soil of permanent crop beds (PCB) to represent motion 

resistance in non-CTF systems. Motion resistance on the best available hard surface 
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(e.g., dirt track or road) was also measured to assess the internal (powertrain friction 

and energy loss in tyre deflection) component of tractor motion resistance.   

Measurements covered the range of common ground speeds (8, 12 and16 km.h-1), 

chosen to represent those commonly used for conservation tillage and seeding, 

harvesting and spraying. However, in one non-CTF site field area limitations and 

tractor capacity restricted ground speeds to 2 and 3.5 km.h-1. Motion resistance was 

assessed in all cases by towing via a pullmeter and long strap to minimise the effect 

of the vertical and sideways horizontal components to the measurement. The 

arrangement of towing and toad tractors for the motion resistance experiments is 

illustrated in Figure 3.7. All measurements were replicated three times in opposite 

directions to cancel out any topographical effects. 

 

Figure 3.7: : Layout of the motion resistance experiment 

 Motion resistance coefficient (CMR) 

The motion resistance is often expressed in terms of coefficient of motion resistance, 

which is called as the motion resistance per unit wheel load, and was calculated as 

follows:  
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𝐂𝐌𝐑 =
𝑴𝑹

𝑾
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟔 

Where: CMR is coefficient of motion resistance; MR is motion resistance (kN); W is 

wheel load (kN).  

 Reduction in motion resistance (%)  

Reduction of motion resistance was calculated. This calculation was based on motion 

resistance which comes from deformation of the soil under the tyre and belt track, and 

is attributable to friction within the drivetrain and deformation of the tyre itself. 

Therefore, calculation of the reduction in motion resistance was done as follows: 

a) Internal (frictional) motion resistance (kN) = MR on road 

b) External (soil) motion resistance on Permanent Traffic Lanes (kN) = MR on 

PTL- a MR on road 

c) External (soil) motion resistance on Permanent Crop Beds (kN) = MR on PCB 

– MR on road  

d) Change in motion resistance as a result of CTF (kN)= c-b 

e) Reduction in gross motion resistance as result of CTF (%) = d/MR on PCB 

*100  

f) Reduction in external motion resistance as a result of CTF (%) = d/c * 100  

This procedure was also used to calculate the reduction in gross and external motion 

resistance as a result of wheel traffic in non-CTF sites. 

 Modelling of motion resistance 

As discussed in the literature review, a number of models have been used to predict 

motion resistance. Accordingly, two models were adapted to predict motion resistance 

in this study. These models were Gee-Clough’s model (1980) and Brixius’s (ASABE) 

model (1987). These models were previously reported in Chapter 2, Section 2.7. The 

models require the following input parameters, cone index and tyre parameters, 

(Figure 3.8) and are based on the following equations: 

𝐌𝐑 = 𝐖 (𝟎. 𝟎𝟒𝟗 +
𝟎. 𝟐𝟖𝟕

𝐍
) … … … … … … … … . . … … … … … . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟕 (𝐆𝐞𝐞 − 𝐆𝐥𝐨𝐮𝐠𝐡 𝟏𝟗𝟖𝟎) 

𝐍 = (
𝐂𝐈 . 𝐛 . 𝐝

𝐖
) × √

𝛅

𝐡 
 

𝟏

𝟏 + 𝐛/𝟐𝐝
. … … … … … … … … … … … . . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟖 (𝐆𝐞𝐞 − 𝐆𝐥𝐨𝐮𝐠𝐡 𝟏𝟗𝟖𝟎) 
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𝐌𝐑 = 𝐖 (
𝟏

𝐍
+ 𝟎. 𝟎𝟒 +

𝟎. 𝟓𝐒

√𝐍
) … … … … … … … … … … … … … … … … . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟗 (𝐁𝐫𝐢𝐱𝐢𝐮𝐬 𝟏𝟗𝟖𝟕) 

𝐍 = (
𝐂𝐈 . 𝐛 . 𝐝

𝐖
) × (

𝟏 + 𝟓𝛅/𝐡

𝟏 + 𝟑𝐛/𝐝
) . … … … … … … … … … … … … … . … . . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟏𝟎 (𝐁𝐫𝐢𝐱𝐢𝐮𝐬 𝟏𝟗𝟖𝟕) 

𝐂𝐧 = (
𝐂𝐈 . 𝐛 . 𝐝

𝐖
) … … … … … … … … . . … … … … … … … … . . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟏𝟏 (𝐖𝐢𝐬𝐦𝐞𝐫 & 𝐋𝐮𝐭𝐡 𝟏𝟗𝟕𝟒) 

Where the symbols are, MR = Motion resistance, kN; W = Wheel load, kN; N = 

Mobility number; Cn = Wheel numeric; CI = Cone Index for the soil, kPa; b = Tyre 

section width, m; d = Overall unloaded tyre diameter, m; δ = Tyre deflection, m; h = 

Tyre section height, m; s = Slip, decimal. 

 

Figure 3.8: Tyre parameters (Brixius 1987) 

Tractor weights are provided in Appendix A3.8, and were based on the database of 

OESD (2018) and farmer’s measurement, however other parameters (soil-wheel 

parameters) were measured during the field experiments at each site. CI was measured 

using the procedure previously described in Section 3.3.3. Slip was neglected because 

the tractor was towed (unpowered wheel). Tyre parameters such as tyre section width 

and overall tyre diameter were measured. Additionally, the tyre section height and tyre 

deflection were measured based on the following equations: 

𝐡 =
𝐝 − 𝐑𝐝

𝟐
… … … … … … … . … … … … … … … … . … … … … … … … … 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟏𝟐 (𝐁𝐫𝐢𝐱𝐢𝐮𝐬 𝟏𝟗𝟖𝟕) 

𝛅 =
𝐝

𝟐
− 𝐒𝐋𝐑 … … … … … … … … … … … … … . … … … … … … … … … . . 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟏𝟑 (𝐁𝐫𝐢𝐱𝐢𝐮𝐬 𝟏𝟗𝟖𝟕) 

Where:  
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Rd = Rim diameter  

SLR = Static Loaded Radius (standard information in tyre data books) 

Tyre parameters were measured for both front tyres and rear tyres. The results of wheel 

parameters are presented in Table 3.8. The prediction of motion resistance was 

calculated for both front tyres and rear tyres because the models predicted the motion 

resistance for a single tyre only. Then, the prediction of motion resistance for a whole 

tractor was calculated at each site. The results were predicted and compared with the 

measured results. 

Table 3.8: Wheel parameters for all studied sites 

Wheel 

parameters  

Felton Pittsworth Gatton Hopetoun Swan Hill Waikerie 

Front Rear Front Rear Front Rear Front Rear Front Rear Front Rear 

W 52 54 50 57 23 29 38 47 84 68 26 39 

b 0.45 0.49 0.45 0.48 0.27 29 0.47 0.64 0.55 0.55 0.54 0.65 

d 1.59 2.03 1.59 2.03 1.43 1.74 1.43 1.81 1.94 1.94 0.82 1.92 

δ 0.0286 0.0292 0.03 0.04 0.021 0.022 0.03 0.04 0.04 0.03 0.02 0.08 

h 0.35 0.37 0.35 0.36 0.26 0.28 0.31 0.42 0.47 0.47 0.35 0.42 

s - - - - - - - - - - - - 

3.6.3 Statistical analysis  

Statistical analyses were conducted using SPSS version 24 to determine the impact of 

CTF (trafficked and untrafficked area) on soil physical properties (PR and MC) and 

motion resistance. This included analysis of variance (ANOVA) and Duncan’s 

multiple range test which was used to compare the means at a probability level of 5%. 

Linear regression analyses were used to describe the relationship between motion 

resistance and PR at each site. This relationship was undertaken for only PTL and PCB 

in CTF sites, and wheeled and non-wheeled soil in non-CTF sites. The results of all 

analyses are presented in Appendix A.6. 

Linear regression analyses were used to describe the relationship between PR and 

motion resistance at each site (Appendix A.6), before the outlier values were 

identified and removed. In all cases, the PR value was taken as the average of 20 cone 

index data points within the 0-150 mm depth range (Botta et al. 2012), while motion 
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resistance values were the mean of 30 data points with missing values generated during 

regression analyses. Linear regression analyses were also used to describe the 

relationships between predicted and measured motion resistance at each site 

(Appendix A.6).   

 Timeliness (Methodology of Chapter 7) 

The results from the experimental work on motion resistance and its predictions 

(mobility number) were brought together at this stage to investigate the effect of CTF 

on timeliness. The mobility number was calculated using the procedure previously 

described in Section 3.6.2.    

 Statistical analysis  

The SPSS-version 24 software was used to analyse the mobility number. This included 

analysis of variance (ANOVA). Means of mobility number was compared for 

significance using Duncan at 5% level of probability. The relationship between motion 

resistance coefficient and mobility number was investigated by regression analyses. 

The results of these analyses are presented in Appendix A.7. 
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 DRAUGHT FORCE AND SOIL ROUGHNESS 

MEASUREMENT IN THE FIELD  

 Introduction 

The literature review of Chapter 2 explored the effects of soil compaction caused by 

traffic on tillage energy requirements, particularly draught force, and the role of 

controlled traffic farming systems in managing soil compaction and reducing tillage 

energy requirements. In this chapter, a brief literature review of the effects of CTF on 

draught force and soil roughness is considered. The effects of wheel traffic on draught 

force of range of tines at different operating depths for different soils are presented 

together with their impact on soil roughness. 

 Energy requirements in a field 

Tillage systems can be grouped into three main categories: (i) conventional tillage 

systems as defined by ASABE (2005) which are the sequence of operations 

traditionally or most commonly used in a given geographic area to produce a given 

crop, (ii) conservation tillage systems which are any tillage or seeding system that 

maintains 15–30% residue cover on the soil surface after planting (ASABE 2005) and 

(iii) no-tillage systems which are also defined by ASABE (2005) as systems where 

crops are grown in narrow slots or tilled strips in previously undisturbed soil. These 

systems can be used under either non-CTF (conventional) or CTF systems. Energy 

consumption is an important consideration in selecting grain-cropping systems, and 

one of the main energy requirements is soil-engaging equipment accounting for up to 

45% of energy use according to Sánchez-Girón et al. (2007).  

Numerous studies of non-CTF tillage systems in several countries have shown that 

conventional tillage systems are the most energy consuming methods depending on 

the number of activities involved in this system. Košutić et al. (2005) found that energy 

saving in no tillage systems was almost 85%, while in reduced tillage systems the 

energy saving was almost 38% in comparison with conventional tillage systems. 

Mileusnic´ et al. (2010) also reported that energy consumption was up to 2-4 times 

higher in conventional systems than in no-tillage systems. Moreover, farmers in many 

countries are being urged by governments to adopt conservation or no-tillage systems 
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to minimise soil erosion and waterway pollution, and conserve organic matter and 

improve soil health (Komatsuzaki & Ohta 2007). Consequently, conservation and no-

tillage farming have been widely adopted (Sarauskis et al. 2014). In Australia, the 

majority of grain growers have adopted this techniques (Llewellyn & D’Emden 2010).   

The weed control function of tillage is replaced by herbicides or agronomic methods 

in no-till, but tillage also provides a means of dealing with surface compaction caused 

by field traffic, so the impact of traffic associated with non-CTF systems must be 

considered when determining its potential benefits. In non-CTF systems, different 

equipment operating and track widths translate into disorganised or conventional 

traffic patterns, which can cover about 50% of the crop area in no till systems, and 

>80% of area in conventionally tilled systems each time a crop is produced (Kroulík 

et al. 2009). This might be part of the reason that research in many countries has shown 

that reduced or no-tillage systems do not always result in significant changes in soil 

physical, mechanical and biological properties, or demonstrate crop yields that are 

better than those of conventional systems (Baan et al. 2009; Fan et al. 2012; Godwin 

et al. 2017). Compaction can reduce yield for most crops (Section 2.3), and increase 

on-farm energy use and costs. There are also significant, though less quantified, costs 

associated with the heavy tillage compaction repair treatments occasionally used in 

no-till. Draught requirements for tillage operations may also be drastically increased 

by soil compaction (Iler & Stevenson 1991) (Section 2.3.3) which often has the 

indirect effect of increasing surface cloddiness after tillage, requiring more intensive 

tillage to produce a seedbed (Chancellor 1976) and increasing the time required for 

tillage operations.  

CTF systems manage compaction by confining all load-bearing wheels to the least 

possible area of permanent traffic lanes (Taylor 1983). In well-designed grain-

cropping systems, permanent traffic lanes typically occupy ≤15% of the total 

cultivated area (Tullberg 2010). This can improve soil physical properties in crop beds, 

and yields have increased in all tillage systems under CTF according to Smith et al. 

(2014). It also plays a major role in reducing draught force requirements of soil-

engaging implements. 

In a CTF system, the crop zone and traffic lanes are distinctly and permanently 

separated. In practice this means that the working widths of all implements must fit a 

modular system, the heavy load-bearing wheels of all equipment must conform to a 
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common wheel track gauge width, and all operations carried out with precise guidance 

so all wheeling is confined to specific traffic lanes (Isbister et al. 2013). Adoption of 

such systems should: (1) minimize traffic-induced soil compaction and therefore 

tillage draught, (2) optimise crop growth conditions within non-compacted permanent 

beds), and (3) improve traction on compacted permanent traffic lanes (Burt et al. 1986; 

Chen & Yang 2015; McPhee et al. 2015). Energy requirements for tillage of soil 

subject to random (uncontrolled) machinery traffic is also significantly greater 

compared to CTF (Carter 1985; Tullberg 2000). These benefits suggest a growing need 

for the adoption of controlled traffic systems, but on-farm adoption has been slowed 

by factors such as incompatible equipment operating widths and wheel track gauge 

widths. Associated costs of equipment conversion, concern about warranties and the 

resale value impacts modifications have also inhibited widespread adoption of CTF in 

some cropping systems (e.g. Bennett et al. 2015; Antille et al. 2016).  

In Australia, as highlighted in Chapter 2, previous research has focused primarily on 

the agronomic and environmental, rather than the energy effects of CTF systems. And, 

while the literature includes some reports on the draught force impacts of CTF, they 

cover an inadequate range of soils or systems. CTF farmers have provided many 

anecdotal reports of reduced power requirements and fuel consumption, so the energy 

effects of CTF are clearly important. But there are still few studies of CTF energy 

effects, and published evidence is not unanimous. Tullberg (2000), working on a clay 

soil in Australia, observed that the traffic effect of wheels on the draught of tillage 

implements increased total draught by 30% or more compared with the same 

implement operated in non-trafficked soil.  

On the other hand, Burt et al. (1994) in the USA and Arslan et al. (2015) in UK, found 

that traffic systems had no significant effect on energy requirements. In Burt et al.’s 

case, use of “draught control” implements probably ensured little difference in draught 

between treatments because the tillage depth in non-trafficked soil was greater than 

that in trafficked soil. In Arslan et al.’s case, tine tillage draught differences were not 

significant and they found no traffic system differences in no-till seeder draught. This 

might be because whole planter draught measured included motion resistance of depth 

and press wheels, which would be expected to increase in softer soils. More evidence 

is clearly required.  
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This chapter describes the field experiments used to assess the effect of CTF on 

draught force requirements in different soils and systems, which were intended to: 

 Determine the effects of wheel track versus non-wheel track operation on 

draught force requirements for different tines at normal operating depths in 

different soils/sites 

 Determine the effects of wheel track versus non-wheel track operation on soil 

surface roughness for different tines at normal operating depths in different 

soils/sites. 

 Materials and methods 

The experimental work was conducted at different sites in three Australian states 

Felton, Pittsworth, Gatton and Kingaroy (Northern region sites in Queensland) in 

which the soil is heavy clay. Sites at Hopetoun and Swan Hill (Victoria), and Loxton 

and Waikerie (South Australia), are in the Southern region where the soil is medium 

and light-textured, respectively. CTF is widely used on larger crop areas in the 

Northern region, but less common in the Southern region (more details in Chapter 3).  

 Results  

The results of the field experiments are reported in the following sections. The effect 

of wheel tracks on draught force is presented for Northern region (Queensland) sites, 

and Southern region (Victoria and south Australian) sites in Section 4.4.1. The effect 

of wheel tracks on soil surface roughness for all sites is presented in Section 4.4.2. An 

overall discussion for all sites is presented in Section 4.5 prior to the conclusions on 

the field experimental work in Section 4.6.   

 Draught force  

The method used for measuring draught force in this study was discussed in Chapter 

3. Draught force was measured in both wheel track and non-wheel track for examples 

of commonly used tines (sweep, chisel and narrow point seeder opener tines), all which 

are widely used in Australian farming. Measurements were conducted for each tine at 

depths of 75, 100, and 125 mm, selected to represent depths commonly used for 

planting and fertilizer application in conservation tillage, and deep placement of 

fertilizer, respectively, as reported in Chapter 3. Soil moisture and other soil physical 
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properties were also noted on these sites, and all (other than Gatton and Wailkerie) had 

been under controlled traffic and no-tillage for at least five years. 

The draught force results are presented in two groups: Northern region (Queensland) 

sites, and Southern region (Victoria and South Australian) sites, because they have 

very different soil characteristics. Northern region sites are heavy clay soil with annual 

rainfall of 600 – 700 mm, but Southern region sites are medium and light-textured soils 

with rainfall of 300 – 400 mm. 

4.4.1.1 Northern region sites  

The draught force of tines operating in wheeled and non-wheeled soil in Northern 

region sites are illustrated in Figure 4.1, with the corresponding regression equations 

and statistical detail for each in Table 4.2. Statistical analysis of the results appears in 

Appendix A4.1. The results illustrated in Figure 4.1 are summarised in the relative 

tables of Appendix A4.2. It is important to note that, overall, there is a significant 

effect for each of the traffic type, tine and depth on draught force (p-values <0.001) 

(Appendix A4.1).  
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Figure 4.1: The effect of tractor wheel traffic and operating depth on draught force of different tines. Box plots show: Min, Q1, Med, Q3 and Max (n=40). P < 

0.001. The symbols (○) and (▲) denote mild and extreme outliers, respectively. Figures show: Sweep (top), Chisel (centre) and Opener (bottom) for Northern 

region sites, Felton (left), Pittsworth (centre) and Gatton (right), respectively
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Generally, with regards to traffic types, the results of draught force in Northern region 

sites showed a similar pattern for all tines, with wheeled soil requiring the highest 

draught force (typically 1.88-6.25 kN), and non-wheeled soil the lowest (typically 

0.96-3.14 kN). This was due to wheel traffic which increased the strength of both soil 

mass and aggregates within that mass, ensuring that more draught and energy was 

required to disturb it (Chamen et al. 2015). The difference between draught force in 

wheeled and non-wheeled soil found in this study was similar, but rather greater than 

those reported in earlier work (e.g. Tullberg 2000).  

In this study, the variation of draught force between different tines reflect the effect of 

tine geometry such as shape, size, and rake angle of tines, which also reflects the 

diversity of their purpose. The sweep and chisel tines had almost the same rake angle 

but different tine widths, so the wide sweep tine (normally used for weed control and 

seedbed preparation) produced the greatest draught forces 6.25 kN, while the lowest 

draught force of 1.52 kN was found for the chisel tine commonly used in tillage 

operations. This is consistent with the existing soil cutting theory that a tool with a 

wider cutting width requires a higher draught force (McKyes 1985).  

Manuwa (2009) found that draught force is related to tine width, and that winged tines 

have a significant effect on energy requirement. He concluded that increasing the wing 

width from 50 mm to 200 mm increased the draught force by approximately 143%. 

This observation is also in close agreement with those made by Reeder et al. (1993) 

who reported that 250 mm wings increased draught by about 70% and 350 mm wings 

more than doubled the draught of a 50 mm point in a silt loam soil. This is mainly 

because the volume of soil disturbed by narrow tines is drastically less than that 

displaced by wide tines.  

Interestingly, opener tines normally used for planting and fertilising operations in no-

tillage systems, had a smaller tine width but required rather greater draught forces than 

the chisel tines. Opener tines had the highest rake angle at 45° so rake angle appeared 

to have a greater effect on draught force than tine width in this case (Chapter 3). Both 

horizontal and vertical forces increased with increased rake angle, as consistently 

shown in the literature (Godwin & O'Dogherty 2007; Manuwa 2009). The cause might 

be the vertical force, which can act on the tool in a manner that assists or prevents 

penetration into the soil (Godwin 2007). Soil bin measurements by Godwin and 

O'Dogherty (2007) report that draught force is slowly increased by increasing the rake 

https://www.sciencedirect.com/science/article/pii/S0167198714000336#bib0070
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angle between 20° to 67° which is in close agreement with the results for opener and 

chisel tine results at Felton. 

It is also important to note that the draught force was significantly affected by the 

operating depth for all tines in both wheeled-track and non-wheeled-track soil at all 

sites. Operation at 75 mm depth in non-wheeled soil had the lowest mean value of 

draught force for all tines, while 125 mm operating depth in wheeled soil had the 

highest mean value of draught force for all tines. This is unsurprising as greater depth 

means a greater volume of soil disturbed, increased frictional resistance, and soil 

generally becomes stiffer and denser with depth due to overburden pressure (Manuwa 

2009; Godwin, 2007). 

The differences in draught between tines in wheeled and non-wheeled soil for 

Northern region sites are set out in Table 4.1, illustrating the draught effects of a single 

wheeling on tine draught. The general case for CTF sites was also observed for tines 

at the Felton and Pittsworth sites. These results demonstrate that conservation tillage 

produced the greatest saving value of 99% while the lowest draught saving was found 

to be 55% for no-tillage when the tines follow a tractor wheel. The draught saving at 

the Pittsworth site, for sweep tines in particular, was extremely high in comparison 

with the Felton site. The reason being interactions between tines. At the Pittsworth 

site, a CTF tractor (3 m) was used to conduct the trial, thus the distance between the 

edges of sweep tines follow the tractor wheel, and outside the tractor wheel was 

approximately 450 mm, while in Felton site, the distance was approximately 150 mm 

as result of using a standard tractor (1.8 m) to conduct the trial. As can be seen in the 

Table 4.1, by avoiding till, the wheel track can save about 99%, 74% and 55% of 

energy in seedbed preparation, conservation tillage and fertilising and planting 

operations, respectively. Overall, the mean effect was 64% draught increase in 

wheeled soil. The effect was clearly greatest for sweeps, smaller for chisels and 

smaller still for openers. The effect was greatest at the shallowest depth, and reduced 

with depth in most cases. 
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Table 4.1: Effect wheel traffic and operating depth on tine draught for Northern region sites 

Draught increase 

Site  Tines Depth (mm) 75 100 125 Mean 

Felton 

Sweep 

Differences (ratio) 1.61 1.51 1.44 1.51 

SD ± 0.07 ± 0.07 ± 0.11 ± 0.11 

Percentage (%) 60.94 51.08 44.36 50.71 

SD ± 6.84 ± 7.35 ± 11.18 ± 11.07 

Chisel 

Differences (ratio) 1.78 1.71 1.57 1.66 

SD ± 0.25 ± 0.21 ± 0.11 ± 0.22 

Percentage (%) 78 71 57 66 

SD ± 24.75 ± 20.59 ± 10.80 ± 21.67 

Opener 

Differences (ratio) 1.49 1.39 1.29 1.38 

SD ± 0.04 ± 0.06 ± 0.03 ± 0.9 

Percentage (%) 49 39 30 37.81 

SD ± 3.55 ± 5.64 ± 3.02 ± 9.15 

n 40 40 40 120 

Pittsworth 

Sweep 

Differences (ratio) 2.63 2.11 1.68 1.99 

SD ± 0.06 ± 0.09 ± 0.21 ± 0.40 

Percentage (%) 163 111 68 99 

SD ± 6.16 ± 8.71 ± 20.82 ± 40 

Chisel 

Differences (ratio) 1.58 1.81 1.76 1.74 

SD ± 0.15 ± 0.04 ± 0.10 ± 0.16 

Percentage (%) 58 81 76 74 

SD ± 15.27 ± 4.46 ± 10.04 ± 15.47 

Opener 

Differences (ratio) 1.71 1.53 1.49 1.55 

SD ± 0.11 ± 0.33 ± 0.06 ± 0.23 

Percentage (%) 71 53 49 55 

SD ± 11.06 ± 33.71 ± 6.39 ± 23.10 

n 40 40 40 120 

Gatton 

Sweep 

Differences (ratio) 1.43 1.40 1.28 1.35 

SD ± 0.41 ± 0.12 ± 0.05 ± 0.27 

Percentage (%) 43 40 28 35 

SD ± 41 ± 12 ± 5 ± 27 

Chisel 

Differences (ratio) 1.56 1.90 2.24 1.95 

SD ± 0.33 ± 0.41 ± 0.35 ± 0.45 

Percentage (%) 56 90 124 95 

SD ± 33.38 ± 40.97 ± 35.16 ± 44.92 

Opener 

Differences (ratio) 2.06 2.16 2.07 2.09 

SD ± 0.05 ± 0.13 ± 0.08 ± 0.099 

Percentage (%) 106 116 107 109 

SD ± 5.41 ± 12.55 ± 8.14 ± 9.95 

n 40 40 40 120 

Kingaroy* Chisel 

Differences (ratio)    1.10 

SD    ± 0.05 

Percentage (%)    10 

SD    ± 5.29 

n    40 

*Operating depth at Kingaroy site was 150-200 mm; SD = Standard Deviation; n = Number of 

observations 
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For all tines, the draught force increased with an increase in operating depth. Different 

models have been applied to describe the relationship between draught and operating 

depth, such as polynomials (e.g. Grisso et al. 1996; Desbiolles et al. 1997) and 

exponential (e.g. Kiss & Bellow 1981; Godwin 2007; Manuwa 2009). In most cases, 

however, this relationship has a linear component when the operating depth is less 

than 70 mm (Collins & Fowler 1996).Work undertaken by Godwin (2007), Manuwa 

(2009) and Mak and Chen (2014) showed that an exponential response relationship 

better accounted for observed variability and had an acceptable fit to the measured 

data for 50-200 mm depth interval. This is because the draught force of tines increases 

as with depth due to the increased soil resistance.   

In Table 4.2, for each of the tines, the regression analyses showed that the relationship 

between draught and depth was significant both for non-wheeled and wheeled soil (P 

< 0.001), respectively when a non-linear model was fitted to the data. For the wheeled 

soil, the estimates of parameters for all tines show significance (P < 0.001) and the R2 

were lower than 0.49.  For non-wheeled soil the estimates of parameters for all tines 

show significance (P < 0.001) and the R2 were higher than 0.53. In addition, the 

standard error of estimate (SE) was the lowest compared with polynomials and linear 

models (Appendix A4.2). The exponential functions are, therefore, justified as all 

responses produced acceptable fits and all response were significant with all tines. 

This appears to be a fair justification based on the work of Godwin (2007) and 

Manuwa (2009). 
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Table 4.2: Non-linear regression analyses – relationships between operating depth and draught 

force for each of the tines in non-wheeled soil and wheeled soil for Northern region sites (Figure 

4.1)  

In non-CTF sites such as the Gatton site, draught force was also measured in wheeled 

and non-wheel soil for different tines. Measurement was also taken for all tines at 

different depths. The data analysis for draught force showed that there were significant 

differences in draught force with respect to traffic system, tines, operating depth and 

the interactions (p-values <0.001). In general, the results of draught force show a 

similar pattern to that presented for the Felton and Pittsworth sites. However, the 

results of draught force for all tines in non-wheeled soil were lower than draught forces 

at the Felton and Pittsworth sites. This was because the Gatton site was used as a 

research station for University of Queensland under non-controlled traffic and 

conventional tillage. The site had been deep cultivated and irrigated before the 

experiment was conducted, and this was reflected in draught saving which was greater 

than for the CTF sites as wheel traffic had a greater effect on cultivated soil compared 

with no-tillage systems soil in CTF sites.  

The reverse effect was evident at the other non-CTF site, Kingaroy, where draught 

force was measured for wheel track and non-wheel track for chisel tines only, and at 

only one greater depth (150-200mm). The effect of wheel traffic at this site was non-

Site Traffic   Non-wheeled  Wheeled 

F
el

to
n

 

Tine Response R2 P-value M(kN) SE Response R2 P-value M (kN) SE 

Sweep y = 1.14e0.009x 0.58 p<0.001 2.82 0.15 y = 2.16e0.007x 0.37 p<0.001 4.25 0.177 

Chisel y = 0.28e0.015x 0.67 p<0.001 1.34 0.218 y = 0.64e0.012x 0.49 p<0.001 2.23 0.248 

Opener y = 0.654e0.011x 0.53 p<0.001 2.01 0.155 y = 1.21e0.008x 0.42 p<0.001 2.77 0.143 

P
it

ts
w

o
rt

h
 

Tine Response R2 P-value M(kN) SE Response R2 P-value M(kN) SE 

Sweep y = 0.375e0.02x 0.88 p<0.001 3.14 0.153 y = 1.923e0.02x 0.74 p<0.001 6.25 0.139 

Chisel y = 0.239e0.018x 0.86 p<0.001 1.52 0.146 y = 0.317e0.02x 0.84 p<0.001 2.65 0.181 

Opener y = 1.021e0.008x 0.83 p<0.001 2.32 0.102 y = 1.962e0.006x 0.80 p<0.001 3.60 0.083 

G
a

tt
o

n
 

Tine Response R2 P-value M(kN) SE Response R2 P-value M(kN) SE 

Sweep y = 0.788e0.011x 0.46 p<0.001 2.43 0.242 y = 2.215e0.189x 0.64 p<0.001 3.29 0.117 

Chisel y = 0.329e0.010x 0.37 p<0.001 0.96 0.274 y = 0.759e0.421x 0.85 p<0.001 1.88 0.144 

Opener y = 0.375e0.010x 0.78 p<0.001 1.05 0.110 y = 1. 29e0.254x 0.74 p<0.001 2.20 0.124 
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significant and lower compared with the other Queensland sites (p=0.91) (Appendix 

A4.2). The value of draught saving at the Kingaroy site was also the lowest (Table 

4.2) compared with the other Queensland sites, in spite of the operating depth at 

Kingaroy site being the greatest. The reasons are that the Kingaroy site was under a 

non-CTF system where the traffic of farm equipment was random. This could have 

affected the capability to compact the soil by one pass. This is in close agreement with 

Jorajuria and Draghi (1997) who demonstrated that the first pass of a tractor causes a 

greater increase in soil bulk density compared with five subsequent passings.  

Finally, in Queensland sites with high clay-content soils, according to draught force 

measurements in CTF and non-CTF sites, it is important to highlight that growers and 

farmers who apply full CTF in their farm will, in the short term, make more energy 

savings than non-CTF farmers when they move from conventional systems. Such in 

conservation tillage (chisel and sweep tines) resulted in more than 124% of energy 

saving, while no-tillage systems (opener tine) resulted in more than 107% of energy 

saving, However, in long-term CTF, the energy saving in CTF system could be 

approximately 49% under no-tillage systems, but under a conservation tillage system, 

the energy saving could be approximately 76%. At same time, non-CTF farms 

typically lose 39-98% of cultivation energy through a no-tillage system, but 

conservation tillage systems typically lose 66-112% of tillage energy. According to 

saving in energy requirements of soil engaging implements therefore, the controlled 

traffic practitioners have the possibility of downsizing tractors (Boydell & Boydell 

2003). 

4.4.1.2 Southern region sites  

In Southern region sites, draught force was also measured in wheel track and non-

wheel track for different tines (Figure 4.2). In general, the results show a similar 

pattern to those found for Northern region sites, but the draught force requirements for 

all tines in Southern region sites were lower than Northern region sites. This is due to 

the lower clay content in Southern region sites compared to Northern region sites. This 

is caused by increased traction in soils with a high content of clay particles; high soil 

cohesion strength, and possibly adhesion (McKyes 1985; Chen et al. 2013). Kiss and 

Bellow (1981) and Van Bergeijk et al. (2001) demonstrated that clay content has a 

strong influence on draught force. Their results of two years of experiments showed 
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that the range of specific draught force was 30 kN.m-2 to 50 kN.m-2, when the range 

of clay content was 6% to 22%.  

The soils in the Southern region sites are medium-textured and light soils. The results 

of draught force are presented in two groups. Analysis of the complete dataset for the 

Swan Hill (VIC) site, indicates a significant effect of traffic type (p<0.001) and, as 

expected, a significant effect of operating depth on draught force, which was also 

observed for the tine type. The same was true when factoring in the effect of traffic 

type with respect to both the operating depth and the tine type (p-values <0.001). This 

shows a similar pattern to that presented for each of the tines at the Pittsworth (QLD) 

site. As expected, sweep tines required the greatest draught force in both wheeled soil 

and non-wheeled soil, while chisel tines had the least draught force, with opener tine 

draught force between these. Increasing the operating depth also led to an increase in 

the draught force of chisel tines in both of non-wheeled soil and wheeled soil for 

reasons similar to those at the Pittsworth (QLD) site (discussed above). 

At the Hopetoun (VIC) site, the results show a similar pattern to that presented for the 

Queensland sites. However, the statistical analyses of draught force results of sweep 

and chisel tines indicated that traffic type did not produce a significant effect (p=0.304 

and p=0.282), respectively. The wheel traffic did not significantly affect draught force 

compared with Swan Hill (VIC) site and the other Northern region sites. The Hopetoun 

(VIC) site used an incomplete CTF system. The main issue was that different track 

width equipment were used at this site so there were some wheel tracks on the crop 

beds. The combination of wheeling on the beds and historical compaction of the site 

resulted in very high draught levels, particularly with the sweep tine. This is because 

the compacted soil dragged the sweep tine underneath the compacted layer. To avoid 

tine and transducer overload, other tines were used only at shallower operating depths 

(75 mm and 100 mm) at Hopetoun. The results for this site are reported in Appendix 

A4.2.  
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Figure 4.2: The effect of tractor wheel traffic and operating depth on draught force of different tines. Box plots show: Min, Q1, Med, Q3 and Max (n=40). P < 

0.001. The symbols (○) and (▲) denote mild and extreme outliers, respectively. Figures show: Sweep (top), Chisel (centre) and Opener (bottom) for Southern region 

sites, Swan Hill (left), Loxton (centre) and Waikerie (right), respectively
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Overall, these results show a small mean wheeling effect on draught force 

requirements for all tines at the Hopetoun (VIC) site. The site was completely under a 

CTF system, and was also suffering from historical compaction was caused by 

previous random traffic of farm machinery. Results showed an increase in the physical 

and mechanical properties of the Hopetoun site’s soil such as bulk density and shear 

force (Table 3.3). One pass by a tractor weighing 85 kN could not make that much 

different in compacted soil particularly. This is consistent with the results of the 

Kingaroy site. It is also in close agreement with Jorajuria and Draghi (1997) who 

demonstrated that the first pass of a tractor causes a greater increase in the soil bulk 

density compared with five subsequent passes. 

In South Australia, an analysis of the complete dataset for the Loxton site, indicated a 

significant effect of tine type; there was, as expected, a significant effect of operating 

depth on draught force, which was also observed for the traffic type (p values <0.001), 

respectively, and the same was true when factoring in the effect of the traffic type with 

respect to both the operating depth and also the tine type (p-values of <0.001and 0.004 

respectively) (Appendix A4.1). 

In general, this shows a similar pattern to that presented for each of the tines in 

previous sites (Figure 4.2). As expected, the sweep tines required the greatest draught, 

while the lowest draught force was required by chisel tines. However, in opener tines, 

the draught force was between the sweep and chisel tines. With respect to the operating 

depth, increasing the operating depth also led to an increase in the draught force of 

tines for both non-wheeled and wheeled soils. However, at 75 mm operating depth the 

draught force requirements for all tines were unexpected, being slightly higher than 

the Swan Hill (VIC) site results. This is because vegetation covered the Loxton site. 

Subsequently the roots of the vegetation spread in the upper layers of soil, affecting 

soil strength. These results closely agree with those previously reported by Raper et 

al. (2000) who found that cover crops did result in a small increase in draught and 

energy requirements. 
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Table 4.3: Effect of wheel traffic and operating depth on draught tines in Southern region sites 

 

 

Draught increase 

Site  Tines Depth (mm) 75 100 125 Mean 

Hopetoun 

Sweep 

Differences (ratio) 1.03 1.10 1.04 1.06 

SD ± 0.17 ± 0.11 ± 0.10 ± 0.13 

Percentage (%) 3 10 4 6 

SD ± 16.87 ± 10.61 ± 9.76 ± 13.37 

Chisel 

Differences (ratio) 1.06 1.06 - 1.05 

SD ± 0.22 ± 0.16 - ± 0.19 

Percentage (%) 6 6 - 6 

SD ± 22.05 ± 16.33 - ± 19.43 

Opener 

Differences (ratio) 1.08 1.03 - 1.08 

SD ± 0.04 ± 0.03 - ± 0.03 

Percentage (%) 8 8 - 8 

SD ± 4.05 ± 3.32 - ± 3.70 

Swan Hill 

Sweep 

Differences (ratio) 1.38 1.35 1.27 1.33 

SD ± 0.09 ± 0.05 ± 0.07 ± 0.09 

Percentage (%) 38.23 35.17 26.84 32.71 

SD ± 8.66 ± 4.75 ± 7.10 ± 8.76 

Chisel 

Differences (ratio) 1.27 1.17 1.17 1.19 

SD ± 0.06 ± 0.04 ± 0.04 ± 0.07 

Percentage (%) 27.21 16.73 17.40 19.44 

SD ± 6 ± 4.02 ± 4.04 ± 6.64 

Opener 

Differences (ratio) 1.14 1.19 1.34 1.24 

SD ± 0.04 ± 0.08 ± 0.10 ± 0.12 

Percentage (%) 14.15 19.10 34.25 24.77 

SD ± 3.74 ± 8.27 ± 10.32 ± 11.57 

Loxton 

Sweep 

Differences (ratio) 1.33 1.38 1.21 1.29 

SD ± 0.21 ± 0.17 ± 0.22 ± 0.21 

Percentage (%) 33.17 37.51 20.63 29.45 

SD ± 20.65 ± 17.05 ± 22.13 ± 21.11 

Chisel 

Differences (ratio) 1.23 1.11 1.08 1.15 

SD ± 0.17 ± 0.15 ± 0.12 ± 0.16 

Percentage (%) 23.41 10.81 7.67 15.25 

SD ± 16.89 ± 14.86 ± 12.25 ± 16.30 

Opener 

Differences (ratio) 1.11 1.12 1.06 1.09 

SD ± 0.081 ± 0.14 ± 0.06 ± 0.105 

Percentage (%) 11.32 12.10 5.78 9.28 

SD ± 8.13 ± 14.01 ± 6.31 ± 10.48 

Waikerie 

Sweep 

Differences (ratio) 1 1.02 1.09 1.04 

SD ± 0.12 ± 0.20 ± 0.19 ± 0.18 

Percentage (%) 0 1.79 8.61 4.34 

SD ± 12.35 ± 20.22 ± 18.53 ± 17.87 

Chisel 

Differences (ratio) 0.97 0.98 0.91 0.96 

SD ± 0.34 ± 0.11 ± 0.16 ± 0.231 

Percentage (%) -3.44 -2.22 -9.13 -4.17 

SD ± 33.98 ± 11.31 ± 16.40 ± 23.11 

Opener 

Differences (ratio) 1 1.05 0.97 1.01 

SD ± 0.25 ± 0.15 ± 0.13 ± 0.19 

Percentage (%) 0.1 4.56 -2.75 1.25 

SD ± 25.39 ± 14.72 ± 13.47 ± 19.10 

  n 40 40 40 120 
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However, in non-CTF sites such the Waikerie site, the results of draught force show a 

similar pattern to that presented for non-CTF sites in the Northern region sites. The 

wheel traffic did not significantly effect draught force (p=0.365) (Appendix A4.1). 

This is because, as mentioned earlier, in the non-CTF site, random traffic in the field 

are common, and could significantly affect the draught force. This was clearly 

reflected in draught savings (typically 1- 4%) (Appendix 4.2), which were the lowest 

compared with other Southern region sites (Table 4.3).  

At the Waikerie site, however, the chisel tine did not achieve draught saving in all 

cases. This is because the site was under non-CTF and there was footprint of tractor 

traffic from previous grower's practice in some plots. Because of this, in some cases 

the tines were cultivating trafficked soil, thus achieving a negative draught saving.  

Generally, the values of draught saving for all tines in the CTF Southern region sites 

were lower compared with the Northern region sites. This draws attention to the effect 

of wheel traffic on the compaction of loam and sandy soils. In addition, the soil 

moisture values in that soil site were lower than for the Northern region sites. This is 

consistent with frictionless soils (clay) that are the most susceptible soil type to 

compaction, and silt soils and cohesion-less soils that are the least susceptible to 

compaction (Gill & Vanden Berg 1968; Horn et al. 1995) when they are at the 

optimum water content. As can be seen in the table above, avoiding tilling the wheel 

track can typically save 29-35%, 15-19% and 9-25% of energy in seedbed preparation, 

conservation tillage and fertilising and planting operations, respectively. 

Table 4.4 shows that the regression analyses for draught force of all tines in Southern 

region sites were similar to those found in Northern region sites. These regression 

analyses for all tines in Southern region sites showed that the relationship between 

draught and depth was significant both for non-wheeled and wheeled soil (P < 0.001), 

respectively, when a non-linear model was fitted to the data. For non-wheeled soil, the 

estimates of parameters for all tines showed significance (P < 0.001) and the R2 values 

were lower than 0.88. In wheeled soil the estimates of parameters for all tines also 

showed significance (P < 0.001) and the R2 values were higher than 0.21.  In addition, 

the standard error of estimate (SE) was the lowest compared with polynomials and 

linear models. The exponential functions are therefore justified as all responses 

produced acceptable fits and all response were significant with all tines. This appears 

to be a fair justification based on the work of Godwin (2007) and Manuwa (2009).  
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Table 4.4: Non-linear regression analyses – relationships between operating depth and draught 

force for each of the tines in non-wheeled soil and wheeled soil for Southern region sites (Figure 

4.2). 

Site Traffic  Non-wheeled Wheeled 

H
o

p
et

o
u

n
 

Tine Response R2 P-value M (kN) SE Response R2 P-value M (kN) SE 

Sweep y = 0.397e0.021x 0.49 p<0.001 4.03 0.451 y = 0.446e0.021x 0.52 p<0.001 4.28 0.411 

Chisel y = 0.078e0.032x 0.53 p<0.001 1.54 0.284 y = 0.089e0.032x 0.71 p<0.001 1.63 0.257 

Opener y = 0.297e0.02x 0.82 p<0.001 1.81 0.120 y = 0.317e0.02x 0.81 p<0.001 1.96 0.125 

S
w

a
n

 H
il

l 

Tine Response R2 P-value M (kN) SE Response R2 P-value M (kN) SE 

Sweep y = 0.455e0.009x 0.65 p<0.001 1.18 0.139 y = 0.736e0.007x 0.55 p<0.001 1.57 0.138 

Chisel y = 0.163e0.014x 0.88 p<0.001 0.72 0.109 y = 0.229e0.013x 0.88 p<0.001 0.86 0.100 

Opener y = 0.256e0.014x 0.77 p<0.001 1.09 0.158 y = 0.228e0.017x 0.76 p<0.001 1.36 0.195 

L
o

x
to

n
 

Tine Response R2 P-value M (kN) SE Response R2 P-value M (kN) SE 

Sweep y = 0.689e0.006x 0.57 p<0.001 1.29 0.110 y = 1.096e0.004x 0.25 p<0.001 1.67 0.146 

Chisel y = 0.348e0.005x 0.53 p<0.001 0.59 0.101 y = 0.517e0.003x 0.25 p<0.001 0.68 0.093 

Opener y = 0.413e0.008x 0.76 p<0.001 0.97 0.096 y = 0.502e0.007x 0.68 p<0.001 1.06 0.102 

W
a

ik
er

ie
 

Tine Response R2 P-value M (kN) SE Response R2 P-value M (kN) SE 

Sweep y = 0.379e0.011x 0.71 p<0.001 1.15 0.143 y = 0.328e0.013x 0.77 p<0.001 1.20 0.140 

Chisel y = 0.215e0.008x 0.38 p<0.001 0.48 0.202 y = 0.232e0.007x 0.55 p<0.001 0.46 0.122 

Opener y = 0.357e0.008x 0.34 p<0.001 080 0.224 y = 0.403e0.007x 0.21 p<0.001 0.81 0.263 

Finally, in Southern region sites according to draught force measurements for CTF, 

incomplete CTF and non-CTF sites, it is important to highlight that growers and 

farmers with full CTF systems appeared to achieve a greater energy saving. Such no-

tillage systems (opener tine) resulted in more than 19-33% savings, while in 

conservation tillage (sweep and chisel tines) resulted in more than 19-25% savings in 

medium and light-textured soils. However, for incomplete CTF, the energy saving 

could be approximately 8% under no-tillage systems, but under conservation systems 

the energy saving could be approximately 10% of tillage energy.  

 Soil surface roughness 

The method used for measuring soil surface roughness in this study was discussed in 

Chapter 3. Generally, soil surface roughness is an important characteristic in the 

assessment of tillage performance, seedbed preparation and the control of runoff and 
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soil erosion (Romkens & Wang 1986). Besides these, the measurement of soil surface 

roughness in this study is necessary to recognize how soil surface roughness is affected 

by trafficking after soil treatment. It also has an indirect effect on energy requirements 

by either increasing the formation of large soil clods with negative effects on seedling 

emergence, or creating unfavourable soil surface roughness as result of tractor wheel 

traffic. Soil surface roughness was also measured to identify the quality of the tillage 

work. Soil surface roughness was measured in wheeled and non-wheeled soil for 

different tines (sweep, chisel and opener tines). Measurements were conducted for 

each of the tines at different depths (75, 100, and 125 mm) in most sites. The results 

of soil surface roughness are also presented in two groups: Northern region 

(Queensland) sites, and Southern region (Victoria and South Australian) sites. The 

statistical analysis of these results is reported in Appendix A4.3. 

4.4.2.1 Northern region sites  

The results of soil roughness for tines at operating depth in wheeled-track and non-

wheeled-track only for Pittsworth (QLD) site are presented in Figure 4.5.A, and the 

results of soil surface roughness for other sites such as Felton and Gatton (QLD) are 

reported in Appendix A4.4. The statistical analysis indicated a significant effect of 

traffic and tine type, and as expected, a significant effect of operating depth on soil 

surface roughness. It was also observed for interactions between the effect of the 

traffic type with respect to both the operating depth and the tine type (p-values 

<0.001). 

The results show that tillage of wheeled soil resulted in greater surface roughness – 

48% compared with 27% in non-wheeled traffic, which is unsurprising when traffic-

induced compaction increases the bulk density and strength of the aggregates within 

the soil mass (Chamen et al. 2015) to produce a more cloddy surface. This is consistent 

with the work of Lyles and Woodruff (1961), Voorhees et al. (1978) and Lehrsch et 

al. (1987).  

Soil surface roughness increased significantly with operating depth, being consistently 

least (30%) at 75 mm depth, and greatest (44%) at 125 mm depth, because soil bulk 

density increases with depth, together with the volume of soil disturbed. This is 

consistent with soil bulk density results reported in Table 3.3 (in Chapter 3) and 

results reported in the literature (da Rocha Junior et al. 2016).  
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Figure 4.3: Tractor wheel traffic and operating depth effects on the soil surface roughness for 

different tines at Northern and Southern region sites: (A) Pittsworth (QLD) site, (B) Swan Hill 

(VIC) site and (C) Loxton (SA) site, respectively.  Bars denote SD; the operating depth in mm; 0 

= control (n=4)  
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Soil roughness was significantly smaller with opener tine (30%) compared with sweep 

tines (43%), while the average soil roughness observed from chisel tines was (36%). 

The wider tine generating the greatest surface roughness could be expected as the 

sweep disturbs a much greater volume of soil than that displaced by narrow tines. The 

present finding is also consistent with those of Spoor and Godwin (1978) and Hasimu 

and Chen (2014) who concluded that adding wings to a tine would increase soil surface 

roughness, disturbance, and draught force. 

4.4.2.2 Southern region sites 

Similarly, for Victorian and South Australian sites, the soil surface roughness is 

presented in Figure 4.3.B and Figure 4.3.C for the Swan Hill (VIC) site and Loxton 

(SA) site, respectively. Soil surface roughness results for the other sites of Hopetoun 

(VIC) and Waikerie (SA) are reported in Appendix A4.4.   

At Swan Hill (VIC), the statistical analysis confirmed that soil surface roughness was 

significantly lower in non-wheeled soil compared with wheeled soil (p<0.001). There 

were also significant differences among operating depths (p<0.001) and the effect was 

also observed in interaction between both factors (p<0.001). However, the interaction 

among the three factors (traffic, tine and operating depth) was insignificant for surface 

roughness (p=0.06). The results of soil surface roughness at the Sawn Hill (VIC) site 

showed a similar pattern to that of the previous trials in Northern region sites. 

However, at the Hopetoun (VIC) site, wheel traffic did not produce a significant effect 

on soil surface roughness. This is because the Hopetoun site was an incomplete CTF 

farm and suffering from historical compaction which was not eliminated when the 

CTF was applied. This is consistent with draught force results at this site. 

At the CTF site of Loxton (SA), the results show a similar pattern to that reported for 

the previous sites (Pittsworth and Swan Hill sites) (Figure 4.3.C). Wheeled soil 

resulted in a significantly greater value of soil surface roughness compared with the 

non-wheeled soil (p<0.001). Significant differences in soil surface roughness were 

found with tine type, which was also observed in operating depth (p values <0.001). 

The same was also true when factoring in the effect of the traffic type (wheeled soil) 

with respect to both the operating depth and the tine type, (p-values <0.001). However, 

no significant effect was found on the interaction between traffic and tine, or the 
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interactions among the three factors (traffic, tine and operating depth) on soil surface 

roughness (p-values of 0.205 and 0.830 respectively). 

At the non-CTF site of Waikerie (SA), the soil surface roughness results show a 

different pattern to that found for other sites in respect to tine type. Chisel and opener 

tines generated significantly greater soil surface roughness than sweep tine (p=0.018). 

This was because of the interactions between sweep tines. The distance between the 

edges of sweep tine follow a tractor wheel and the outside tractor wheel was 

approximately 150 mm, while for chisel tine the measurement was approximately 500 

mm. This did not happen in the Queensland sites of Felton and Gatton where standard 

tractors also were used to conduct the trials. This is because the soil in Queensland 

sites had the highest clay content and moisture content, which played an essential role 

in increasing the clod population after the wheel traffic.   

Finally, in respect of all studied sites, it has been shown that wheel traffic significantly 

affects soil surface roughness in CTF sites. In this aspect, controlled traffic farming 

indirectly reduces energy requirements by avoiding increasing the clods population 

which happened at both the Queensland and Victorian sites, or by creating 

unfavourable soil surface roughness which happened at the South Australian sites as 

result of tilling the wheel track soil.  

 Discussions 

The results presented in this chapter highlight a number of factors such as wheel 

traffic, operating depth and tine type effects on energy requirements. Wheel traffic on 

soft soil had the direct effect of increasing the draught force requirement of subsequent 

soil-disturbing operations. This phenomenon is a consequence of increased motion 

resistance of wheels when driving over soft soil. Wheel impact on soil surface profile 

can also be important. Motion resistance aspects will be addressed later (Chapter 6).  

Draught force, the results reported for draught force showed that wheel traffic had a 

significant effect on draught force in most CTF sites which agrees with the results of 

Tullberg (2000), who also observed that the traffic effect of wheels on the draught of 

tillage implements significantly increased total draught by 30% or more compared 

with the same implement operated in non-wheeled soil. These results however, do not 

closely agree with those reported by Burt et al. (1994) in the USA and Arslan et al. 

(2015) in UK who found that traffic systems had no significant effect on energy 
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requirements. In Burt’s case, use of “draught control” implements probably ensured 

little difference in draught between treatments because tillage depth in non-wheeled 

soil was greater than that in wheeled soil. In Arslan’s case, tine tillage draught 

differences were not significant and they found no traffic system differences in no-till 

seeder draught. This might be because measurements of whole planter draught include 

a large component due to motion resistance of depth and press wheels which would 

be expected to increase in softer soils. This is consistent with results of some cases at 

the Hopetoun (VIC) site (CTF) and results of non-CTF sites such as Kingaroy (QLD) 

site and Waikerie (SA). This is because a historical compaction in the Hopetoun (VIC) 

was not eliminated when the CTF was applied, while in non-CTF sites, field traffic 

was random. This can cover about 50% of crop area in no till systems, and >80% of 

area each time a crop is produced (Kroulík et al. 2009).  

Furthermore, Koger et al. (1985) stated that the first traffic of equipment contributes 

most to total soil compaction, and that the largest increase in bulk density is induced 

during the first passage of agricultural machinery (Soane et al. 1980 a,b). Jorajuria and 

Draghi (1997) also mentioned that that 90% of the maximum change in the soil bulk 

density of the surface layer occurred with the first traffic of tractors compared with a 

further five passes which have affected the capability to compact the soil in one traffic 

event. This is in close agreement with Silva et al. (2008) who demonstrated that 

compaction of soil occurred after the first five passes of the equipment, without any 

increase due to subsequent traffic. Similarly, wheel traffic had a non-significant effect 

on draught force at the Hopetoun (VIC) site (CTF) and in non-CTF sites such as 

Kingaroy (QLD) site and Waikerie (SA).  

The complete dataset analyses, except for the non-CTF Kingaroy (QLD) and 

Hopetoun (VIC) sites, indicated that there were significant differences in draught 

forces associated with the different sites (Appendix A4.1.16). The Queensland CTF 

sits had significantly greater draught force compared to those of CTF at Victorian and 

South Australian sites. This was due to the soil texture in Queensland sites which were 

heavy clay soils compared with the medium-textured and light soils at the Victorian 

and South Australian sites, receptively. The results obtained for these sites showed 

that the average draught force for all tines in non-wheeled soil was 2.23 kN in heavy 

clay soil at the Pittsworth (QLD) site, 1.26 kN in medium-textured soil at the Swan 

Hill (VIC) site and 0.95 kN in light soil at the Loxton (SA) site. The 76% and 134 % 
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increase in draught force for clay soil at the Pittsworth (QLD) site compared to 

medium-textured at the Swan Hill (VIC) site and light soil at the Loxton (SA) site, 

respectively (Table 4.3). The results appear to be in close agreement with the results 

reported by Kiss and Bellow (1981) and Collins and Fowler (1996) who highlighted 

that the clay content of the soil strongly influenced draught force. This is caused by 

increased traction in soils with a high content of clay particles; high soil cohesion 

strength, and possibly adhesion (McKyes 1985; Chen et al. 2013). This may be related 

to Coulomb’s equation (Coulomb 1776. cited by McKyes, 1985) for the total soil shear 

strength:  

S= c + σn×tan ϕ …Equation 4-1 

Where s = shear strength, c = cohesion, σn = the normal pressure acting on the internal 

shear surface in question and ϕ = the angle of internal friction.   

Table 4.5: Average draught force for all tines in non-wheeled and wheeled soil and draught saving 

associated with the different sites 

Site 
Traffic Draught force 

(kN) 

SD n Draught 

saving 

(%) 

SD n 

Felton 
Non-wheeled 2.16 ± 0.83 360 

66 ± 19 360 
Wheeled 3.58 ± 1.03 360 

Pittsworth 
Non-wheeled 2.23 ± 1.08 360 

74 ± 37 360 
Wheeled 3.89 ± 2.01 360 

Gatton 
Non-wheeled 1.48 ± 0.81 360 

66 ± 43 360 
Wheeled 2.46 ± 0.85 360 

Kingaroy* 
Non-wheeled 4.76 ± 1.22 40 

10 ± 5 40 
Wheeled 5.24 ± 1.31 40 

Hopetoun** 
Non-wheeled 2.01 ± 1.03 240 

7 ± 15 240 
Wheeled 2.16 ± 1.07 240 

Swan Hill 
Non-wheeled 1 ± 0.36 360 

26 ± 11 360 
Wheeled 1.26 ± 0.51 360 

Loxton 
Non-wheeled 0.95 ± 0.33 360 

20 ± 18 360 
Wheeled 1.14 ± 0.46 360 

Waikerie 
Non-wheeled 0.81 ± 0.36 360 

1 ± 20 360 
Wheeled 0.82 ± 0.40 360 

* At this site, only chisel tine was used with one depth 200 mm. 

** At this site, just two depths were used with all tines. 
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This is also consistent with the mechanical soil properties for studied soils in Table 

3.6 (Chapter 3). These results showed that Queensland sites had higher cohesion 

(typically 45-66 kPa) compared with the Victorian and South Australian sites 

(typically 10-14 kPa). Additionally, at the Queensland sites of Felton and Pittsworth 

draught results were greater than those of Gatton. This emphasizes the need to consider 

soil characteristics when determining draught force of soil engaging implement 

particularly in heavy clay soil, such as Vertisols, compared with medium-textured and 

light soils.  

Draught savings that at the Queensland CTF sites were significantly greater than the 

draught savings at the CTF sites in Victoria and South Australia. However, at the 

Hopetoun (VIC) site and in non-CTF sites such as Kingaroy (QLD) and Waikerie 

(SA), the draught saving was negligible. This is because susceptibility of the soils to 

compaction varies with the soil texture. Cohesive, high-clay soils are most susceptible 

to compaction, and cohesion-less silt and sand soils the least susceptible to compaction 

(Gill & Vanden Berg 1968; Horn et al. 1995).  

The soils at the Queensland sites had the greatest clay content. The clay particles in a 

soil play an important role by holding more moisture than sand and silt. This is because 

adsorbed water increases as the particle size decreases resulting from a relatively large 

particle surface area (specific surface) of the fine-grained soils (Martin 1962). In 

addition, the porosity of clay soils is higher than other soils (Hillel 1982). This results 

in high pore space which occupied by air and water, and is consistent with soil 

moisture content values in Queensland sites (Chapter 6). The presence of water 

creates films around the soil particles, thus lubricating the particles which are able to 

pack more closely together. Consequently, the wheel traffic can easily damage and 

compact the soil in Queensland sites compared with the Victorian and South 

Australian sites. In short, the wheeled clay soil at Queensland sites was likely to have 

compacted more under wheel traffic, and thus required more force to disturb. 

Additionally, compactability of soil is related to bulk density under wheel traffic. 

Soane et al. (1980 a, b) reported that loose soils undergo greater deformation than soils 

with a high bulk density. In other word, the higher the bulk density, the lower the soil 

deformation and the soil susceptibility to compaction. This is also consistent with soil 

physical properties of these sites (Table 3.3). Therefore, CTF sites in Victoria and 

South Australia achieved the lowest draught saving.   
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Significant differences were also found in draught saving associated with the different 

Queensland sites. The Pittsworth site demonstrated draught saving in most 

circumstances in comparison with the Felton and Gatton sites, probably because the 

tractor weight at Pittsworth was 107 kN compared with 36 kN and 52 kN at Felton 

and Gatton, respectively (Appendix A3.9). This is in close agreement with Botta et 

al. (2002) who determined that soil strength (penetration resistance) increased 45% as 

result of the increase in axle load range from 3.7 Mg to 6.4 Mg. In addition, Jorajuria 

and Draghi (1997) demonstrated that the axle load of 4.2 Mg produced a high change 

in bulk density, 20%, compared with only 10% for 2.3 Mg, which in turn influenced 

the increased energy requirements to plough this soil. It is also consistent with 

Mouazen and Ramon (2002) and Keller (2004) who found that the draught force of a 

tillage implement increases with bulk density because soil strength usually increases 

with its bulk density.  

The change in soil bulk density decreased with depth, as illustrated by Jorajuria et al. 

(1997), who showed that the axle load 2.3 Mg produced a maximum change in bulk 

density 19% at depth 0-50 mm compared with 12% and 15% at depths of 100-500 mm 

and 300-350 mm, respectively. Therefore, the results reported for all sites in most 

cases showed that draught saving decreased at increasing operating depth. This is in 

close agreement with Chen and Yang (2015) who also found that tine opener resistance 

declined by 30.3% and 21.6% at soil working depths of 50 mm and 100 mm.  

Draught saving was also affected by tine type at all studied sites. The variation of 

draught force between the different tines in this study reflect the effect of tine 

geometry such as shape, size, and rake angle of tines, which also reflects diversity of 

purpose. The sweep and chisel tines had almost the same rake angle but different tine 

width. Thus, the sweep tine, normally used for weed control and seedbed preparation, 

produced the greatest draught forces for all studied sites, while the lowest draught 

force was found for the chisel tine commonly used in tillage operations at all studied 

sites. This is consistent with existing soil cutting theory that a tool with a wider cutting 

width requires a higher draught force (McKyes 1985). 

Manuwa (2009) also found that draught force is related to tine width, and that winged 

tines have a significant effect on energy requirement. He concluded that increasing the 

wing width from 50 mm to 200 mm increased the draught force by approximately 

143%. This observation is also in close agreement with those made by Reeder et al. 

https://www.sciencedirect.com/science/article/pii/S0167198714000336#bib0070
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(1993) who reported that 250 mm wings increased draught about 70% and 350 mm 

wings more than doubled the draught of a 50 mm point in a silt loam soil. This is 

mainly due to the amount of soil disturbed by narrow tines which is much less than 

that displaced by wide tines.  

However, in opener tines, (normally used for planting and fertilising operation) with 

the narrowest tine width, greater draught forces were produced at all sites than were 

with chisel tines. In this case, the rake angle had a significantly greater effect on 

draught force than tine width, where opener tines had the highest rake angle of 45° 

(Chapter 3). Both horizontal and vertical forces increased with increased rake angle, 

as is consistently shown in the literature (Manuwa 2009; Godwin & O'Dogherty 2007). 

The cause may be a vertical force, which is acting on the tool in a manner that assists 

or prevents penetration of the soil (Godwin 2007). Soil bin measurements by Godwin 

and O'Dogherty (2007) report that draught force is slowly increased by increasing the 

rake angle between 20° to 67° which is in close agreement with the results of draught 

force of opener tines compare to chisel tines results in all studied sites.  

Draught force also varied both within and between operating depths for all tines. This 

is also because of the variation in soil properties across the paddocks at trial plots at 

the same depth (Table 3.3), However, draught force increased for all tines at all sites 

with the increase of operating depth from a minimum of 75 mm to a maximum of 125 

mm in both non-wheeled soils and wheeled soils. These results were found to be 

consistent with the results reported by Manuwa (2009) who conducted trials tillage 

tines at a range of depth from 35 mm to 150 mm, demonstrating that with increased 

depth the draught force increased from 0.219 kN to 0.95 kN. This also agrees well 

with the work reported by Mak and Chen (2014). The reason being that, at higher 

depths more soil volume is affected. Soil becomes stiffer and denser due to overburden 

pressure and so strength properties vary (Manuwa 2009). Furthermore, the increased 

frictional resistance results in increased soil disturbance.   

It has been indicated that the relationship between draught force and operating depth 

is exponential (Godwin 2007; Manuwa 2009) but this is very dependent on the how 

deep operating depth is (Kiss & Bellow 1981). If the operating depth is less than 70 

mm, the relationship to draught force is linear (Collins & Fowler 1996). The 

relationship between draught force and operating depth reported for all tines all study 

sites was in agreement with the previous works on the subject. In most circumstances, 
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the draught force data presented did not permit the use of linear and polynomial 

functions to describe its relationship with increasing operating depth. For the operating 

depth investigated, that relationship was better explained by exponential function and 

it was also shown that the R2 values indicated acceptable fits of the exponential model. 

Additionally, the standard error of estimate (SE) was the lowest compared with 

polynomials and linear models. 

This study’s soil surface roughness results also showed that wheel traffic had a 

significant effect on soil surface roughness at most of the studied sites (Appendix 

A4.5). This appears to be in agreement with the results obtained by Voorhees et al. 

(1978) who followed wheel traffic compared with the same soil in non-trafficked 

areas. They highlighted that the soil surface roughness significantly increased the clod 

density in the wheel traffic areas. This is because the wheel traffic compacts the soil 

underneath the wheel by bringing the soil particles closer together. This is considered 

to induce the greatest changes in the soil structure, increasing the soil density and 

strengthening the aggregates in the mass of soil (Chamen et al. 2015). These play an 

effective role in producing a cloddy surface after soil-engaging implement operation. 

This corresponded with draught force in wheeled soil compared with non-wheeled soil 

in all studied sites.   

These results however, were not consistent with the results of some cases in Hopetoun 

(VIC) (CTF) and Waikerie (SA) (non-CTF). This is because the incomplete CTF and 

historical compaction in the Hopetoun (VIC) was not eliminated when the CTF was 

applied, and at non-CTF sites the traffic from farm equipment was random. The results 

are, however, agreement with the results of draught force obtained for the same sites 

where they consistently showed a similar pattern. 

The complete dataset analyses except for the Kingaroy (QLD) and Hopetoun (VIC) 

sites, illustrate the significant differences in soil surface roughness effects at different 

sites (Appendix A4.3.6). The heavy clay soils of the Queensland CTF sites produced 

the greatest soil surface roughness compared with that of the medium-textured and 

light soils CTF at the Victorian and South Australian sites. This is consistent with the 

compaction susceptibility demonstrated by (Gill & Vanden Berg 1968; Horn et al. 

1995), and also with draught force at these sites.  
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The data analyses indicated that there were significant differences in soil surface 

roughness associated with the different Queensland sites. The Pittsworth site was 

observed to achieve the highest soil surface roughness in comparison with the Felton 

and Gatton sites. The reason could be the weight of tractors with which trials were 

conducted at these sites (Appendix A3.9). The weight of the tractor operating at the 

Pittsworth site was 107 kN compared with 36 kN and 60 kN at Felton and Gatton, 

respectively. This showed a similar pattern as that of draught force.  

With respect to tine type, the variation in soil surface roughness between the different 

tines in this study reflect the effect of tine geometry such as shape and size of tines, 

which reflects the diversity of purpose. The sweep, chisel and opener tines had 

different tine widths. Thus, sweep and chisel tines, normally used for weed control, 

seedbed preparation and tillage operations, produced the greatest soil surface 

roughness for all studied sites, while the lowest soil surface roughness was found for 

the opener tine commonly used for planting and fertilising operations at all studied 

sites. This is mainly due to the amount of soil disturbed by sweep tines being much 

greater than that displaced by narrow tines. The present finding is supported by Spoor 

and Godwin (1978) and Hasimu and Chen (2014) who concluded that adding wings 

to tine increases soil surface roughness and soil disturbance. This also corresponds 

with draught force for tines which had almost the same rake angle at all studied sites. 

However, the opener tine showed the opposite pattern with the lowest soil surface 

roughness with higher draught force. This could be because of the rake angle. 

In terms of operating depth, soil surface roughness showed a similar pattern to that 

presented for draught force at all studied sits. The surface roughness also varied 

between operating depths for all tines in all studied sites. This is also because the depth 

variation of soil properties across paddocks at the trial plots (Table 3.3). However, 

soil surface roughness increased for all tines at all sites with increased operating depth. 

The depth of 75mm achieved the lowest soil surface roughness for all tines in both 

non-wheeled and wheeled soils for all studied sites, whereas the 125 mm depth 

obtained the greatest draught force for all tines in both non-wheeled and wheeled soils 

in all studied sites. This is because the bulk density of soil increased with increased 

depth. This is consistent with the results of bulk density of soil which were reported 

in Table 3.3. In addition, the amount of soil disturbed increased by increasing the 

operating depth. The above finding is also consistent with the literature.  
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In addition, the formation of large soil clods not only requires more intense tillage, it 

also necessitates greater time and effort to eliminate cloddiness in field. This issue can 

be eliminated by adopting CTF. However, in no tillage, the performance of narrow 

point tines can be very different, depending on whether they are behind wheels or 

between them. In the absence of differential rutting from wheels, the soil surface will 

also be smoother. Seeding will be more reliable and seed rates might lower because 

the surface is more level and there is less compaction variation across the drill width 

(Chamen 2006). These features show that the adoption of CTF can help farmers reduce 

the cost of grain production and increase profit. 

Overall, it can be seen that controlled traffic farming directly and significantly 

reduced energy requirements by avoiding tilling the wheel track. Furthermore, this had 

an indirect effect on energy requirements by either reducing the formation of large soil 

clods or creating favourable soil surface roughness.  

 Conclusions  

The main conclusions coming from Chapter 4 are summarised below: 

 The results derived from the field work at the Northern region CTF sites (clay 

soils) in sites showed that wheel traffic significantly increased draught force in 

clay soils by up to 56% and 38 %, 91 % and 55% (2.08 vs. 3.24 kN) and (2.01 

vs. 2.77 kN), (2.33 vs. 4.45 kN) and (2.32 vs. 3.6 kN) for the conservation 

tillage system (sweep and chisel tines) and no-tillage system (opener tine), for 

non-wheeled and wheeled soil, at Felton and Pittsworth, respectively, relative 

to draught force required in non-wheeled soil 

 The Southern region CTF sites (loam and sandy soils) also showed that draught 

force significantly increased by up to 28% (0.95 vs. 1.22 kN) and 25% (1.09 

vs. 1.36 kN), and 22% (0.94 vs. 1.18 kN) and 9% (0.97 vs. 1.06 kN), for the 

conservation tillage system (sweep and chisel tines) and no-tillage system 

(opener tine), for non-wheeled and wheeled soil, at Swan Hill and Loxton, 

respectively. in these soils, pre-existing compaction must be removed before 

the full benefits of CTF can be achieved. 

 In wheeled soil, draught force requirements for the conservation tillage system 

at Northern region sites (clay soils) were up to five times higher compared with 

the Southern region sites (loam and sandy soils), while No-tillage systems at 
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the Northern region sites were two times higher than of the Southern region 

sites. 

 The greatest savings in draught were observed at the Northern region sites 

(clay soils) where CTF is practiced, with savings of up to 60% compared with 

the non-CTF system, while in the Southern region sites (loam and sandy soils) 

savings were up to 26% compared to non-CTF. Furthermore, savings in 

draught were approximately 1.3 times and three times higher on clay soils than 

on loam and sandy soils, respectively. Generally, savings in draught decreased 

as the operating depth increased, regardless of soil type. Wheel traffic had a 

negligible impact on draught force in non-CTF sites such as Kingaroy (QLD) 

and Waikerie (SA) because the soil of non-CTF sites was affected by historic 

traffic compaction. Therefore, in non-CTF sites, there were no differences in 

draught forces measured in wheeled soil and non-wheeled soil. This 

observation confirmed that most of the compaction damage to the soil likely 

occurred after the first wheel traffic 

 There was little demonstrated energy saving when applying the CTF system 

with different equipment track widths (incomplete CTF) (Hopetoun site case 

study). This was also reflected in crop performance at the Hopetoun site. The 

successful CTF systems use the same track width for all equipment. This was 

found at full CTF sites such as Felton, Pittsworth, Sawn Hill and Loxton. 

Therefore, if compaction exists, it has to be removed prior to conversion to 

CTF 

 Draught force increased for all types of tines at all sites with operating depth. 

This had a strong positive relationship with draught force for all type of tines 

and the relationship is typically better explained by the exponential model 

 Wheel traffic significantly affected soil surface roughness for all sites. Soil 

surface roughness was highest (37% and 59%) and (23% and 27%) for the no-

tillage and conservation tillage systems in Northern region sites and Southern 

region sites, respectively, relative to the soil surface roughness achieved in 

non-wheeled soil. 
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 MODELLING OF DRAUGHT FORCE 

 Introduction 

The Chapter 4 discussed the effects of a number of factors such as wheel traffic and 

operating depth on draught force requirements for different tines in different sites 

(different soil types) and traffic treatments. This chapter will focus on the modelling 

and prediction of the draught force reported in Chapter 4. First, the chapter will 

explain the model used to predict draught force. It will investigate the sensitivity of the 

model based on its input. Then, it will examine the validity of this model by comparing 

the results of the field draught force with the predicted values.  

The objectives of the draught force modelling are summarised below: 

 To investigate the sensitivity of the selected model based on its inputs 

 To validate the draught tillage force model selected for some Australian soils. 

 Prediction of draught force  

Accurate prediction of the draught forces of soil-engaging implements is of great value 

to both implement designers and farmers (Desbiolles et al., 1997). There are several 

models that can be used to predict the draught force. These models can be grouped into 

two borad categories: analytical (mathematical) and numerical modelling approaches 

(Abo Al-Kheer et al. 2011). In this study, the analytical modelling method is selected 

to quantify and predict the draught force produced by tines.  

A number of researchers have developed mathematical models that predict the draught 

force of tillage tines in soils (e.g. Hettiaratchi & Reece 1967; Godwin and Spoor 1977; 

Godwin & O´Dogherty, 2007; McKyes & Ali 1977; Perumpral et al. 1983). Most of 

these models have been reviewed by Grisso et al. (1984). Through these models, the 

interaction between soil and the soil-engaging tine can be analysed to predict the 

draught force through operational conditions, soil parameters and the tine itself. The 

interactions between these different parameters have been further reviewed by Godwin 

(2007).  

The soil parameters are soil mechanical properties, including the cohesion, internal 

friction angle, adhesion and external friction angle. The tine parameters are mainly its 
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geometry, tine working depth and tine speed (Godwin 2007; Godwin & O’Dogherty 

2007; Godwin et al. 2007). For model development, these parameters are used as 

model inputs to predict the draught force of tines.  

Actually, a soil in field is an anisotropic substance (McKyes 1989). Accordingly, soil 

mechanical properties are variable in field (Cui et al. 2007). This is associated with the 

complex way in which the ground breaks down, hampering the measurement of the 

interaction between tines and the acting forces (Machado & Trein 2013).  

Therefore, validation of these models is required to choose the one best suited to 

Australian soil conditions. To this point, such validations have not been conducted.  

 Justification for using the Godwin and O’Dogherty model 

This model enables draught and vertical forces to be calculated for a wide range of soil 

engaging implements from the knowledge of tool geometry, operating depth, soil 

physical properties and the form of the soil disturbance pattern produced by the tines. 

The effects of soil-tine adhesion are taken into account. To improve the prediction 

accuracy of draught force, the speed effect was also included in a modified model 

proposed by Wheeler and Godwin (1996). The final equation for the draught force in 

the Godwin and O’Dogherty model was given in Chapter 2 (Equation 2.5). 

Arguably, this model is the most widely accepted analytical model as it has been 

applied to a range of tillage tools from simple tines to mouldboard ploughs. Godwin 

and O’Dogherty further developed a series of Microsoft Excel spreadsheets that 

incorporated tillage force prediction modules for various farm implements (Godwin & 

O'Dogherty 2006; Upadhyaya et al. 2009). These spreadsheets can evaluate complex 

and interdependent expressions involved in tillage calculations. It has been found that 

despite its simplicity, the model has the ability to predict the draught force within an 

error bound of ±20%. However, this model has not been validated for Australian soils 

that typically have a very high clay content (Bennett et al. 2016).  

 Materials and methods 

 Godwin and O’Dogherty model  

The model requires the input parameters of soil physical and mechanical properties. 

These were previously collected and reported in Chapter 3. In addition, operating 

condition parameters and geometry of the tines which include operating depth and 
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ground speed were also reported in Chapter 3. The values of all of these parameters, 

entered into draught force modelling, were presented in Table 3.5 and Table 3.6.  

 Sensitivity of Godwin and O’Dogherty model  

The aim of this section is to study the relationships between the output and input 

parameters. Sensitivity tests were conducted to investigate and identify which factors 

may have a major influence on draught force for different soil-engaging implements. 

Baseline scenarios were dictated by the model input parameters, which included three 

categories of parameters such as soil physical and mechanical properties, tine 

parameters and operational conditions. The alternative scenarios were constructed by 

changing the values of a single input factor while keeping all other input parameters 

constant. Details were reported in Chapter 3, Section 3.5.2.    

 

 Validation of Godwin and O’Dogherty model 

The aim of Godwin and O’Dogherty model validation is to investigate the reliability 

and accuracy of the model under Australian soil conditions.  

 Statistical analysis 

Statistical analyses (Appendices A.5.1 and A5.2) were undertaken using SPSS (2014). 

Details of the methods were reported in Chapter 3. 

 Results  

The result of the sensitivity analyses of the Godwin and O’Dogherty model are 

reported in the following section (5.5.1). Validation by comparing measured and 

predicted results of draught force for all tines for Queensland, and Victorian and South 

Australian sites is presented in Section 5.5.2. An overall discussion is reported in 

Section 5.6 which then leads to the conclusions given in Section 5.7.  

 Sensitivity of Godwin and O’Dogherty model 

Sensitivity tests were conducted to investigate the changes in the draught force of tine 

as a result of changes in the variables of soil properties, tine geometry and operating 

condition. They provide an indication of the effect that these changes can have on the 

draught force of tines. The maximum and minimum outputs of the model based upon 

the variables and sensitivity of the model at these variables are presented in Table 5.2 

and Figure 5.1. In general, the results from sensitivity tests indicated that the draught 
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force of tine was mostly sensitive to the bulk density, cohesion, width of tine, ground 

speed, operating depth, soil-metal friction angle and rake angle of the tine. These 

parameters have a greater effect on draught force than other parameters such as 

adhesion and internal friction angle. However, the impact of soil surcharge on soil-

engaging implement forces can be ignored or is equal to zero in this study (Table 5.2). 

But, the soil surcharge can be considered if there is a heap of soil on the surface. Thus, 

the soil surcharge with the variation of other parameters must be integrated into the 

analysis of soil-engaging implement forces.  

Table 5.1: The effects of input parameter on draught force and sensitivity of model 

Parameters description 

Output of model (draught force (kN)) 

Sensitivity index 

OP2 OP1 OP avg. 

Bulk unit weight (kN m-3) (γ) 1.2 0.77 0.90 0.72 

Cohesion (kN m-2) (C) 5.26 0.74 2.81 0.85 

Adhesion (kN m-2) (Ca) 0.88 0.92 0.90 0.03 

Internal friction angle (ͦ ) (ϕ) 0.91 0.96 0.88 0.09 

Soil-metal friction angle (ͦ ) (δ) 1.71 0.90 1.20 1.25 

Width of the tine (m) (w) 2.56 0.77 1.23 0.42 

Rake angle of the tine (ͦ ) (α) 3.41 0.76 1.75 1.15 

Ground speed (m.s-1) (v) 0.60 0.48 0.53 0.16 

Operating depth (m) (d) 1.20 0.12 0.54 1.81 

Surcharge (kN m-2) (q) 0.81 0.81 0.81 0 

According to results of draught force from the Godwin and O’Dogherty model, as 

shown in Figure 5.1, model parameters, such soil properties, geometry of tine and 

operating conditions, can all affect the draught force of soil-engaging tine. Among 

these soil properties, draught force of soil-engaging tine was the most sensitive to bulk 

unit weight and cohesion (Figure 5.1a-5.1b). These figures show that increasing bulk 

unit weight from 10 kN.m-3 (clay soil) to 18 kN.m-3 (sandy soil) increased the draught 

force of tine from 0.77 kN to 1.2 kN resulting in a 56% increase on average. It was 
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expected that the draught force of a soil-engaging implement would increase with bulk 

density, because the strength of both the soil mass and the aggregates within that mass 

usually increases with its bulk density as loosening that profile needs more draught 

and energy (Keller et al. 2007; Chamen et al. 2015). This corresponds with the results 

of the measured draught force of tines reported in Chapter 4. 

Figure 5.1b also shows that increasing the cohesion of soil from 7 kN.m-2 to 100 kN. 

m-2 increases the draught force of tine from 0.74 kN to 5.26 kN, resulting in six times 

increase in average. This is caused by increased traction in soils with a high soil 

cohesion strength (McKyes 1985; Chen et al. 2013).  This may be related to Coulomb’s 

equation which was reported in Chapter 4. This is also consistent with results of the 

measured draught force of tines which were reported in Chapter 4. Those results 

showed that the draught force of tines could be greatest in Northern region sites which 

ususally had a higher cohesion compared to Southern region sites. These results are in 

agreement with the observations of Abo Al-Kheer et al. (2011) who found that draught 

force was increased dramatically by increasing the value of cohesion as compared with 

the impacts of other soil parameters.  

In Figure 5.1d, it is shown that the soil-metal friction angle also affects the draught 

force of soil-engaging tine. Increasing the soil-metal friction angle from 10° to 35° 

increased the draught force of tine from 0.56 kN to 1.71 kN, two times on average. 

This is compatible with the observations of McKyes (1985). However, Figures 5.1c, 

5.3e and 5.1j show that the effects of the variability of internal friction angle, soil-tine 

adhesion and surcharge pressure were usually very small compared with the effects of 

the variability of the other parameters. These results are in agreement with many works 

reported in the literature (McKyes & Ali 1977; Godwin & O’Dogherty 2007). 
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Figure 5.1: The variability of draught forces with respect to input parameters, Figures show: (a) 

Bulk unit weight, (b) Cohesion (c) Adhesion (d) Internal friction angle (e) Soil-metal friction 

angle (f) Width of the tine (g) Rake angle of the tine (h) Ground speed (i) Operating depth and 

(j) Surcharge respectively 

Of the geometry of tine parameters, it was observed that the effect of variability of 

rake angle of tine on draught force of soil-engaging tine was greater than that of other 

soil-engaging implement parameters. As shown in Figure 5.1g, increasing the rake 

angle of tine from 20° to 90° increased the draught force of tine from 0.76 kN to 3.41 

kN, a 3.5 times increase on average. The cause may be the vertical force, which is 

acting on the tool in a manner to assist or prevent penetration into the soil. Godwin 

(2007) showed mathematically that the vertical force is a function of the rake angle of 

the tool and that, the rake angle at about 65-70° for a simple tine, corresponds to a 

cross-over for the vertical force from a downward to upward force.  
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Godwin (2007) also found that a lower rake angle tool should be considered in the 

design of implements because of a reduction in draught and adequate penetration. This 

was also found to be consistent with results of the measured draught force of tines 

reported in Chapter 4. These results were compatible with the observations of Godwin 

and O'Dogherty (2007), Manuwa (2009) and Abo Al-Kheer et al. (2011) who all 

indicted that draught force increased with increased rake angle, as is consistently 

shown in the literature.  

Variability of width of tine showed a similar pattern to that presented for rake angle as 

shown in Figure 5.1f. Increasing the width of tine from 0.02 m to 0.45 m increased the 

draught force of tine from 0.77 kN to 2.56 kN, resulting in a 2.5 times increase on 

average. This is mainly due to the amount of soil disturbed by narrow tines which is 

drastically less than that displaced by wide tines. This was consistent with the results 

of the measured draught force of tines were reported in Chapter 4. These were found 

to be in agreement with the observation of McKyes (1985) and Manuwa (2009) who 

indicated that the tine with a wider cutting width requires higher draught force.    

With regards to aspect of operating conditions, variability of operating depth shows a 

similar pattern to those presented for other parameters as shown in Figure 5.1i. 

Increasing the operating depth from 0.05 m to 0.175 m increased the draught force of 

tine from 0.12 kN to 1.20 kN, resulting in a nine times increase in draught force. The 

reason for this increase was that at higher depths more soil volume is considered, soil 

becomes stiffer and denser due to overburden pressure and so strength properties vary 

(Manuwa 2009). This is consistent with results of the measured draught force of tines 

reported in Chapter 4. These were found to be in agreement with many works reported 

in the literature (Grisso et al. 1996; Godwin 2007; Manuwa 2009).  

Meanwhile the variability ground speed shows a similar pattern to operating depth 

parameter but, its effects on draught force of tine was very small when compared to 

the effects of the variability of operating depth parameter as shown in Figure 5.1h. 

Increasing the ground speed from 1 m.s-1 to 3 m.s-1 increased the draught force of tine 

from 0.48 kN to 0.60 kN, resulting in 16% increase in draught force. This was caused 

by the larger force necessary to accelerate the soil at higher tine speeds, and a 

corresponding increase in the soil shear strength due to an increase in the shear rate 

(Rowe & Barnes 1961). These results are in agreement with many works reported in 

the literature (e.g. Rowe & Barnes 1961; Grisso et al. 1996; Wheeler & Godwin 1996).  
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From the above sensitivity test it can be concluded that only the surcharge pressure 

can be considered to be a deterministic parameter, and that the variability of the soil-

tine adhesion and the other parameters must be integrated into the analysis of tine 

forces and validation of the Godwin and O'Dogherty model. 

 The validation of Godwin and O’Dogherty model 

In this section, validation of the draught force of soil-engaging tine resulting from this 

model is verified. The results of experiments carried out in all soil sites for all tines 

were used in this model. The resultant values of each soil site, tine and operating depth 

are compared with the values predicted by the Godwin and O’Dogherty model. The 

statistical analyses were conducted for the data corresponding to the measured and 

predicted results and are reported in Appendix A5.1. In addition, the linear regression 

of model predicted values against field measured for draught force of tines is presented 

in Appendix A5.2. As shown in the figures below, measured and predicted values of 

draught force have been compared to each other. The results of validation are presented 

in two groups of Northern region sites, and Southern region sites sites. 

5.5.2.1 Northern region sites 

The results of the relationship between measured and predicted draught force for 

Northern region sites were similar. Thus, results of the Pittsworth (QLD) site is 

presented in this section to represent all results for the Northern region sites. However, 

the other sites such as Felton and Gatton (QLD) are reported in Appendix A5.3. The 

relationship between measured and predicted draught force based on the Godwin and 

O’Dogherty (2007) tillage force prediction model for all tines for the Pittsworth (QLD) 

site is presented in Figure 5.2. 

The relationships shown in Figure 5.2 were found to be significant for all of the tines 

used at the Pittsworth site: (p-values <0.001) and (R2 ≤ 0. 98) (Appendix A5.1 and 

A5.2). Figure 5.4a compares the measured and predicted draught force for sweep tine 

at 75-125 mm operating depth at the Pittsworth site. The measured draught force was 

taken from Figure 4.1. The predicted values were determined based on the Godwin 

and O’Dogherty (2007) tillage force prediction model. It can be seen that the predicted 

draught force of sweep tine in this site increased at a higher rate with operating depth 

compared with measured draught force. However, the Godwin and O’Dogherty model 

predicted the draught force of sweep tine within an average error 3% compared with 

measured draught force (Appendix A5.1). 
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Figure 5.2: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Pittsworth (QLD) site. The red line is 

the relationship between measured and predicted values of draught force. Blue lines show the 

95% confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120) 

Figure 5.2b also shows the comparison of measured and predicted draught force for 

chisel tine at 75-125 mm operating depth at the Pittsworth site. The measured draught 

force was taken from Figure 4.1. The calculation of predicted values was also based 

on the Godwin and O’Dogherty model. This model predicted within -16% of the 

measured draught force (Appendix A5.1). It is important to highlight that there was a 

variation in the draught force even at the same depth because the measured draught 

force were conducted in a real farm environment and according to grower practice. In 

this case, the homogeneity of soil paddock could not be controlled. This had a 

significant influence on variation of draught force of tines in field measurements.     
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From the data in Figure 5.2c, it is apparent that, the predicted draught force of opener 

tine in this site compared with measured draught force shows a different pattern to that 

presented for sweep and chisel tines. The measured draught force was taken from 

Figure 4.1. While the predicted values were determined based on the Godwin and 

O’Dogherty model. It agreed well at the 100 mm depth; but at the smaller operating 

depths the prediction of the model was underestimated, while at the greater operating 

depth the model prediction was overestimated. This could be related to the patterns of 

the soil-failure. The change in soil failure is related to the operating depth/tine-width 

ratio, which is postulated a critical depth which separated the distinct soil-failure 

modes (O’Callaghan and Farrelly 1964).  

In very narrow tine such as opener, the soil failure is two-dimensional when the tine 

works above the critical depth (Spoor and Godwin, 1978), while below the critical 

depth it is three-dimensional plus two-dimensional (Godwin and O’Dogherty, 2007) 

therefore, draught force of tine is increased when of working below the critical depth, 

but draught force of tine is opposite if operating depth is above the critical depth.  

The Godwin and O’Dogherty model predicted the draught force of opener tine within 

an average error 1% compared with measured draught force. In spite of this average 

error in prediction of draught force of opener tine, was less than that found in the 

draught force of sweep and chisel trial, but the standard deviation was higher in opener 

trial (Appendix A5.1). This was because the variation of draught was higher in opener 

tine.    

Overall, the general shape and order of magnitude of the predicted curves show a 

reasonable agreement with the experimental data for draught force. Besides this, the 

results of draught force perdition based on the Godwin and O’Dogherty model showed 

that the model has predicted the draught force of all tines within the error range of the 

model. Godwin and O’Dogherty (2007) concluded that their model has the ability to 

predict the draught force within error bounds of ±20%. Consequently, it was decided 

that the prediction of draught force by the Godwin and O’Dogherty model in Northern 

region sites for sweep and chisel tines was satisfactorily estimated. However, in opener 

tine, even though the error of prediction was within range of model error, the curve of 

prediction was systematically unsatisfied. The model is therefore considered valid with 

chisel and sweep tines during these trials.   
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5.5.2.2 Southern region sites 

As mentioned in Chapter 4, the soils in Southern region (Victoria and South Australia) 

sites are medium-textured and light soils. Consequently, the results of the relationships 

between measured and predicted draught force for Southern region sites are presented 

in two groups, Victorian sites and South Australian sites. In the Victorian sites, the 

relationship between measured and predicted draught force based on the Godwin and 

O’Dogherty (2007) tillage force prediction model for all tines for Swan Hill site is 

presented in Figure 5.3. The measured draught force for sweep, chisel and opener tines 

was taken from Figure 4.2. There was a significant difference in relationships between 

the measured and predicted draught force for all tines in at the Swan Hill site (p-values 

<0.001) and (R2 ≤ 0. 90) (Appendix A5.1 and A5.2). 

The results of the Swan Hill trial demonstrated that the prediction of draught force of 

sweep tines was greater than the measured draught force (over predicted) (27%), while 

for chisel and opener tines the prediction was lower than that observed in the field (-

13 and -21), respectively. However, the prediction of draught force based on the model 

for each of tines in Swan Hill site was estimated successfully.  
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Figure 5.3: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Swan Hill (VIC) site. The red line is 

the relationship between measured and predicted values of draught force. Blue lines show the 

95% confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120) 

However, at the Hopetoun (VIC) site, the results did not show a similar pattern to those 

found at the Swan Hill and Northern region sites (Appendix A5.1 and Appendix 

A5.3). This was expected because of the inhomogeneity of compaction paddock soil 

compaction. This had a significant effect on variation of draught force of tines in field 

measurements. This appears to be consistent with the draught force of tines reported 

for the Hopetoun site in Chapter 4. This was also consistent with results of soil 

penetration resistance, which will be reported in Chapter 6. The findings highlight 

that the prediction of draught force based on the model for each of tines at the 

Hopetoun site estimated unsuccessfully. These results somewhat contrast with the 

observations of Godwin and Spoor (1977) and Godwin and O’Dogherty (2007). This 
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is because the condition of soil paddock which was explained at the beginning and in 

Chapter 4.  

At the South Australian sites, the relationship between measured and predicted draught 

force based on the Godwin and O’Dogherty model for all tines for Waikerie is 

presented in Figure 5.4. The measured draught force was taken from Figure 4.2 for 

sweep, chisel and opener tines. The relationships shown in Figure 5.4 were found to 

be significant for each of tines used at the Waikerie site (p-values <0.001) and (R2 ≤ 

79) (Appendix A5.1). In general, the results of the relationship between measured and 

predicted draught force show a similar pattern to those reported for Northern region 

sites, in particular relative to sweep and chisel tines.  

However, for opener tines the results showed a better pattern than those reported for 

Northern region sites. In clay soil (vertsoil), the results of interface and soil internal 

friction angles were surprisingly higher (21° and 22°, respectively) than for universal 

clay soils (near zero). And the slope of the soil-rupture plane at the bottom of the tool 

is governed by the interface and soil internal friction angles (McKyes 1989). These are 

main effect on the area of soil disturbed by the tine (Plasse et al. 1985). Therefore, the 

soil failure zone could be affected by these issues. This was clear under the action of 

narrow tines which in clay soil could be different compared with sand soil at the 

Waikerie site. This could affect the accuracy of draught force prediction for opener 

tine in comparison between the sites. 

Similarly, at the Loxton (SA) site, the results of the relationship between measured 

and predicted draught force show a similar pattern. The relationships were found to be 

significant for each of tines used at the Loxton site (p-values <0.001). The relationship 

between measured and predicted draught force based on the Godwin and O’Dogherty 

model for all tines for Loxton site is reported in Appendix A5.3.  
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Figure 5.4: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Waikerie (SA) site. The red line is the 

relationship between measured and predicted values of draught force. Blue lines show the 95% 

confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120) 

Finally, the comparison between the measured and predicted draught force has shown 

that the Godwin and O’Dogherty single model has predicted the draught force within 

error bounds of ±20%, which was produced by the authors of the model. These 

findings revealed that the model has the ability to predict the draught force for each of 

the tines in Southern region sites. Accordingly, the prediction of draught force based 

on the model for tines has estimated successfully. These results are consistent with the 

findings by Godwin and O’Dogherty (2007).  
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 Discussions 

The results reported for measured and predicted draught force of various tines tested 

showed that it is affected by soil property, tine geometry and operating condition 

parameters. These parameters have been adopted to test the sensitivity and validity of 

the Godwin and O’Dogherty model. The results of sensitivity testing showed that soil 

properties including bulk unit weight, cohesion, adhesion, internal and external friction 

angle (but not surcharge) had a significant effect on the prediction of draught force of 

soil engaging tine as well as on measured draught force of tines in the field as reported 

in Chapter 4.  

Cohesion had a great effect on draught force of soil engaging tine compared with 

adhesion, which had a very small influence on draught force. This appears to be in 

agreement with the results obtained by Godwin and Spoor (1977), Godwin and 

O’Dogherty (2007) and Abo Al-Kheer et al. (2011) who found that draught force 

increased dramatically by increasing the value of cohesion as compared with the 

impacts of the variability of the other soil parameters. Similarly, the Northern region 

sites consistently showed greatest values of measured draught force compared with 

Southern region sites (Chapter 4). This was due to the soil texture in the Northern 

region sites which were heavy clay soils compare to medium-textured and light soils 

in Victorian and South Australian (Southern region) sites, respectively (more details 

in Chapter 4).  

The results of sensitivity also obtained for geometry of tine parameters showed, in 

general, an increase in the draught force of tine with an increasing of the rake angle 

and width of tine. The variability of rake angle had a great influence on draught force 

of tine compared with the variability of tine width. In this respect, draught force of tine 

is increased 3.5 times and 2.3 times on average by increasing the rake angle of tine 

from 20° to 90° and width of tine from 0.02 m to 0.45 m, respectively, as is consistently 

shown in the literature (Godwin & Spoor 1977; McKyes & Ali 1977; Perumpral et al. 

1983; McKyes 1985). This also is consistent with the results of draught force of tines 

reported in Chapter 4. In this respect, McKyes (1985) stated that the volume of soil 

moving in front of a tool increased with an increase in rake angle. The cause may also 

be a vertical force, which is acting on the tool in a manner to assist or prevent 

penetration into the soil (Godwin 2007). 
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The reported rate of increase of draught force with rake angle tends to vary as a 

function of operating conditions and soil properties (Godwin & O'Dogherty 2007). In 

this regard, the results of sensitivity testing generally showed that operating conditions, 

including operating depth and ground speed, influence on draught force of tine. It was 

indicated that increasing the operating depth from 0.05 m to 0.175 m and increasing 

the ground speed from 1 m.s-1 to 3 m.s-1 resulted in 9 times and 16% increase in draught 

force of tine, respectively. With respect to this, operating depth showed higher impact 

on draught force of tine compared with ground speed. These results were in agreement 

with the results of measured draught force presented in Chapter 4. The reason is, that 

at higher depths, more soil volume is considered, soil becomes stiffer and denser due 

to overburden pressure and so strength properties vary (Manuwa 2009). The results of 

the sensitivity analyses were found to be in close agreement with works reported in 

the literature. 

Overall, the sensitivity testing undertaken, not only provided an indication of the effect 

of the variabilities of soil properties, tine geometry, and operation conditions on 

draught force, but it identified changes in draught force of tine as a result of changes 

in these parameters.  

Accordingly, the validation of the Godwin and O'Dogherty model was undertaken 

based on those parameters. The results of validation of the Godwin and O'Dogherty 

model were compared the measured and predicted draught force in this study. The 

study also refers to the linear regression of model predicted values against field 

measured for draught force of tines for all studied sites. In addition, it highlights the 

relationship between measured and predicted draught force based on the Godwin and 

O’Dogherty (2007) tillage force prediction model for all tines in studied sites.  

At the Northern region sites, the relationships between measured and predicted draught 

force based on the Godwin and O’Dogherty model generally showed that model 

performance was satisfactory within the error bounds of ±20%, which has produced 

by the authors of the model. At the Felton site, the prediction of draught force by the 

Godwin and O’Dogherty model was reasonable in most cases. However, the standard 

deviation of mean difference between predicted and measured draught force for all 

tines was high (± 24%) (Appendix A5.1).  
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A similar situation was observed at the Pittsworth site where, in most cases the 

prediction of draught force based on the Godwin and O’Dogherty model was also 

successful. Nevertheless, the standard deviation of mean difference between predicted 

and measured draught force for all tines was also high. At the Gatton site, the results 

of predicted draught force also showed a similar pattern to those reported for the Felton 

and Pittsworth sites. But, the prediction of draught force was underestimated in sweep 

and chisel tine. This is because the Gatton soil was tilled prior to the draught force 

assessment which could affect accuracy of prediction. This is in agreement with the 

observations of Godwin and Spoor (1977), which found that predictions of draught 

force for different tines are closer in compacted soil than in loose soil. This was also 

confirmed by the results of prediction at the Kingaroy site which showed a similar 

pattern to that presented for other Northern region sites. The prediction of draught 

force by the Godwin and O’Dogherty model was a fit for chisel tine. These results are 

in agreement with the observations of Godwin and Spoor (1977) and Godwin and 

O’Dogherty (2007).  

The reason for higher standard deviation is related to where the draught force 

measurements were taken in a real farm environment and accordingly to grower 

practice. In this case, the homogeneity of paddock soil could not be controlled. This 

had a significant influence on variation of draught force of tine in field measurements. 

In addition, the soil of these fields is clay soil which has higher cohesion. This may be 

due to the fact that cohesion differed in value with soil depth and soil moisture 

contents. 

This means the tines operate in different soil layers with different cohesion values, 

which lead to a higher contribution of the soil cohesion. This is consistent with the 

results of the draught force of tines reported in sensitivity testing. In addition, the 

authors sought to establish a model that is mathematically based on several and wider 

assumptions, including that the soil is isotropic and homogeneous. These results are in 

line with the observations of Abo Al-Kheer et al. (2011) and Al-Halfi et al. (2017). 

At the Southern region sites, the relationships between measured and predicted draught 

force based on the Godwin and O’Dogherty model also showed that model 

performance was satisfactory within the error bounds of ±20%, which has produced 

by the authors of the model.  
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At the Hopetoun (VIC) sites, the draught force prediction results based on the Godwin 

and O’Dogherty model were unsuccessful in most cases. The larger prediction errors 

were observed at this site (-39%). This may be explained by potentially significant 

fluctuations in the condition of paddock soil due to the compaction (more details in 

Chapter 4). At the Swan Hill site, based on the Godwin and O’Dogherty model, the 

prediction of draught force was satisfactory, but the values of standard deviation 

showed a similar pattern to those reported in Northern region sites (Appendix A5.1).  

At the Loxton (SA) site, the results of draught force prediction based on the Godwin 

and O’Dogherty model compared with measured one, showed a similar pattern to that 

of the previous two studies (Felton and Pittsworth sites) reported earlier. In spite of 

this, the prediction of draught force was also reasonable (as in most cases), but the 

standard deviation of mean difference between predicted and measured draught force 

for all tines was also high. This is related to where the draught force measurements 

were taken a in real farm environment and according to grower practice. In this case, 

the homogeneity of paddock soil could not be controlled. This had a significant 

influence on the variation of draught force of tine in-field measurements.  

At the Waikerie site, based on the Godwin and O’Dogherty model, the prediction of 

draught force was a fit in most cases. This was a similar pattern to that reported for the 

Kingaroy site. However, the standard deviation of mean difference between predicted 

and measured draught force for all tines was high (± 23%) (Appendix A5.1). At 

Kingaroy (QLD) and Waikerie (SA), the paddocks measured for draught force were 

under non-CTF. The soil, therefore, was compacted as result of random traffic. This is 

in agreement with observations of Godwin and Spoor (1977), which found that 

predictions of draught force for different tines are closer in compacted soil than loose 

soil.  

Finally, as highlighted, and based on the Godwin and O’Dogherty (2007) tillage force 

prediction model, it possible to predict the draught force of different tines in all studied 

sites except the Hopetoun (VIC) site and opener tine in clay soil (Vertisol) at the Felton 

(QLD) and Pittsworth (QLD) sites. 

 Conclusions 

The main conclusions from Chapter 5 are summarised below: 
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 The sensitivity tests for the Godwin and O’Dogherty model, indicated that: 

a. The soil properties, which include bulk unit weight, cohesion, adhesion, 

internal, external friction angle and surcharge, had a significant effect 

on prediction of draught force of soil engaging tine except for surcharge 

 Variability of cohesion had a great influence on draught force of 

soil engaging tine, which resulted in six times increase in 

draught force of tines on average  

 Variability of soil surcharge in this study was unaffected on 

draught force of soil engaging tine. 

b. The geometry of tine parameters, which include rake angle and width 

of tine, had a significant influence on the prediction of draught force of 

soil engaging tine  

 Variability of rake angle of tine had a greater impact on draught 

force than the variability of width tine. Draught force of tine was 

increased 3.5 times and 2.3 times on average by increasing the 

rake angle of tine from 20° to 90° and width of tine from 0.02 m 

to 0.45 m, respectively.  

c. Operating conditions, which include operating depth and ground speed, 

had a significant effect on the prediction of draught force of soil 

engaging tine  

 Operating depth had a greater impact on draught force than 

ground speed variability. Increasing the operating depth from 

0.05 m to 0.175 m resulted in nine times increase in draught 

force of tine 

 The investigation the validity of the Godwin and O’Dogherty (2007) tillage 

force prediction model indicated that:  

a) In general, the predictions of draught force based on the Godwin and 

O’Dogherty model have been shown to give useful agreement with the 

experimental data for different tines in most studied sites except 

Hopetoun (VIC) site and in clay soil (Vertisol) at Felton and Pittsworth 

(QLD) sites  

b) In clay soil (Vertisol) (NT, Northern region sites) the investigations 

showed that the Godwin and O’Dogherty model could predict within 
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an error range from 3% to %5, -17% to 2%, and -12% to 1% on average 

the draught forces of sweep, chisel and opener tines, respectively. 

However, the prediction curve in opener tine did not systematically fit 

compared with sweep and chisel tines  

c) In tilled clay soil (Gatton site), investigations showed that the draught 

force values estimated from the Godwin and O’Dogherty model were 

underestimated for sweep, chisel tines within error -16%, -13%, 

respectively  

d) In loam and sand soils (NT, Southern region sites), the prediction of 

draught force by the Godwin and O’Dogherty model could be estimated 

within a range from 5% to %26, -13% to -8%, and -21% to -15% on 

average the draught forces of sweep, chisel and opener tines, for Swan 

Hill and Loxton sites, respectively 

e) In trafficked sand soil (Waikeire (SA) site), the draught force of sweep, 

chisel and opener tines could be predicted by the Godwin and 

O’Dogherty model within 5%, -1% and -20% on average, respectively. 
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 MOTION RESISTANCE 

 Introduction 

CTF effects on draught force were discussed in Chapters 4 and 5. This chapter 

examines the CTF impact of motion resistance in reducing energy requirements and 

improving equipment performance in agricultural systems. 

Motion resistance is defined as the force required to move equipment across a 

horizontal surface (Crossley & Kilgour 1983). On field surfaces motion resistance 

generally includes two components: internal and external. The internal resistance is due 

to frictional losses within the ground drive system (wheels or tracks), and is sometimes 

taken to include drivetrain friction. The external resistance is due to soil deformation 

(Crossley & Kilgour 1983; Lyasko 2010b). In the case of tyres, the internal energy 

losses occur in the elastic but non-ideal deformation of the tyre carcass, but in the case 

of tracks (rubber or steel) it is the friction within the track itself and its drive and idler 

rollers or sprockets. The external loss is the inelastic and non-recoverable (plastic) 

deformation of the surface. Friction in the wheel bearings is usually assumed to be 

negligible (Macmillan 2002) but, when rolling motion resistance is measured by 

towing farm tractors, it also includes the non-negligible drivetrain friction. Internal 

resistance is the most significant component of motion resistance on near-rigid road 

surfaces. But on soft surfaces, external resistance is by far the largest component in 

terms of energy loss. On field surfaces, deformation also represents soil compaction, 

and is generally associated with the loss of soil porosity and potential loss of 

productivity. This study will, therefore focus on external resistance and role of 

permanent traffic lanes in reducing that resistance. 

With accurate and adequate data, some generalisation or extrapolation of these results 

may also be possible when combined with the validation of the motion resistance 

models as described in Chapter 2. This, together with the draught effects (Chapter 

4), should provide a more complete picture of CTF impact on energy and fuel 

requirements, and provide a basis for farmer decisions on CTF adoption. Motion 

resistance is also an important parameter of trafficability, which in turn affects the 

timeliness of crop operations, particularly those such as herbicide spraying after 

rainfall. 
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The objectives of this work were thus: 

 To determine the effects of CTF versus non-CTF on the physical properties 

and penetration resistance of a range of cropping soils  

 To measure equipment motion resistance in CTF versus non-CTF on the same 

range of cropping soils. 

 Materials and methods 

 Description of sites  

Experimental work was conducted in two different Australian regions and a number 

of sites within each region: Felton, Pittsworth, and Gatton (Northern region sites), 

Hopetoun, Swan Hill, Loxton and Waikerie (Southern region sites). These are all areas 

of extensive cropping in which CTF is relatively common (more details in Chapter 

3).  

 Details of experiments 

Motion resistance experiments were arranged in a complete randomized block design, 

with three replications. Motion resistance was measured by towing on three surfaces: 

Permanent Traffic Lanes (PTL) representing CTF, Permanent Crop Beds (PCB), or 

non-wheeled soil representing non-CTF systems, and on the best available hard surface 

(e.g., dirt track or road). This latter measurement was intended to assess internal 

powertrain component friction and energy loss in tyre or track deflection.  

All measurements were taken within the range of common ground speeds (2.2, 3.3 and 

4.4 m s-1), as these represent those speeds commonly used for conservation tillage, 

seeding, harvesting and spraying. However, in non-CTF sites the ground speeds were 

restricted to 0.55 and 0.97 m s-1 at Gatton and 2.2, 2.8, 3.3 m s-1 at Waikerie by either 

limitations in field area or towing tractor capacity. The results were measured and 

compared with predicted results. 

Soil properties measured in PTL and PCB included Penetration Resistance (PR), and 

Moisture Content (MC), at soil depths (0-500 mm), but there was no distinction 

between PTL and PCB at the non-CTF sites. A more detailed description of the 

experimental procedures can be found in Chapter 3, Section 3.6.  
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 Results and discussion 

The effect of the wheel-track on the selected soil physical properties are presented in 

Section 6.3.1, with the effect of CTF on motion resistance in Section 6.3.2 for 

Northern region and Southern (Victoria and South Australian) sites. Motion resistance 

modelling and prediction is covered in Section 6.3.3 for all sites. Conclusions from 

these discussions can be found in Sections 6.4.  

 Soil physical properties  

The method used for measuring the selected soil parameters in this study were 

discussed in Chapter 3. The results of soil physical properties are presented separately 

for Northern region sites, and Southern region sites. As stated earlier, the two regions 

have very different soil characteristics. In the Northern region, sites are heavy clay soil 

with annual rainfall 600 – 700 mm, but in the Southern region (Victoria and South 

Australia) sites are medium-textured and light soils, respectively with rainfall 300 – 

400 mm. 

6.3.1.1 Northern region sites 

PR and MC were measured at both CTF and non-CTF sites and reported here, but other 

soil physical properties of the sites can be seen in Chapter 3. The CTF sites were 

under controlled traffic and no-tillage for up to 15 years. Non-CTF sites such Gatton, 

a University of Queensland research station, was managed with conventional tillage 

and cultivated and irrigated before this work was carried out.  Statistical analysis of 

the results is reported in Appendix A6.1. Due to the similarity in results of PR and 

MC in Northern region sites, the results of PR and MC for both PTL and PCB in 

Pittsworth site are presented in Figure 6.1. But, the results of PR and MC for other 

sites such as Felton and Gatton (QLD) are reported in Appendix A6.2. 

There were significant differences of PR and MC between permanent traffic lanes and 

permanent crop beds in CTF sites and wheeled and non-wheeled soil in non-CTF sites 

for Northern region soil (clay soils) (p-values <0.001) (Appendix A6.1). In general, 

trafficking increased the PR of soils at top surface (Figure 6.1). In all cases, PR values 

showed an increasing trend with soil depths. This is expected because some resistance 

depends on the weight of soil (overburden) above the depth of measurement (Sands et 

al. 1979). The highest value observed was on PTL with a mean a 0-150 mm cone index 

of 2.06 MPa. The least value of PR was obtained on PCB with a mean cone index 0.88 
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MPa (in this depth range). This was consistent with the results of other physical 

properties such as bulk density and shear force, as presented in Table 3.3, and shows 

a similar trend, due to the presence or absence of farm machinery traffic in CTF traffic 

lanes and crop beds. These results are in agreement with Qingjie et al. (2009) which 

indicated that controlled traffic management of agricultural soil was efficient in 

improving soil physical conditions. McHugh et al. (2009) also observed a reduced bulk 

density of 1.40 to 1.25 Mg m-3 at depth 0-100 mm in the crop bed after 22 months of 

traffic control implementation following 30 years of conventional management. 

Differences in MC between the two PCB and PTL were significant at all depth 

intervals (Figure 6.1). At the surface, MC values in PTL were higher than MC in PCB, 

but the opposite pattern occurred in both PTL and PCB at greater depths. The average 

value for MC in PCB was (25% w.w-1) higher than that of PTL (24% w.w-1). These 

findings indicate that PCB stored more soil water (compared with PTL and non-CTF) 

in the absence of wheel traffic. This observation is also confirmed by results obtained 

for other soil parameters such as bulk density, shear force and PR (Table 3.3). The 

compacted soil represented by PTL resulted in higher bulk density and PR, and 

reduced porosity.   

Permanent Crop Beds (PCB) represents un-trafficked soil, and the literature suggests 

that most soils maintain a healthier structure in the absence of traffic (Meek et al. 1988, 

1989; Carter et al. 1991). Hussein et al (2017; 2018) found greater water storage in 

soil of CTF than a non-CTF treatment due to changes in infiltration and hydraulic 

conductivity, attributed to smaller pores and fewer natural channels in trafficked soils. 

These observations also agree with studies on clay soil (black Vertisols) dealing with 

functional relationships between traffic compaction, runoff generation, and traffic 

effects on soil structure (e.g. Li et al. 2007, 2009). 

Therefore, the changes in PR and other soil physical properties due to compaction will 

be proportionally greater in PTL than in PCB. The changes in PR among sites can be 

explained in terms of traffic, soil texture and moisture content. The changes were 

calculated by the difference of PR (at depth 0-150 mm) between the wheeled soil and 

non-wheeled soil and divided by the PR in non-wheeled soil. In clay soils (Northern 

region sites) at depth 0-150 mm under CTF no-tillage system, the PR value of the 

Pittsworth wheel track was greater than that of the crop beds by a factor >2.5 times. 
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Figure 6.1: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 

0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% 

confidence interval. Figures show: (a) PCB and (b) PTL; PR (top) and MC (bottom) for Pittsworth (QLD) site 



CHAPTER 6: MOTION RESISTANCE 

Adnan A. A. Luhaib                                      148 

 

Figure 6.2: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 

0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% 

confidence interval. Figures show: (a) PCB and (b) PTL; PR (top) and MC (bottom) for Swan Hill (VIC) site 
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Figure 6.3: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 

0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% 

confidence interval. Figures show: (a) PCB and (b) PTL; PR (top) and MC (bottom) for Loxton (SA) site  
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However, in the conventionally tilled soil at Gatton, without CTF, a single wheeling 

increased PR by a factor >4 times. This probably reflects the weaker structure of the 

tilled soil, because tillage and agronomic management are important to soil structure, 

as demonstrated by number of researchers (e.g. Somasundaram et al. 2017). 

6.3.1.2 Southern region sites 

As mentioned earlier, soils in Southern region (Victoria and South Australia) sites are 

medium-textured and light soils. Accordingly, the results of PR and MC of soil are 

presented in two groups. The PR and MC of soils in PTL and PCB at the Swan Hill 

(VIC) site are presented in Figure 6.2. The results obtained for measurements of PR 

and MC are shown in Figures 6.3 for PTL and PCB at the Loxton (SA) site. However, 

the results of PR and MC for rest of sites such as Hopetoun (VIC) and Waikerie (SA) 

are reported in Appendix A6.2.   

In general, the results of PR show a similar pattern to that presented for the Northern 

region CTF sites. The statistical analyses of PR and MC of soil indicated that traffic 

type, depth and interaction between the factors produce a significant effect (p-values 

<0.001) (Appendix A6.1). However, MC values were lower in the Southern region 

sites (medium and light-textured soils) than the Northern region sites (clay soils) at 

both permanent crop beds and permanent traffic lanes in particular, reflecting the role 

of clay particles in holding more moisture than sand and silt (Martin 1962; Hillel 

1980). 

In medium-textured soils (Victorian sites) at depth 0-150 mm under CTF no-tillage, 

the results showed that wheel traffic had a greater effect on PR at Swan Hill (72%), 

than in the incomplete CTF system at Hopetoun (57%), where occasional wheel traffic 

had affected the beds. Similarly, in the lighter soils the effects of traffic on PR were 

much greater at the CTF Loxton site (2 times) than at the non-CTF Waikerie site (70 

%). 

These results demonstrate that controlled traffic with no-tillage has the potential to 

improve the selected soil physical properties in permanent crop beds for CTF sites.  

Effects include reduced bulk density and PR, and increased water storage with greater 

infiltration and hydraulic conductivity. These factors should not only improve the 

environment for crop production but also help protect the soil structure from risk of 

runoff and erosion.   



CHAPTER 6: MOTION RESISTANCE 

Adnan A. A. Luhaib                                      151 

Controlled traffic farming involves the restriction of all wheels to permanent traffic 

lanes, so compaction in permanent traffic lines is increased, while compaction in 

traffic lanes improves trafficability and increases tractive efficiency (e.g. Kingwell & 

Fuchsbichler 2011; Botta et al. 2012). This is beneficial to agricultural activity, 

improving soil conditions in PCB, which enables reductions in draught force 

requirements for soil-engaging implements. This is consistent with results of draught 

force requirements explained in Chapter 4. In addition, it is also improving soil 

conditions in PTL for machinery traffic which will reduce the motion resistance of 

equipment (explored it in the following section). 

 Motion resistance in field 

This study’s motion resistance measurement methods were discussed in Chapter 3 

and the results of the field measurements of motion resistance for each region are 

presented separately. 

6.3.2.1 Northern region sites 

The coefficient of motion resistance (CMR) of tractors at ground speed on road, PTL 

and PCB in CTF sites, and wheeled soil (WS) and non-wheeled soil (tilled soil (TS)) 

in non-CTF sites are presented in Figure 6.4. The statistical analysis of the results 

reported in Appendix A6.3, demonstrate significant effects of surface traffic and 

ground speed on the CMR of tractor (p-values <0.001). However, there was a non-

significant effect of the interaction between condition and ground speed (p=0.856, 

0.522 and 0.114) for Felton, Pittsworth and Gatton sites, respectively.  

The average results of motion resistance (MR) of tractors in Figure 6.4 for Northern 

region sites are reported in Appendix A6.4. At the Pittsworth site, for example, the 

average motion resistance coefficient of the tractor on road, PTL and PCB was 0.04, 

0.07 and 0.09, respectively. The rest of the results show a similar pattern.  
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Figure 6.4: The effect of wheel traffic and ground speed on coefficient of motion resistance of 

tractors for Northern region sites. Box plots show: Min, Q1, Med, Q3 and Max (n=30). P < 

0.001. The symbols (○) and (▲) denote mild and extreme outliers, respectively. Figures show: 

soil conditions (top) and Ground speed (bottom), respectively 

 

 P<0.001 
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MR of tractors on road surfaces (i.e. the internal MR) must be smaller than that on 

PTL, PCB, WS and TS surfaces (Appendix A6.4). However, it is important to 

demonstrate that MR was less on PTL and WS than PCB and TS for all ground speeds. 

This coincides with the results of Chen and Yang (2015) who found that MR was 

closely linked to topsoil compaction and greater soil strength due to wheel traffic 

resulting in lower motion resistance in one of Chinese CTF farms. This is consistent 

with the results of PR and other soil properties, which were explained earlier in this 

chapter and in Chapter 3. The highest MR values on PCB soil and TS would have 

been due to the relatively soft surface soil resulting in higher deformation in the soil 

tyre interface (Appendix A6.7), leading to higher MR because the amount of soil in 

front of the tyre increased along the run (Wood & Burt 1987; Botta et al. 2012). 

Figure 6.4, also shows that increasing ground speed resulted in a significant increase 

in CMR, which was observed for all conditions tested. It is important to note that the 

motion resistance increase with ground speed (from 2.2 to 4.4 m.s-1) on PCB (typically 

13-16%) was greater than that on PTL surfaces (typically 8-14%). This was not in 

close agreement particularly on softer surfaces, with the results of Zoz and Grisso 

(2003) demonstrating the relatively small effect of ground speed on motion resistance. 

However, the finding was confirmed by results obtained in regression analyse in the 

current study.  

 

 

Figure 6.5: Linear regression analyses – relationships between motion resistance and cone index 

for depth (0-150 mm) for Pittsworth site. The red line is the relationship between motion 

resistance and cone index. Blue lines show the 95% confidence interval for the linear model 

fitted to the data. Figures show: PCB soil (left) and PTL soil (right) respectively 
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The finding highlight that MR is related to soil strength (CI). Thus, Figure 6.5 

illustrates the results of the regression analyses which investigated the relationship 

between motion resistance and cone index for depth (0-150 mm) for the Pittsworth 

site. The results showed that the correlation between motion resistance and cone index 

was significant for Northern region sites (p-values <0.001). In general, the R2 values 

encountered, indicated acceptable fits for the linear models (≥0.68) (Appendix 

A.6.5).  

The results of the regression analyses for the remaining sites, such as Felton and 

Gatton, are reported in Appendix A.6.6. The motion resistance data obtained from all 

sites generally permit the use of linear functions to describe the relationship with the 

cone index. This observation is in close agreement with those made by Botta et al. 

(2012) who indicated that cone index for depth (0-150 mm) in three different soil 

conditions (ploughed soil, seedbed soil, and direct sowing) had a strong positive 

relationship to motion resistance in all circumstances, and that the relationship is 

typically linear and best explained by linear function.  

The slope of the regression line decreased with increasing CI, but at lower CI the slope 

of the regression line was greater than the higher CI. This could be related to the 

interaction between CI and ground speed. The motion resistance was slightly increased 

on PTL when the ground speed was increased. However, on PCB, the motion 

resistance was dramatically increased with increasing ground speed. Increasing 

ground speed on soft soil lead to increased plastic deformation of soil under tyre 

(sinkage) (Appendix A6.7) (Liu et al. 2010), and increased motion resistance. The 

observation is in good agreement with some of the previous works on the subject (e.g. 

Botta et al. 2012).  

It is important to highlight that the reduction in motion resistance was calculated based 

on the results of motion resistance which are reported in Appendix A6.4. The 

reduction in motion resistance due to deformation of the soil under the tyre or belt 

track was estimated by subtracting the motion resistance on the road surface from that 

on the field surfaces (PTL and PCB at CTF sites), and (wheeled soil and non-wheeled 

soil at non-CTF sites). This was to quantify the change in motion resistance produced 

by deformation of the soil under the tyre or belt track, rather than that being 

attributable to friction within the drivetrain and deformation of the tyre itself. This 
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might also be reflected in soil compaction (degradation). However, reduction in gross 

motion resistance was calculated based on the motion resistance on the field surfaces 

of PTL and PCB at CTF sites, and wheeled soil and non-wheeled soil at non-CTF 

sites. This was to quantify the impact of wheel traffic on gross motion resistance 

reduction which is related to the impact of agricultural system applications such as 

CTF on fuel use.  

The effect of PTL and wheeled soil on percentage reductions of motion resistance was 

calculated. The motion resistance reductions due to PTL in CTF sites and wheeled soil 

in non-CTF sites are shown in Table 6.1. From this, it is apparent that CTF with no-

tillage reduced the energy input to soil by an average of 32% and 44 % in clay soil 

under a no-tillage system at Pittsworth and Felton, respectively (motion resistances 

were 5.14, 8.58 and 10.21 kN at the Pittsworth site, and 5.81, 9.22 and 11.92 at the 

Felton site, for road, PTL and PCB, respectively) compared with NT under non-CTF 

system. This difference could be related to the soil moisture content which was higher 

at the Felton site compared with the other sites (Appendix A6.2), leading to reduced 

soil strength (PR) and increased plastic deformation of soil under the tyre (sinkage), 

and increased motion resistance (Ayers & Perumpral 1982; Senatore & Sandu 2011). 

The observation is in agreement with some of the previous works on the subject.  

Table 6.1: Reduction in motion resistance as a result of wheel traffic at range of ground speed for 

Northern region sites  

Reduction in motion resistance (%) 

Felton 

Ground speed (m.s-1) 2.2 3.3 4.4 Mean 

Gross 23.49 19.85 24.46 22.65 

SD ± 9.9 ± 7.5 ± 11.7 ± 9.3 

External 42.79 39.69 49.61 44.19 

SD ± 23 ± 16 ± 26 ± 23 

Pittsworth 

Ground speed (m.s-1) 2.2 3.3 4.4 Mean 

Gross 15.88 14.43 17.73 15.96 

SD ± 2.8 ± 1.9 ± 6.7 ± 3.2 

External 31.38 29.08 36.24 32.15 

SD ± 7 ± 4 ± 10 ± 8 

Gatton 

Ground speed (m.s-1) 0.55 0.97 - Mean 

Gross 27.62 25.36 - 26.37 

SD ± 2.6 ± 9 - ± 3.8 

External 52.34 48.24 - 50.14 

SD ± 12 ± 10 - ± 11 
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However, in the conventional tillage systems at the Gatton site, the reduction in energy 

input to soil as result of wheel traffic was on average 50% (3.2, 4.97 and 6.75 kN for 

road, WS and TS, respectively) compared with non-wheeled soil. It is clear that the 

Gatton site showed higher energy saving than the other Northern region sites. This is 

consistent with PR results where the changes in cone index at 0-150 depth as result of 

traffic, was 4 times higher at the Gatton site compared with the other sites. This 

occurred because non-wheeled soil at the Gatton site was tilled, leading to greater 

plastic deformation of soil under the tyre (sinkage) (Appendix A6.7). This is in 

agreement with other findings, which stated that MR is in relation to CI (Botta et al. 

2012). 

Meanwhile, as demonstrated in Table 6.1, CTF with NT decreased the energy input 

to soil at Pittsworth and Felton. Previous wheeling in CT at the Gatton site reduced 

the energy input to soil. This term is also directly reflected to fuel saving as a result of 

wheel traffic. In this regard, CTF can save fuel use based on the deformation of soil 

under the tyre on average 16%-23% in clay soil under NT at Pittsworth and Felton, 

respectively, compared with NT in the non-CTF system. However, in CT at the Gatton 

site, the wheeled soil saved on average 26% of energy compared with non-wheeled 

soil. It is important to highlight that fuel saving was calculated based only on the total 

motion resistance on both PTL and PCB in CTF sites and wheeled soil and non-

wheeled soil in non-CTF sites. 

The data of Table 6.1 also demonstrates that avoiding wheel traffic effects in both 

conventional tillage systems and no-tillage systems can reduce energy inputs to soil 

compaction and degradation. In CT (conventional tillage) the energy saving was 

higher than in NT, because the weakly aggregated structure of tilled soil is more 

susceptible to compaction. In no-tillage systems, soil structure is improved in the 

absence of disturbance, and the additional soil strength can be seen in the cone index 

value. Therefore, no-tillage and its associated agronomic measures play an important 

role in reducing compaction effects as indicated by a number of researchers (e.g. 

Somasundaram et al. 2017). 

6.3.2.2 Southern region sites 

The results of the motion resistance coefficient for Southern region sites are presented 

in Figure 6.6, and the corresponding mean tractor motion resistance results are 
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reported in Appendix A6.4. The statistical analysis has shown that for Southern region 

sites, the effects of soil condition, ground speed and the interaction between the two 

parameters were significant at most sites (p-values >0.001), except for Swan Hill 

(VIC) where p-value > 0.005 for interactions between the two parameters. At the non-

CTF Waikerie (SA) site, the interactions were statistically insignificant, as were 

wheeling effects on the motion resistance coefficient (p=0.216). The statistical 

analysis of these results are reported in Appendix A6.3. 

 

 P<0.001 
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Figure 6.6: The effect of wheel traffic and ground speed on coefficient of motion resistance of 

tractors for Southern region sites. Box plots show: Min, Q1, Med, Q3 and Max (n=30). P < 

0.001. The symbols (○) denote mild outliers. Figures show: soil conditions (top) and Ground 

speed (bottom), respectively 

Generally, the data obtained for motion resistance at Southern region sites, whether in 

Victoria or South Australia, showed a similar pattern to that presented for Northern 

region sites. Overall, motion resistance on PTL and WS were significantly lower than 

PCB at CTF and NT at non-CTF for all ground speed at Southern region sites. These 

results of CMR were on average (0.10 and 0.12); (0.07 and 0.08); and (0.06 and 0.07) 

for PTL and PCB at Hopetoun, Swan Hill and Loxton sites, respectively. But on non-

CTF sites the results were on average 0.14 and 0.15 for WS and NT at Waikerie site, 

respectively.  

It is interesting to note that motion resistance dramatically increased (typically 18-

35%) as the ground speed increased from 2.2 to 4.4 m.s-1 in PCB. Whereas, in PTL, 

motion resistance was slightly increased (typically 9-15%) with increased ground 

speed for most CTF sites. This finding showed a similar pattern to that presented for 

Northern region sites. However, at non-CTF such as the Waikerie site, motion 

resistance increased slightly (13% and15%) in both non-wheeled soil (NT) and WS, 

respectively. This was because the CI value of the Loxton wheel track was greater than 

 P<0.001 
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that of the crop beds by a factor ≤ 2 times, but in the NT soil at Waikerie, without 

CTF, a single wheeling increased motion resistance by 74% compared with non-

wheeled soil. 

This finding is also confirmed by the results of the regression analyses for Southern 

region sites. They showed that the changes in motion resistance are related to CI. The 

regression analyses indicated a significant relationships (p-values <0.001) between 

cone index for depth (0-150 mm) and motion resistance for the Southern region sites. 

The results of regression showed a similar trend in the relationship between cone index 

and motion resistance. Figure 6.7 shows that motion resistance on PTL was slightly 

affected, while motion resistance on PCB was dramatically affected.  

   

   

 Figure 6.7: Linear regression analyses – relationships between motion resistance and cone 

index for depth (0-150 mm). The red line is the relationship between motion resistance and cone 

index. Blue lines show the 95% confidence interval for the linear model fitted to the data. 

Figures show: PCB soil (left) and PTL soil (right) for Swan Hill (VIC) (top) and Loxton (SA) 

(bottom), respectively 
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It important to note that the results of regression reported in Figure 6.7 are for the 

Swan Hill (VIC) and Loxton (SA) sites only. The results of regression for sites with 

compromised controlled traffic Hopetoun (VIC), or random traffic (Waikerie SA) 

are reported in Appendix A.6.6. 

Energy savings based on reduction of motion resistance are presented in Table 6.2. It 

can be seen that energy saving in CTF based on soil deformation was 38% and 48% 

at the Victorian sites (For the Hopetoun and Swan Hill sites, respectively) (For road 

PTL and PCB, Hopetoun motion resistance was 6.66, 8.95 and 10.39 kN, respectively 

and Swan Hill motion resistance was 9.24, 10.6 and 11.87 kN, respectively) compared 

with non-CTF. But, the percentage saving is different for similar soil (medium-

textured) at moderate moisture content (Figure 6.2 and Appendix A6.2). The reason 

for the difference between these two sites could be related to soil condition at the 

Hopetoun site where different track width equipment was used, resulting in a smaller 

difference between the soil conditions of PTL and PCB, compared with that at Swan 

Hill.  

The data demonstrates that wheel traffic on PTL reduced the energy required to deform 

the soil, overcome motion resistance and move equipment. This reduction in gross 

motion resistance should be directly reflected in the fuel saving achieved in CTF by 

keeping traffic on permanent traffic lanes. This means average fuel saving achieved 

by CTF in no-tillage systems from the current study could be 11% and 14%, for Swan 

Hill and Hopetoun sites, respectively, compared with NT under uncontrolled traffic 

systems. 
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In the South Australian sites such as Loxton and Waikerie (light soil), the data obtained 

for energy saving showed a similar trend as that of saving energy savings at the 

Victorian sites (Table 6.2). However, energy saving in CTF based on soil deformation 

at the Loxton site was much higher at 49% (7.57, 10.26 and 12.81 for road, PTL and 

PCB, respectively) than non-CTF. At the Waikerie site, the wheeled soil achieved 9% 

of energy saving (5.02, 9.09 and 9.48 kN for road, wheeled soil and nonwheeled soil, 

respectively) compared with non-wheeled soil (Table 6.2). The same trend was 

observed for fuel saving in wheeled soil which was 28% and 4% at the Loxton and 

Waikerie sites, respectively, compared with non-wheeled soil. This is because the 

Loxton site was under CTF. Thus, the difference in CI between PTL and PCB was 

high (171%). However, at the Waikerie site, the difference in CI between wheeled soil 

and non-wheeled soil was less (74%) because all soil was similarly compacted at the 

non-CTF site. In addition, the weight of the Loxton tractor was 174 kN while at the 

Table 6.2:  Reduction in motion resistance as a results of wheel traffic at range of ground speed for 

Southern region sites  

Site Reduction in motion resistance (%) 

Hopetoun 

Ground speed (m.s-1) 2.2 3.3 4.4 Mean 

Gross 9.67 15.03 16.49 13.86 

SD ± 2.06 ± 3.32 ± 4.82 ± 2.34 

External 27.30 43.09 44.07 38.61 

SD ± 4 ± 9 ± 12 ± 12 

Swan Hill 

Ground speed (m.s-1) 2.2 3.3 4.4 Mean 

Gross 10.54 9.34 9.89 10.70 

SD ± 1.91 ± 2.14 ± 2.22 ± 1.08 

External 46.27 44.90 43.40 48.29 

SD ± 16 ± 6 ± 9 ± 17 

Loxton 

Ground speed (m.s-1) 2.2 3.3 4.4 Mean 

Gross 19.60 17.59 22.13 19.91 

SD ± 2.07 ± 5.13 ± 3.93 ± 0.90 

External 50.35 47.31 48.67 48.66 

SD ± 6 ± 13 ± 10 ± 12 

Waikerie 

Ground speed (m.s-1) 2.2 2.8 3.3 Mean 

Gross 4.71 4.75 3.08 4.11 

SD ± 2.55 ± 2.96 ± 2.12 ± 2.35 

External 9.63 9.49 7.22 8.74 

SD ± 5 ± 4 ± 3 ± 4 
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Waikerie site it was 65 kN. The inflation pressure was ≤ 196 kPa at the Waikerie site 

however, at the Loxton site, a belt track tractor was used (Appendix A3.9).   

It was also shown that wheel traffic can reduce the motion resistance in all studied 

wheeled soils compared with non-wheeled soil. The findings in this term suggest that, 

in general, CTF in heavy clay soils can reduce fuel use by approximately 26% in CT 

systems compared with the same systems under uncontrolled traffic. In NT systems, 

the fuel saving can be up to 23% compared with NT in non-CTF. However, in 

medium-textured and light soil under NT systems, CTF can save 14% and 20%, 

respectively in fuel use compared with the same system under non-CTF. 

In addition to the fuel saving, CTF can also reduce the energy input to compaction of 

wheeled soil (degradation) by similar proportions in both clay and lighter-textured 

sites.  This average reduction was up to 44% in NT system on clays, and up to 48% 

and 49% on medium-textured and light soils, respectively.  

Overall, regression analyses indicated that cone index for depth (0-150 mm) in 

different soils (heavy clay soil, medium-textured and light soil) at different conditions 

(TS, WS, PCB, PTL and NT) showed a strong positive relationship to motion 

resistance in all circumstances, and the relationship is typically linear and best 

explained by linear function. 

 Modelling of motion resistance  

In this section, validation of motion resistance resulting from the models are verified. 

The results of the experiments carried out at all soil sites for all tractors have been 

developed in these models. The resulting values of motion resistance on non-wheeled 

and wheeled soils for each site have been compared with the values predicted by the 

Brixius and Gee-Clough models. As shown in the following figures, measured and 

predicted values of motion resistance have been compared with each other. It is 

important to acknowledge that the validation of prediction models was done separately 

for each site because of the different tractors which were used to conduct the 

experiment at these sites. The results of validation are presented in two groups: 

Northern region sites, and Southern region sites. 

It is important to note that the measurement of the parameters predicting motion resistance 

were discussed in Section 3.6.2. The linear regression of models predicted values 
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against field measures for the motion resistance of tractors is presented in Appendix 

A6.7. 

6.3.3.1 Northern region sites 

The relationship between measured and predicted motion resistance based on the 

Brixius and Gee-Clough models at the Pittsworth (QLD) site is presented in Figure 

6.8. Due to the similarity in trend of results in most cases, the results of the relationship 

between measured and predicted motion resistance for other sites such as Felton and 

Gatton (QLD) are reported in Appendix A6.8. 

 

Figure 6.8: Relationship between measured and predicted motion resistance based on Brixius 

and Gee-Clough models for Pittsworth (QLD) site. The red line is the relationship between 

measured and predicted values of draught force. Blue lines show the 95% confidence interval 

for the linear model fitted to the data, and the black line shows the 1:1 relationship between 

measured and predicted data. Figures show: (top) NT, (bottom) PTL; (left) Brixius model, 

(right) Gee-Clough model, respectively (n=30) 

The results indicate under predictions of motion resistance with both the Brixius model 

and the Gee-Clough model. However, the percentages of difference between measured 

and predicted motion resistance were in PTL and NT (31% and 38%) and (25% and 

17%) for the Brixius model and the Gee-Clough model, respectively. Figure 6.8 also 
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shows that prediction of motion resistance in the Brixius model was systematically 

better than the Gee-Clough model.   

However, on TS at the Gatton site, the over-predictions were obtained with both the 

Brixius and Gee-Clough models (Table 6.3). In this regard, it can be seen in the table 

that the predictions of motion resistance were underestimated when wheel numeric 

values were greater than 12, while at wheel numeric values less than 12 the over-

predictions were obtained. Moreover, the measured motion resistance were 31%, and 

38% lower than the predicted values made by the Brixius model and were 25% and 

17% lower than the predicted values made by the Gee-Clough model for PTL and NT, 

respectively. However, for TS at CT site (Gatton), the measured motion resistance 

were 24% and 25% higher than the predicted values made by the Brixius and Gee-

Clough models, respectively.  

Table 6.3: Comparison of measured and predicted motion resistance using Gee-Clough and 

Brixius models at various soil conditions for Northern region sites 

6.3.3.2 Southern region sites 

Due to the similarity in trend of results for most cases at Southern region sites, the 

result of the relationship between measured and predicted motion resistance in Swan 

Site 
Soil 

conditions 

Wheel 

numeric 

Measured 

(kN) 
Predicted (kN) 

Percentage difference 

(%) 

Cn MR Brixius Gee-Clough Brixius Gee-Clough 

Felton 

PTL 51 9.22 7.56 6.10 22 29 

SD ± 9 ± 2.68 ± 0.31 ± 0.8 ± 13 ± 20 

NT 33 11.92 9.33 6.43 21 45 

SD ± 7 ± 2.28 ± 1.1 ± 0.25 ± 8 ± 8 

Pittsworth 

PTL 68 8.58 6.46 5.89 25 31 

SD ± 15 ± 0.59 ± 0.53 ± 0.16 ± 2 ± 2 

NT 34 10.21 8.51 6.29 17 38 

SD ± 7 ± 1.21 ± 0.82 ± 0.21 ± 3 ± 4 

Gatton 

WS 64 4.97 3.52 3.13 29 32 

SD ± 4 ± 0.50 ± 0.06 ± 0.02 ± 4 ± 5 

TS 12 6.75 8.47 5.11 24 25 

SD ± 4 ± 0.48 ± 1.92 ± 0.70 ± 23 ± 7 
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Hill (VIC) site is presented in Figure 6.9. The rest of the site results are reported in 

Appendix A6.8. The results show a similar pattern to that presented for Northern 

region sites. The predictions of motion resistance were underestimated with both the 

Brixius and Gee-Clough models. Table 6.4 summarises the predicted motion 

resistance and the percentages of difference between the measured and predicted 

motion resistance for Southern region sites. 

 

Figure 6.9: Relationship between measured and predicted motion resistance based on Brixius 

and Gee-Clough models for Swan Hill (VIC) site. The red line is the relationship between 

measured and predicted values of draught force. Blue lines show the 95% confidence interval 

for the linear model fitted to the data, and the black line shows the 1:1 relationship between 

measured and predicted data. Figures show: (top) NT, (bottom) PTL; (left) Brixius model, 

(right) Gee-Clough model, respectively (n=30) 
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Table 6.4: Comparison of measured and predicted motion resistance using Gee-Clough and 

Brixius models at various soil conditions for Southern region sites 

Finally, the prediction of motion resistance was underestimated for NT, WS and PTL 

in all soils (clay, medium and light-textured soils) with both the Brixius and Gee-

Clough models. However, at TS in clay soil the over-predictions were obtained with 

both models. The large discrepancies in these predicted values could be due to the 

quantitative difference in the tyre dimension characteristics that include the b/d ratio, 

and δ/h ratio and tyre lug. The tyre dimension characteristics and others were reported 

in Table 3.8. These findings are in close agreement with Elwaleed et al. (2006b, 

2006a). Furthermore, in our study the measurements of motion resistance were 

conducted in a real farm environment (uncontrolled soil conditions), in contrast with 

Brixius and Gee-Clough which was conducted under controlled soil bin conditions. 

Therefore, there is a difficulty in controlling the soil properties at the open field, thus 

the variation of soil properties in our study was high. This shows that both models 

predicted the motion resistance with a range of error which was acceptable for the 

uncontrolled soil conditions. This findings are in good agreement with Tiwari et al. 

(2010).  

Site 
Soil 

conditions 

Wheel 

numeric 

Measured 

(kN) 
Predicted (kN) Percentage difference (%) 

Cn MR Brixius Gee-Clough Brixius Gee-Clough 

Hopetoun 

PTL 144 8.95 4.32 4.43 43 50 

SD ± 33 ± 0.8 ± 0.15 ± 0.8 ± 2 ± 3 

NT 81 10.39 5.06 4.66 51 55 

SD ± 24 ± 0.99 ± 0.54 ± 0.25 ± 2 ± 1 

Swan Hill 

PTL 104 10.6 8.81 8.19 17 22 

SD ± 18 ± 1.16 ± 0.35 ± 0.10 ± 4 ± 5 

NT 65 11.87 9.76 8.5 22 32 

SD ± 12 ± 0.97 ± 0.44 ± 0.13 ± 2 ± 4 

Waikerie 

WS 32 9.09 6.84 4.97 25 45 

SD ± 6 ± 0.86 ± 1.12 ± 0.47 ± 8 ± 3 

NT 27 9.48 7.84 5.39 17 43 

SD ± 7 ± 0.68 ± 1.53 ± 0.65 ± 12 ± 4 
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 Conclusions 

The main conclusions coming from Chapter 6 are: 

 The assessment of the field experiments, indicates that:  

 Control of agricultural traffic was effective in enhancing soil physical 

and mechanical properties for both PTL and PCB. In Northern region 

sites (clay soils) under a CTF no-tillage system, the PR value of the 

Pittsworth wheel track was greater than that of the crop beds by a factor 

>1.5 times, but in CT at the tilled soil of Gatton, without CTF, a single 

wheeling increased PR by a factor >4 times (2.14 vs. 0.42 MPa for 

wheeled soil and non-wheeled soil, respectively) compared with non-

wheeled soil. But at Southern region sites (sand soils), in Waikerie site 

under no-tillage (non-CTF), the results showed that wheel traffic 

caused changes in PR 21% (0.98 vs. 0.81 MPa for wheeled soil and 

non-wheeled soil, respectively), relative to PR obtained in non-wheeled 

soil  

 As a result of improving soil physical conditions, the energy 

requirements of cropping was reduced in CTF systems compare with 

non-CTF systems. The reductions in gross motion in CTF sites were 

up to 20% and 23% for sandy and clay soils, respectively (motion 

resistance was ≈ 10.26 versus 12.81kN for sandy soil and 9.22 versus 

11.92 for clay soil on PTL and PCB, respectively), compared with 

non-CTF. This should be reflected in fuel use 

 The reduction in external motion resistance as a result of PTL was up 

to 44% and 49% in clay and sandy soils, respectively (motion 

resistance was ≈ 5.81, 9.22 and 11.92 kN for clay soil, and 7.57, 10.26 

and 12.81kN for sandy soil on road, PTL and PCB, respectively). This 

also reflects the reduction in energy input to soil compaction 

(degradation) as a result of random traffic  

 This reduction in motion resistance will also increase paddock 

accessibility in marginal moisture conditions which will have a 

positive impact on timeliness, especially when zero-tillage is practised 

(demonstrated in Chapter 7) 
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 Motion resistance modelling indicates that: 

  The Gee-Clough motion resistance model is not applicable to all 

studied soil conditions  

 MR increased exponentially with decreasing Cn 

 The Brixius model showed good predictions in most cases when 

compared with the Gee-Clough model. 

Accordingly, the Brixius motion resistance model will be used to predict the mobility 

number, which is an indicator of the CTF effect on timeliness (demonstrated in 

Chapter 7).   
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 TIMELINESS 

 Introduction 

The effects of wheel traffic on soil physical properties were previously discussed. 

These soil effects can have direct and indirect effects on agricultural operational 

performance. The direct effects are associated with the energy requirements of 

cropping which include draught force of soil engaging implements and motion 

resistance. These have been discussed in previous chapters. However, the indirect 

effects are associated with timeliness. This is related to the ability to perform various 

machinery operations such as planting, spraying and harvest at the optimum time.  

In non-CTF systems, random traffic produces compacted soil which requires not only 

more energy (Chapter 4), but also more time to prepare a seedbed, and the quality of 

the seedbed, once prepared can be affected. This may be indicated in measurements of 

soil surface roughness (Chapter 4), (compacted soil as represent non-CTF) producing 

large clods in clay soil or creating unfavourable soil surface in medium and light-

textured soils. These occurred in sweep and chisel tines which are commonly used in 

conservation tillage systems. Therefore, additional time to resolve these is required. 

This may influence the timeliness of subsequent operations. 

On other hand, soft soil experiences a reduced soil bearing capacity which provides 

the worst possible access conditions for paddocks, particularly when they are in a wet 

condition. This may influence the timeliness of various machinery operations such as 

planting, spraying and harvesting.  

However, CTF systems have isolated cropping areas from wheel traffic. This can result 

in both soft crop beds and compacted traffic lanes at same time. The compacted lanes 

provide firm conditions conducive to improve wheeled machinery performance by 

reducing motion resistance. Firm traffic lanes are conducive to improved timeliness, 

by allowing operations to continue in soil moisture conditions that may inhibit random 

machinery traffic (Tullberg 2007). CTF systems can provide also timeliness 

improvements through all of these avenues (working faster (increased speed and/or 

increased implement width greater capacity), working longer hours (in the day, in the 

season or after rain), providing comfort to the drivers by using smoother run along firm 

wheel tracks that can maintain a healthy body posture of the farmers enabling them to 
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work for a longer time and reducing the number of operations required) (McPhee et al. 

1995; McPhee et al. 2015). A number of farmers in Australia also claim that improved 

timeliness is one of the most important characteristics of CTF, but this aspect has not 

yet been properly investigated (McPhee 2011). Hence this chapter will focus on 

timeliness improvements by CTF adaption via a mobility/trafficability indicator. 

Therefore, the specific objectives of this chapter are: 

 To determine the mobility number based on the approach reported in the earlier 

study by Brixius (1987) 

 To determine the effects of CTF versus non-CTF on timeliness in terms of the 

mobility number on a range of cropping soils.  

 Materials and methods 

The method used for measuring the selected parameters in this chapter were reported 

and discussed in relevant sections in Chapter 3. 

 Statistical analysis  

Statistical analysis has also been reported in the relevant section in Chapter 3. 

 Results and discussions  

Several parameters are used to determine the trafficability classification. This 

classification can be used to indicate improvements to timeliness. In this study, the 

mobility number (N), CMR and CI were used to determine timeliness improvement. 

The latter two were discussed in a previous chapter. The mobility number is discussed 

in this chapter. A low mobility number indicates poor trafficability (Saarilahti, 2003). 

Table 7.1 shows the effect of various soil conditions on mobility numbers.  

The statistical analyses showed that soil condition significantly affects the mobility 

number for all sites (p<0.001) except Waikerie (p=1) (Appendix A7.1). In the 

Northern region sites, the highest N was 58 which was achieved by PTL (CTF) at the 

Pittsworth site, while the lowest was 11 which was obtained by TS (CT; non-CTF) at 

the Gatton site, but at NT in CTF the value of N was in between these two. In the 

Southern region sites, the mobility number shows a similar pattern to that of the 

Northern region sites. The highest N was 107 at PTL (CTF) at the Hopetoun site, 

whereas the lowest was 15 and 18 at WS and NT in the non-CTF system at the 

Waikerie site. 
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Table 7.1: Mobility number based on Brixius model for various soil conditions at Northern and 

Southern region sites 

Region Site Soil conditions 

Cone index (MPa) 

at 150 mm 

Coefficient of motion 

resistance 

Mobility 

number 

CI CMR N 

Northern 

Felton 

PTL 1.58 0.09 37 

SD ± 0.14 ± 0.02 ± 11 

NT 1.04 0.11 24 

SD ± 0.15 ± 0.02 ± 8 

Pittsworth 

PTL 2.18 0.07 57 

SD ± 0.44 ± 0.005 ± 15 

NT 0.92 0.09 28 

SD ± 0.19 ± 0.01 ± 6 

Gatton 

WS 2.14 0.08 56 

SD ± 0.11 ± 0.01 ± 4 

TS 0.42 0.13 11 

SD ± 0.14 ± 0.01 ± 4 

Southern 

Hopetoun 

PTL 3.4 0.10 107 

SD ± 0.51 ± 0.01 ± 21 

NT 1.91 0.12 60 

SD ± 0.44 ± 0.01 ± 14 

Swan Hill 

PTL 3.68 0.07 77 

SD ± 0.51 ± 0.01 ± 13 

NT 2.3 0.08 48 

SD ± 0.35 ± 0.01 ± 9 

Loxton 

PTL 2.44 0.05 - 

SD ± 0.50 ± 0.01 - 

NT 1.20 0.08 - 

SD ± 0.23 ± 0.01 - 

Waikerie 

WS 0.98 0.14 18 

SD ± 0.18 ± 0.01 ± 6 

NT 0.81 0.15 15 

SD ± 0.22 ± 0.01 ± 6 

As can be seen from table, the mobility number increased by increasing the CI and 

decreasing the CMR. This is also confirmed by the MR results. The compacted soils 

do provide better support to farm equipment than loose soils (McKyes 1989). This also 

confirmed by the regression analyses, which shows that the mobility number decreases 

exponentially with an increase in the motion resistance ratio (Figure 7.1). These 

findings are in close agreement with Gee-Clough (1978a), Crossley et al. (2001), and 

Elwaleed et al. (2006b) . 
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It is important to highlight that the summary of regression analysis of the relationships 

between the motion resistance coefficient and mobility number for all studied sites are 

reported in Appendix A7.2. The advantage of CTF on the motion resistance ratio was 

pronounced. Therefore, the permanent traffic lanes in CTF systems provide firm 

conditions conducive to greater tractive efficiency and trafficability improvement by 

increasing N and reducing MR. 

 

Figure 7.1: Regression analyses – relationships between motion resistance coefficient and 

mobility number for Pittsworth site in Northern region 

It is important to note that during the calculations of the mobility number, an increased 

mobility number was associated with an increased tyre diameter. Therefore, increasing 

the diameter of tyres is another solution to improving the mobility of equipment, and 

reducing the compaction of soil. This finding was also confirmed by Antille et al. 

(2013, 2016).  

The results in table 7.1 show that, PTL in CTF and WS in non-CTF increase the 

mobility number therefore, CTF can improve trafficability by 80% in CT, and 50% in 

NT for clay soil. While in medium and light textured soils, CTF can improve 
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trafficability by 38%. These results are confirmed by the results of MR which were 

reported in the previous chapter.  

Controlled traffic farming played an essential role in improving the mobility of 

equipment hence, the improvement of trafficability. This improvement will allow 

operations to continue in soil moisture conditions that may restrict the number of 

workable days in non-CTF. Increased timeliness makes early planting possible, which 

often results in yield increases. Meanwhile, delay in planting and harvesting usually 

costs between 0.5% and 2% yield loss for every day lost. Furthermore, the 

improvement could allow more timely spraying, particularly in no tillage cropping 

where it is essential (Tullberg 2007). Finally, this increase in the timeliness of 

operations can provide significant direct yield benefits and many indirect benefits such 

as improved herbicide weed control particularly in NT systems. 

 Conclusions 

The main conclusions coming from Chapter 7 are:  

 The mobility number increased for all soils tested by increasing the CI and tyre 

diameter 

 Controlled traffic farming improved trafficability by 80% in CT, and 50% in 

NT for clay soil, while a 38% improvement was experienced in NT for medium 

and light textured soils. 
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 GENERAL DISCUSSION   

 Introduction 

This chapter discusses the results reported in previous chapters. These results were 

obtained from the field experiments and modelling works. It also refers to some 

elements such as traffic farming systems and their role in reducing energy 

requirements and improving equipment performance which subsequently improve the 

timeliness of field works. The purpose of this chapter is to integrate the outcomes of 

this study in a holistic manner to address the overall aim and objectives of the research. 

A synthesis of how the chapters relate to the objectives and to each other, as first 

mentioned in Chapter 1, can be found in Figure 8.1. 

 

Figure 8.1: Schematic showing the chapters of this study and how they relate to the objectives 
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 Controlled traffic farming 

Extensive traffic causes major problems for agricultural production due to the 

increased compaction of soil. Soil compaction is one of the major problems facing 

modern agriculture (Hamza & Anderson 2005). In addition, soil compaction is 

considered to be a multi-disciplinary problem in which machine, soil and crop 

interactions play an essential role. It is also seen as a major cause of physical land 

degradation worldwide, (e.g. Al-Gaadi 2013) and a threat to agricultural productivity. 

The controlled traffic farming system provides a number of advantages in terms of 

increasing yields (Williford 1980; Smith et al. 2014; Hussein et al. 2017, 2018) and 

reducing production costs relative to non-CTF systems (Tullberg 2007). CTF was used 

on 22% of Australian grain production area in 2016 (ABS 2017), and adoption is 

increasing rapidly.  

CTF systems are an effective means of managing compaction by isolating cropping 

zones from the damaging effects of compaction by concentrating traffic in permanent 

laneways where compaction will improve motion resistance and trafficability. The 

isolated cropping zones in CTF not only enhance both soil properties and crop 

productivity, they also reduce the energy requirements of soil engaging implements. 

These have not been deeply investigated to the extent addressed in this work. 

The research reported in this thesis was based upon the need to further quantify the 

benefits associated with the use of CTF, specifically with regards to the energy 

requirements of cropping. Therefore, this research determined the effects of controlled 

and non-controlled traffic of farm machinery on the energy requirements of cropping. 

This includes determining the effects of wheel traffic on the draught force of soil 

engaging implements, motion resistance and mobility/timeliness in a range of cropping 

soils. This was achieved through a combination of field-scale experiments and 

modelling approaches, as highlighted in the four objectives stated in Section 1.2.3. 

Accordingly, the discussion of study is divided into five main topics, namely:  

1. Effect of CTF on soil physical properties  

2. Wheel traffic effects on draught force of soil engaging implements 

3. Effect of permanent traffic lanes on motion resistance 

4. Modelling of energy requirements of cropping 

5. Effect of field traffic on mobility/timeliness. 
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 Effect of CTF on soil physical properties 

Soil compaction is inevitable, and potentially damaging compaction is unavoidable 

due to the intensive use of farm machinery in different farm operations (Hamza et al. 

2011). The literature and research conducted here, suggest that CTF is an effective 

approach for managing compaction and soil physical conditions efficient and for 

improving the efficiency of both plant and equipment. Significant differences in soil 

physical properties such as PR, MC bulk density and shear strength were observed on 

PTL compared with PCB. The PTL resulted in higher PR, bulk density and shear 

strength for all soils, and lower MC particularly in soil with high clay content. 

However, PR, bulk density, and shear strength were all lower under PCB (zero traffic) 

for all field experiments. 

In this study, soil PR was consistent with soil bulk density and shear strength in all field 

experiments. This study’s MC was chosen based on grower practice in Northern and 

Southern region sites. The samples of PR were determined at moisture contents 

ranging from 15-25% 19-28% and 26-39% (w/w) in clay soils for Gatton, Pittsworth 

and Felton in Northern region sites, respectively. These MC values were generally 

within the average value of the Optimum Moisture Content for compaction (OMC) 

(21.4%) based on the Proctor test which was determined by Bennett et al. (2017). The 

Proctor density value obtained in that work (1.57 Mg m-3) suggests that soil 

susceptibility to traffic compaction may be highest at moisture contents in the range of 

20% to 35% (w/w) in clay soils. Therefore, the risk of soil damage in these sites due 

to compaction will be proportionally increased when traffic occurs at MC above plastic 

limit (Kirby 1991; Bennett et al. 2017). Soil penetration resistance increases with 

decreasing MC (Lipiec, 2002).      

In Southern regions sites the samples of PR in PCB were determined at moisture 

contents ranging from 7-18%, 8-14, 4-6% and 5-7% (w/w) in loam and sandy soils for 

Hopetoun, Swan Hill Loxton, and Waikerie sites, respectively. The MC values of 

medium-textured soil were below the range of the OMC (17%) reported by Hillel 

(1982). The maximum density value was also reported (1.78 Mg.m-3). Rab et al. (2005) 

suggested that soil susceptibility to traffic compaction may be highest at moisture 

contents in the range of 17% to 22% (w/w) in medium-textured soil. Therefore, the 

risk of soil damage in these sites due to compaction will be proportionally reduced 

when traffic occurs at MC below plastic limit (Kirby 1991; Cresswell et al. 2016).  
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In PTL, as mentioned earlier, PR, bulk density and shear strength were significantly 

increased at all site soils. There were variations in the changes in PR and other soil 

physical properties among sites. This can be explained in terms of changes in MC and 

soil texture due to traffic. In clay soils (Northern region sites) at depth 0-150 mm under 

CTF no-tillage system, the PR value of the Pittsworth wheel track was greater than 

that of the crop beds by a factor >1.5 times. Furthermore, the change in bulk density 

due to PTL was 36%. However, in medium-textured soils (Southern region sites) the 

change in bulk density was 15%. In addition, the results showed that wheel traffic 

increased PR by 57% at Hopetoun. The MC in Northern region sites under farmer 

practice was greater than in Southern region sites. The reason was that the PTL was 

commonly planted in Southern region sites to reduce the risk of erosion.   

However, in non-CTF, in the conventionally tilled soil at Gatton site (clay soil), a 

single wheeling increased PR by a factor >4 times. But, in the light soil at the Waikerie 

site under no-tillage (non-CTF), the results showed that wheel traffic caused a change 

in PR of 70%. The main reason for this change is probably that the tilled soil has a 

weakly aggregated structure which is more susceptible to compaction. But in the no-

tillage system, an aggregated structure of soil is improved due to the avoidance of soil 

disturbance for a given crop, and leaving the remaining crop to cover the soil. 

Therefore, no-tillage sites with agronomic measures play important role in reducing 

compaction effects. These have been indicated by number of researches (e.g. 

Somasundaram et al. 2017).  

The MC results in both Northern and Southern regions sites demonstrate that, in the 

non-CTF case, the risk of soil damage due to compaction will be proportionally 

harmful if traffic occurs at MC which is the practice selected by growers in this study, 

particularly for clay soils. This confirmed that >93% of potential compaction for the 

investigated Vertisols (clay soil) occurred at MC of 21.37%, as found by Bennett et al. 

(2017). They suggested that traffic should occur at moisture contents much less than 

the plastic limit in order to limit compaction.  

Conversely, the MC was chosen based on grower practice in our study, which is related 

to strength of soil and the relative ease of cultivation of the soil. Besides this, the 

precompression stress (which defines the magnitude of stress a soil has been subjected 

to prior to traffic and refers to the maximum stress the soil can undergo without any 

irreparable compression) from Kirby (1991) was found to be 99.3 kPa in soil similar 
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to the current study’s soils (Australian Vertisols). This suggests that irreparable 

damage should be expected with current wheel loads (more than 500 Kpa) (Bennett et 

al. 2017). But, lighter machines and lower pressures did not seem to prevent soil 

degradation in terms of raised bulk density and penetration resistance which built up 

with repeated passes (Voorhees et al. 1986; Jorajuria et al. 1997; Zhang et al. 2007;). 

It could be argued that this compaction can be rectified quickly by deep tillage but, as 

has been highlighted, deep tillage is energy-intensive, expensive, and often ineffective 

particularly when soil settles again very rapidly; or has negative effects where an 

unfriendly subsoil layer is mixed with the topsoil (Tullberg 2018). Deep tillage can 

also make the soil more vulnerable to compaction and often to greater depths in the 

profile (Schäfer-Landefeld et al. 2004; Chamen et al. 2015). This reconfirms the 

concerns about the effects of non-CTF practice reported in the literature. It is also 

confirms that avoidance of traffic is the best solution to limiting risk, which supports 

controlled traffic farming approaches.  

The PCB is un-trafficked soil in CTF. Both the literature and this study suggest that 

most soils can maintain a healthy structure in the absence of traffic (Carter et al. 1991; 

Meek et al. 1988, 1989). Bulk density, of which play a major role in water storage in 

soil profile, was lower under PCB (zero traffic). Hussein et al (2017; 2018) found that 

water storage in the soil of CTF treatment was higher than in non-CTF treatment. This 

due to reduced infiltration and hydraulic conductivity resulting from changes in bulk 

density and porosity. These observations agree with studies dealing with functional 

relationships between traffic compaction, runoff generation, and their effects on soil 

structure (e.g. Li et al. 2007, 2009).  

Finally, the results of soil physical properties including bulk density and shear strength 

were reported in Chapter 3 (Table 3.3), while PR and MC were reported in Chapter 

6 and Appendix A6.2. These results demonstrated that controlled traffic has the 

potential to reduce PR, soil bulk density and shear strength in permanent crop beds. 

This can create, not only the best environment for crop production, but also protect 

soil structure from risk of runoff and erosion. These results were in agreement with 

Qingjie et al. (2009) and McHugh et al. (2009) which indicated that isolation of traffic 

in no-till systems was efficient in improving soil physical conditions. This translates 

into reducing the energy requirements of soil engaging implements, which is discussed 

in Section 8.2.2.  
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However, permanent traffic lanes significantly increased PR, bulk density and shear 

strength at all sites. As mentioned earlier, CTF isolates traffic by restricting all wheels 

to permanent traffic lanes. Accordingly, the compaction in permanent traffic lines is 

increasing. A higher soil compaction in the vehicle tracks improves traffic conditions 

and increases the tractive efficiency (e.g. Kingwell & Fuchsbichler 2011; Botta et al. 

2012). This will be discussed in Section 8.2.3. 

 Wheel traffic effects on draught force of soil of soil engaging implements. 

As discussed in the previous section, the outcomes of CTF system and non-CTF system 

over different soil types in different conditions reveal that soil physical conditions were 

improved under CTF. This translates into reducing the energy requirements of 

cropping; an important consideration for the use of soil engaging implements. The 

other consideration is motion resistance; both contribute to energy requirements. This 

section discusses the outcomes of CTF in reducing the energy requirements of soil 

engaging implements.  

The results presented in Chapter 4 highlighted a number of factors such as wheel 

traffic, operating depth and tine type effects on energy requirements. Wheel traffic on 

soft soil had the direct effect of increasing the draught force requirements of 

subsequent soil-disturbing operations. Wheel impact on soil surface profile can also 

be important. Draught force requirement, Figure 4.1 and Figure 4.2, showed that 

wheel traffic had a significant effect on the draught force of all tines at most CTF sites 

for the Northern and Southern region sites, respectively. Although the operating depth 

of tine in wheeled soil is lower than non-wheeled soil as a result of soil sinkage, but 

this showed that draught force was significantly greater in wheeled than non-wheeled 

soil for all tines at CTF sites for both Northern and Southern regions.  

The difference between draught in wheeled and non-wheeled soil found in this study 

was similar though greater than those reported in earlier work by Tullberg (2000). 

These results however, do not closely agree with those reported by Burt et al. (1994) 

and Arslan et al. (2015). In Burt’s case, the use of “draught control” implements 

probably ensured little difference in draught between treatments, because tillage depth 

in non-trafficked soil was greater than that in trafficked soil. In Arslan’s case, tine 

tillage draught differences were not significant and they found no traffic system 

differences in no-till seeder draught. This might be because measurements of whole 



CHAPTER 8: GENERAL DISCUSSION   

180 

Adnan A. A. Luhaib 

planter draught include that due to motion resistance of depth and press wheels, which 

would be expected to increase in softer soils.  

In non-CTF sites, such as Kingaroy and Waikerie, the wheel traffic did not 

significantly effect draught force of tines. These results also show that even one pass 

by a tractor with a weight of 69 kN and 65 kN at Kingaroy and Waikerie, respectively 

could cause significant damage in soil that has already been compacted. In this regard, 

once soil is compacted, there is only a small effect from repeating the same compaction 

input. Up to 85% compaction damage occurs in the first pass wheeled soil. This could 

have affected the capability to compact the soil by one pass. This is in close agreement 

with Jorajuria and Draghi (1997) who demonstrated that the first pass of a tractor 

caused a greater increase in the soil bulk density compared to five times passing. 

However, in non-CTF tilled soil at the Gatton site, wheel traffic had a significant effect 

on draught force of all tines. This because Gatton was used as a research station for 

the University of Queensland under non-controlled traffic and conventional tillage. 

The site had been deep cultivated and irrigated before the experiment was conducted. 

Therefore, the compactability of soil is related to pre-existing soil bulk density. Soane 

et al. (1980 a & b) reported that loose soils undergo greater deformation than soils with 

a high bulk density. In other word, the higher bulk density, the lower the soil 

deformation and the soil susceptibility to compaction. 

In general, the CTF Northern region sites achieved by far the greatest draught force 

compared to CTF at the Victorian and South Australian sites. The draught force in 

non-wheeled soil as example for Northern region sites was two times higher than in 

Southern region sites for conservation tillage systems (sweep and chisel tines), while 

for no-tillage systems (opnere tine) the draught force was 1.5 times higher at the 

Northern region sites than at the Southern region sites (Chapter 4). This is due to the 

lower clay content in Southern region sites compared to Queensland sites. This is 

caused by increased friction in soils with a high content of clay particles, high soil 

cohesion strength, high moisture content, and possibly adhesion (McKyes 1985; Chen 

et al. 2013). Kiss and Bellow (1981) and Van Bergeijk et al. (2001) demonstrated that 

the clay content in soil has a strong influence on draught force. Their results from two 

years of experiments showed that the range of specific draught force was 30 kN m-2 to 

50 kN m-2 when the range of clay content was 6% to 22%. 
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This study also found that, in draught saving, the CTF sites in the Northern region 

obtained the highest draught saving compared to CTF sites in the Southern region. 

However, in Hopetoun (VIC) site and in non-CTF sites such as Kingaroy (QLD) and 

Waikerie (SA), the draught saving was negligible. This showed that, on average, 

draught saving was two times higher in CTF at Northern region sites (clay soil) 

compared with Southern region sites (medium and light-textured). This was because 

the MC in Northern region sites was the greatest and within range of OMC for 

compaction. Additionally, susceptibility of soils to compaction varies with the soil 

texture. Frictionless, i.e cohesive clay soils, are the soil type most susceptible to 

compaction, and silt soils and cohesion-less sand soils the least at critical soil moisture 

(Horn et al. 1995). Unsurprisingly, the draught force of soil engaging implements 

increases with increasing operating depth (Da Rocha Junior et al. 2016). 

However, draught saving decreased with increasing operating depth for all sites in 

most cases. As result of wheel traffic, the increase in the soil bulk density decreased 

with depth as greater deformation of soil occurs in soil surface layer. This is supported 

by Jorajuria et al. (1997) who showed that the axle load of 2.3 Mg produced a 

maximum change in bulk density of 19% at depth 0-50 mm compared to 12% and 15% 

at depths 100-500 mm and 300-350 mm, respectively. The current result conforms to 

that of Chen and Yang (2015) who found that the tine opener resistance reduced by 

30% and 22% at soil operating depth 50 mm and 100 mm. 

It has been indicated that the relationship between draught force and operating depth 

is exponential (Godwin 2007; Manuwa 2009) but this is very dependent on the 

operating depth (Kiss & Bellow 1981). If the operating depth is less than 70 mm, the 

relationship to draught force is linear (Collins & Fowler 1996). The relationship 

between draught force and operating depth reported for all tines in studies sites was in 

agreement with the previous works on the subject. In most circumstances, the draught 

force data presented did not permit the use of linear and polynomial functions to 

describe its relationship with increasing operating depth. For the operating depth 

investigated, that relationship was better explained by exponential function and it was 

also shown that the R2 values indicated acceptable fits of exponential model, 

additionally the standard error of estimate (SE) was the lowest compared to 

polynomials and linear models. 
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Wheel traffic on soft soil had the direct effect of increasing the draught force 

requirement of subsequent soil-disturbing operations. Furthermore, increasing the 

formation of large soil clods and creating unfavourable soil surface roughness was as 

result of tractor wheel traffic. As has been reported in the earlier chapters, Figure 4.3 

and Appendix A4.4 and Appendix A4.5, tillage of wheeled soil resulted in a 

significantly greater surface roughness compared to non-wheeled traffic for both the 

Northern region sites and Southern region sites. For example, at the Pittsworth site, 

tillage of wheeled soil resulted in significant greater surface roughness of 48% 

compared to 27% in non-wheeled traffic which is unsurprising when traffic-induced 

compaction increases the bulk density and strength of the aggregates within the soil 

mass (Chamen et al. 2015) to produce a more cloddy surface. This is consistent with 

the work of Lyles and Woodruff (1961), Voorhees et al. (1978) and Lehrsch et al. 

(1987) who also point towards a clod density that was markedly higher following 

wheel traffic than after no traffic.  

In terms of operating depth (Pittsworth site), soil surface roughness was significantly 

different among the depths. The soil surface roughness was consistently lowest at a 

depth 75 mm (30%), while the highest value was at a depth 125 mm (44%). This is 

because the bulk density of soil increases with increased depth. This is consistent with 

the results of bulk density of soil which were reported in Table 3.3. In addition, the 

amount of soil disturbed increase by increasing the operating depth. The above finding 

is also consistent with the literature (Da Rocha Junior et al. 2016).  

With regards to tine types, soil roughness was significantly lowest in opener tine (30%) 

compared to sweep tines which obtained the highest values (43%), while the average 

soil roughness was observed in chisel tine (36%). It was expected that a wider tine 

would generate the greatest surface roughness. This is mainly due to the amount of 

soil disturbed by sweep tines being much greater than that displaced by narrow tines. 

The present finding is also support by Spoor and Godwin (1978) and Hasimu and Chen 

(2014) which concluded that adding wings to tines increases soil surface roughness 

and soil disturbance as well as draught force. 

For all sites, this study has showed that, generally, wheel traffic has a significant effect 

on draught force and soil surface roughness in CTF sites. In this aspect, the CTF 

directly reduced the draught force by avoiding tillage of the wheeled soil. This can 

indirectly reduce the energy requirements by avoiding either increasing clods 
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population, which happened in Queensland and Victorian sites, or creating 

unfavourable soil surface roughness, which happened at the South Australian sites as 

result of tilling the wheeled soil.  

Finally, the wheel traffic on soft soil had the direct and indirect effect of increasing the 

draught force requirement of subsequent soil-disturbing operations, but this 

phenomenon is itself a consequence of the increased motion resistance of wheels when 

driving over soft soil. This is explained with further details in the next section.    

 Effect of permanent traffic lanes on motion resistance. 

As discussed in previous sections, in a CTF system, the crop zone and the traffic lanes 

are distinctly and permanently separated. Accordingly, the soil in permanent traffic 

lanes is heavily compacted, which improves the conditions for machinery traffic. This, 

in turn, reduces the motion resistance of the equipment.  

Figure 6.4 and Figure 6.6 showed significant effects of surface conditions and ground 

speed on CMR of tractors for both Northern region and Southern region sites, 

respectively. The CMR values were less on PTL and WS than PCB, TS and NT for all 

ground speeds at Northern region and Southern region sites. These finding were 

confirmed by Chen and Yang (2015) who found that MR was closely linked to topsoil 

compaction; greater soil strength due to wheel traffic resulted in lower motion 

resistance in Chinese CTF farms. This is consistent with results of soil physical 

properties, which were explained earlier in this chapter. However, the highest CMR 

values on PCB soil TS and NT may have been due to the relatively soft surface soil 

resulting in higher deformation in the soil tyre interface (Appendix A6.7), and leading 

to higher MR because the amount of soil in front of the tyre increased along the run 

(Wood & Burt 1987; Botta et al. 2012).  

Ground speed was selected for study at both Northern and Southern region sites. The 

CMR was much higher in soft soil (PCB, TS and NT) than firm soil (Road, PTL, WS) 

as the ground speed increased. This was not in close agreement with Zoz and Grisso 

(2003) particularly on softer surfaces. They demonstrated a relatively small effect of 

ground speed on MR. On the other hand, evidence coming from the regression analysis 

in the current study indicated that CI had a strong positive relationship to motion 

resistance in all circumstances. Therefore, increasing ground speed on soft soil leading 

to increased plastic deformation of soil under the tyre (sinkage) (Appendix A6.7) (Liu 
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et al. 2010) and increased motion resistance. The observation is in good agreement 

with some of the previous works on the subject. 

Interestingly, both Northern and Southern region sites showed that CTF with NT and 

CT can decrease the energy input to soil based on reduction of MR. This term is 

directly reflected to fuel saving and soil deformation as a results of wheel traffic. As 

demonstrated in Tables 6.1 and 6.2, CTF leads to a greater reduction in MR which is 

due to greater soil strength as a result of wheel traffic. This can save fuel use ((20% 

and 26% for NT and CT in clay soil, respectively) and (12% and 20% for NT in 

medium and light-textured soil, respectively)) in farm activities of Northern region and 

Southern region sites, respectively. The current results conform with those of Taylor 

(1983) who demonstrated that the first pass across relatively soft soil brought with it 

high motion resistance and poor tractive efficiency. However, with following passes, 

efficiency had risen from less than 50% to close to 75% on a Decatur silty loam, with 

very similar results for a sandy loam and a clay soil. 

In clay soils, the CTF can secure the soil from the risk of compaction by up to 38% in 

NT systems. However, in CT systems, CTF can save the soil from risk of compaction 

nearly 50% as high as it was in the NT. But, in medium-textured and light soils, the 

CTF in NT can reduce energy input to soil (compaction) up to 43% and 49%, 

respectively. The reason for this difference is related to soil strength (CI). In CT, the 

main reason probably reflects the weaker structure of the tilled soil, because tillage 

and agronomic management are important to soil structure, as demonstrated by number 

of researchers (e.g. Somasundaram et al. 2017). Therefore, no-tillage sites with 

agronomic measures play an important role in reducing compaction effects. This 

corresponded well with data reported in Chapters 3 and 6 on soil physical properties.  

The experimental data in Chapters 4 and 6, which have been discussed in previous 

sections, were used to calibrate and validate the draught and motion resistance models 

at each site. The outcome of experimental and modelled data were used as the basis 

for a broader exploration of CTF effects in timeliness. Therefore, the following section 

reviews the results obtained in modelling studies for energy requirements of cropping 

including draught force and motion resistance. 
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 Modelling of energy requirements of cropping 

As mentioned previously, the energy requirements of cropping are associated with two 

components: are draught force of soil engaging implements and motion resistance. In 

draught force of soil-engaging implements, collecting data under various field 

conditions is an expensive and time-consuming work. Thus, prediction of draught 

requirements of soil-engaging implements is of importance to designers and operators 

of cultivation equipment to achieve the best results when implementing size matching 

of tractor power. Therefore, accurate prediction of the draught forces of soil-engaging 

implements is of great value to both implement designers and farmers. 

The model used to predict the draught force of soil-engaging implements was the 

Godwin and O’Dogherty (2007) integrated tillage force prediction model. The results 

of the validation of the Godwin and O'Dogherty model was reported earlier in Chapter 

5. The linear regression of model used to highlight the relationship between measured 

draught force, reported in Chapter 4, predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for all tines in studied sites. 

For both Northern and Southern region sites (clay soils, and medium and light-textured 

soils, respectively), the results of the regression analyses showed that the model 

predicts the draught requirements of tillage and seeding implements within an error 

bounds of less than ±20 %, if one extreme case is ignored (Hopetoun site). However, 

the standard deviation of mean difference between predicted and measured draught 

force for all tines was high (3%), especially in the Northern region sites (clay soils) 

compared with Southern region sites, except for the Hopetoun site (Appendix A5.1). 

The standard deviation range is acceptable when considering the variation in soil 

strength factors. Furthermore, the variations in soil strength characteristics even in the 

same field can produce a variation of ±18% (Appendix A5.1). It would be difficult to 

obtain meaningful cohesion and internal friction angle data and implement a prediction 

model which would be any more accurate (Payne 1956; Q'Callaghan & Farrelly 1964; 

Hettiaratchi & Reece 1967; Godwin & Spoor, 1977). 

Based on the Godwin and O’Dogherty (2007) tillage force prediction model, it is 

possible to predict the draught force of different tines in all studied sites except the 

Hopetoun (VIC) site. 
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For motion resistance, two models were used to predict it for different tractors on 

varying soil conditions. The resultant values of motion resistance on PTL and NT in 

CTF sites and non-wheeled soil and wheeled soil in non-CTF sites of ground speed 

(Chapter 6) have been compared with the values predicted by the Brixius model and 

the Gee-Clough model. It is important to acknowledge that the validation of prediction 

models was done separately for each site because of the different tractors which were 

used to conduct the experiments at these sites.  

The prediction of motion resistance was underestimated (up to 55%) for NT, WS and 

PTL at all studied soil, clay, medium and light-textured soils, with both the Brixius 

and Gee-Clough models. However, at TS in clay soil over-predictions (up to 25%) 

were obtained with both models. The large discrepancies in these predicted values 

could be due to the quantitative difference in the tyre dimensional characteristics that 

includes the b/d ratio (tyre section width/overall unloaded tyre diameter), and δ/h ratio 

(tyre deflection/tyre section height) and tyre lug characteristics. The tyre dimensional 

characteristics were reported in Table 3.8. This is in close agreement with Elwaleed 

et al. (2006b). Finally, the Brixius model showed good predictions when compared 

with the Gee-Clough model. Accordingly, the Brixius motion resistance model was 

used to predict the mobility number, which used as an indicator of the CTF effect on 

timeliness.  

 Effect of field traffic on mobility/timeliness  

Controlled traffic farming improved the mobility of equipment, hence improvement of 

trafficability. The results of this study on clay soils showed that CTF can improve 

trafficability by 80% in CT, and by 50% in NT. While in medium and light textured 

soils, CTF can improve trafficability by 38%. These results also confirmed by the 

reduction in MR which reported in Chapter 6.  

This improvement will allow operations to continue in soil moisture conditions that 

may restrict the number of workable days in non-CTF. Increased timeliness makes 

early planting possible, which often results in yield increases. Meanwhile, delay in 

planting and harvesting cost is usually between 0.5% and 2% yield loss for every day. 

Furthermore, the improvement could allow more timely spraying particularly in no-

tillage cropping as an essential component of effective no-tillage cropping (Tullberg 

2007). Finally, this increase in timeliness of operations can provide significant direct 
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yield benefits, and many indirect benefits such as improved herbicide weed control 

particular in NT systems. 

This chapter has discussed the findings from Chapters 4, 5, 6, and 7. It has addressed 

the overall aim and objectives stated in Chapter 1. The overall conclusions coming 

from this research will be summarised in Chapter 9. These conclusions allow the 

making a set of recommendations for future work that can be done in relation to 

controlled traffic farming systems and the energy requirements of cropping (Chapter 

10).  
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 CONCLUSIONS 

This chapter summarises the overall conclusions of this study. Based on the research 

aims and objectives outlined in Chapter 1, the conclusions below were drawn. 

Detailed conclusions corresponding to the field assessment of draught force, modelling 

work of draught force and field assessment of motion resistance with modelling work 

can be found in Chapter 4, Chapter 5, and Chapter 6, respectively. The overall 

conclusions relating to timeliness are outlined in Chapter 7. Based on these 

conclusions, a set of recommendations is provided in Chapter 10. 

 Conclusions of the field studies 

Controlled traffic farming offers fundamental advantages in terms of trafficability, and 

therefore timelines and energy use, by allowing machinery to move along compacted 

traffic lanes. The main conclusions derived from this part of the work are summarised 

below: 

 Soil physical and mechanical properties  

 At Northern region sites, controlled traffic farming improved soil physical 

properties with the results showing that soil penetration resistance (PR), soil 

bulk density (BD) soil moisture content (MC) and shear strength (SS) at a depth 

of 0-150 mm were higher 1.58 MPa, 1.19 Mg m-3, 38 % (w/w) and 0.19 MPa, 

respectively and 2.18 MPa, 1.6 Mg m-3, 22% (w/w) and 0.31 MPa, respectively 

on permanent traffic lanes (PTL) for the Felton and Pittsworth sites, 

respectively, compared with permanent crop lanes (PCB), where the results 

were lower 1.04 MPa, 1.08 Mg m-3, 36%(w/w) and 0.06 MPa, respectively and 

0.93 MPa, 1.17 Mg m-3, 22%(w/w), and 0.08 MPa, respectively, for the Felton 

and Pittsworth sites, respectively. 

 At Southern region sites, the results also showed that PR, BD, MC and SS were 

higher 3.4 MPa, 1.66 Mg m-3, 11% (w/w) and 0.21 MPa, respectively, 3.68 

MPa, 1.75 Mg m-3, 13% (w/w) and 0.28 MPa, respectively and 2.44 MPa, 1.67 

Mg m-3, 6% (w/w) and 0 MPa, respectively, on PTL for Hopetoun (VIC), Swan 

Hill (VIC) and Loxton(SA), respectively, compared with PCB where the 

results were lower 1.91 MPa, 1.44 Mg m-3, 10%(w/w) and 0.09 MPa, 

respectively, 2.3 MPa, 1.32 Mg m-3, 8%(w/w) and 0.13 MPa, respectively and 
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1.20 MPa, 1.54 Mg m-3, 5% (w/w ) and 0 MPa, respectively for Hopetoun 

(VIC), Swan Hill (VIC) and Loxton (SA), respectively 

 At Northern region sites in non-CTF (clay soils), in the conventionally tilled 

soil at Gatton, a single wheeling increased PR by a factor >4 times (2.14 vs. 

0.42 MPa for wheeled soil and non-wheeled soil, respectively), compared to 

non-wheeled soil. But at the Southern region sites (sand soils) in Waikerie site 

under no-tillage (non-CTF), the results showed that wheel traffic had changes 

in PR 21% (0.98 vs. 0.81 MPa for wheeled soil and non-wheeled soil, 

respectively), relative to PR obtained in non-wheeled soil  

 At Northern region sites, the change in bulk density due to PTL was up to 36% 

compared with PCB. However, at Southern region sites the change in bulk 

density was up to 15% compared to PCB. 

 Field assessment of draught force 

 The results derived from the field work at the Northern region sites (clay soils) 

in CTF sites showed that wheel traffic significantly increased draught force in 

clay soils by up to 56% and 38 %, 91 % and 55% (2.08 vs. 3.24 kN) and (2.01 

vs. 2.77 kN), (2.33 vs. 4.45 kN) and (2.32 vs. 3.6 kN) for conservation tillage 

systems (sweep and chisel tines) and the no-tillage system (opener tine), for 

non-wheeled and wheeled soil, at Felton and Pitssworth, respectively, relative 

to draught force required in non-wheeled soil 

 The Southern region sites (loam and sand soils) in CTF also showed that the 

draught force significantly increased by up to 28% (0.95 vs. 1.22 kN) and 25% 

(1.09 vs. 1.36 kN), and 22% (0.94 vs. 1.18 kN) and 9% (0.97 vs. 1.06 kN), for 

conservation tillage systems (sweep and chisel tines) and the no-tillage system 

(opener tine), for non-wheeled soil and wheeled soil, at Swan Hill and Loxton, 

respectively, compared to draught force required in non-wheeled soil  

 The greatest savings in draught were observed on the Northern region sites 

(clay soils) where CTF is practiced, with savings of up to 60% compared to the 

non-CTF system, while in the Southern region sites (loam and sand soils) 

savings were up to 26% compared to non-CTF. In addition, savings in draught 

were approximately 1.3 times and three times higher on clay soils than on loam 

and sand soils, respectively. Generally, savings in draught decreased as 
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operating depth increased, regardless of soil type. Wheel traffic had a 

negligible impact on draught force in non-CTF such as the Kingaroy (QLD) 

and Waikerie (SA) sites because the soil of non-CTF sites was affected by 

historic traffic compaction. Therefore, in non-CTF sites, there were no 

differences in draught forces measured in wheeled soil and non-wheeled soil. 

This observation confirmed that most of the compaction damage to the soil 

likely occurred after the first wheel traffic 

 Draught force increased for all types of tine at all sites with operating depth. 

Operating depth had a strong positive relationship to draught force for all types 

of tine and the relationship is typically better explained by the exponential 

model 

 Wheel traffic significantly affected soil surface roughness for all sites. Soil 

surface roughness was highest (37% and 59%) and (23% and 27%) for the no-

tillage system and conservation tillage system in Northern region and Southern 

region sites, respectively, relative to the soil surface roughness achieved in 

non-wheeled soil.   

 Field assessment of motion resistance  

 The results derived from the field assessment showed that the coefficient of 

motion resistance (CMR) was less on permanent traffic lanes (PTL) and 

wheeled soil (WS) than permanent crop beds (PCB), tilled soil (TS) and no-

tillage (NT) for all ground speeds at both the Northern and Southern region 

sites 

 The CMR was higher in soft soil (NT) up to 13% in Northern region sites (clay 

soils), when ground speed increased by 2.2 m s-1 to 4.4 m s-1, compared to firm 

soil (PTL) (11%). While in Southern region sites the CMR was higher up to 

15% and 35% in NT as ground speed increased, for loam and sandy soils, 

respectively, compared with firm soil (PTL) (12% and 31%) for loam and 

sandy soils, respectively 

 The reductions in gross motion in CTF sites were up to 20% and 23% for sandy 

and clay soils, respectively (motion resistance was ≈ 10.26 vs. 12.81kN for 

sandy soil and 9.22 vs. 11.92 for clay soil on PTL and PCB, respectively), 

compared with non-CTF. This is also reflected in differences in fuel use 
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 The reduction in external motion resistance as a result of PTL was up to 44% 

and 49% in clay and sandy soils, respectively (motion resistances were ≈ 5.81, 

9.22 and 11.92 kN for clay soil, and 7.57, 10.26 and 12.81kN for sandy soil on 

road, PTL and PCB, respectively). This also reflects a need to secure the soil 

from compaction as a result of random traffic 

 Regression analyses indicated that cone index for depth (0-150 mm) in 

different soils (heavy clay soil, medium-textured and light soil) at different 

conditions (TS, WS, PCB, PTL and NT) had a strong positive relationship to 

motion resistance in all circumstances, and the relationship was explained by a 

linear function. 

 Conclusions of the modelling study 

The results derived from modelling draught force are:  

 The integrated soil tillage force prediction model of Godwin and O’Dogherty 

(2007) can be satisfactorily applied to predict draught force of a range of tines 

for the different Australian soils tested in this study. In clay soils, predicted 

draught force for sweep, chisel and opener tines were within an average error 

of ±16%, ±13% and ±26%, respectively. In medium- and light-textured soils, 

model predictions of draught force were within an average error of ±15%, 

±11% and ±18% for sweep, chisel and opener tines, respectively. The model 

proposed by Godwin and O’Dogherty is less complex in terms of input 

parameters and can be satisfactorily used to predict of draught force for a range 

tines for different Australian soils.  

The results derived from modelling of motion resistance showed: 

 Gee-Clough resistance models are not applicable to all studied soil conditions  

 The Brixius model showed good predictions when compared with the Gee-

Clough model for most experimental data of motion resistance  

 Motion resistance increases exponentially with decreasing wheel numeric 

(dimensionless number for tyre moving in a given soil) (Cn). 

The results derived from modelling of mobility (timeliness) are: 

 The mobility number increased by increasing the Cone Index (CI) and tyre 

diameter for all soils tested in this study 
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 At Northern region sites (clay soils) showed that CTF can improve 

trafficability by 80% in CT (conventional tillage), and by 50% in NT. While at 

Southern region sites (medium and light textured soils), CTF can improve 

trafficability by 38%. These results were also confirmed by the reduction in 

MR as a results of CTF. 

The results of this study confirmed the hypotheses formulated prior to this research 

(The separation of traffic lanes and crop bed under CTF reduces draught (energy) 

requirements and machinery motion resistance. Reducing machine motion resistance 

improves trafficability, field access and timeliness of field operations) and, therefore, 

are supportive of an increased adoption of CTF in Australia. Based on the field 

assessments at industry and regional scale level, the research undertaken was able to 

draw recommendations for increasing adoption of CTF as discussed in the next 

chapter.  

 



 

 

 

 

 

 

 

CHAPTER 10  

RECOMMENDATIONS AND FUTURE 

RESEARCH



CHAPTER 10: FUTURE RESEARCH AND 

RECOMMENDATIONS  

193 

Adnan A. A. Luhaib 

 RECOMMENDATIONS AND FUTURE RESEARCH 

Mechanisation systems which enable the avoidance of soil compaction allow for 

significant savings in energy needed for both its creation and repair while delivering 

positively to improved soil structure, crop yields and crop production efficiency: 

 The moisture content (MC) value particularly in Northern region sites was up 

to 25% (w/w) based on grower practice in our study. This value was within the 

average value of the soil moisture content at which the maximum dry density 

is achieved based on the Proctor test. Furthermore, the risk of soil damage due 

to compaction will be proportionally harmful if traffic occurs at MC which is 

the practice selected by growers in this study. Therefore, to limit traffic 

compaction, field operation in non-CTF systems should occur at moisture 

contents less than the soil moisture content at which the maximum dry density 

is achieved based on the Proctor test 

 The Godwin and O’Dogherty (2007) model was validated by this study for a 

range of Australian soils and conditions and it may be readily applied to predict 

draught force of a range tines for different Australian soils. There is a need to 

extend the modelling study presented in this work to further investigate the 

prediction of draught force of soil engaging implements in wheeled soil  

 There is also a need to extend the modelling study of opener tines in no-tillage 

soil, particularly in clay soils, and to investigate the effectiveness of other soil 

tillage force prediction approaches. For example, the application of the 

Discrete Element Method (DEM) should be considered in future soil tillage 

research for predicting draught. Recent research in South Australia on sandy 

soils (Barr et al. 2017; Barr et al. 2018) (e.g., Barr et al, 2017, 2018) showed 

the suitability of DEM for predicting opener forces and soil disturbance 

characteristics. This would help to provide explanations into soil failure 

patterns 

 This research also showed that PTL in CTF can reduce motion resistance and 

improve timeliness, while PCBs decrease the energy requirements of soil 

engaging implements. There is a need to measure mobility and tafficability per 

day to estimate the number of extra working days for the sites. There is a need 
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to further extend this study to investigate the effect of timeliness improvement 

on agronomic aspects under CTF systems and its impact on overall system 

efficiency and costs compared with non-CTF systems.  
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APPENDIX TO CHAPTER 3 

Appendix A3.1: Plot layout for soil measurements 

 

 

 

 

 

 

Figure A3.1: plots of experiment layout for soil measurements 
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Appendix A3.2: Penetrometer 

 

 

 

Appendix A3.3: Shear vane 

 

Figure A3.2: Rimik Penetrometer used to measure the penetration resistance of studied 

soils   

Figure A3.3: Shear vane used to measure shear force of studied soils. 
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Appendix A3.4: Profile meter 

 

 

 

 

 

 

  

Figure A3.4: Profile meter used to measure soil surface roughness and rut depth.   
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Appendix A3.5: Rimik DataNode Load Cell Analogue Reading 

Process 

A3.5.1: Load Cell Interface Board 

Load Cells are generally manufactured to output 2 or 3mV per (supply) Volt.  In the 

instance of Force Meters recently manufactured for USQ all load cells supplied for the 

project operate at 3mV/V. 

Rimik DataNodes are designed to operate from the 5V rail in voltage input mode.  This 

means that with 5V supplied to the load cell it will output in the range of 0 to 15mV.  

The load cell may exceed 15mV if a load in excess of it maximum capacity is applied.  

The maximum capacity is generally accepted as the limit of the linear range of the 

device however a load cell should be able to tolerate approximately 150% of maximum 

capacity before mechanical failure render the load cell inoperable.  Readings in excess 

of the maximum capacity may not be accurate. 

In order that the DataNode can accurately determine the value of the input signal 

across its full 0 to 5V range, the signal from the load cell must be amplified. 

The amplification circuit is depicted in the attached document 

Load_Cell_Interface_Board – Schematic (Figure A3.5)  

This circuit can accept two load cell inputs and provide two amplified outputs to the 

DataNode I/O ports.  The output from this circuit will operate between the calibrated 

zero output (50mV) and the maximum output of the circuit (5.000V). 

The gain of the amplification circuit is set by the resistor configuration and is designed 

so that 15mV input is equal to 4.750V output.  This enables the system to read past 

the maximum capacity of the load cell but only to approximately 105%.  Firmware 

within the DataNode limits the maximum recorded reading to the maximum capacity 

of the load cell.  The user should be aware that maximum capacity readings may 

exceed the recorded result.  If that is a regular occurence it is recommended to move 

to a higher capacity load cel
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Figure A3.5: Rimik Load Cell Interface Board (http://www.rimik.com) 
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A3.5.2: Electrical Zero Calibration of the Load Cell Circuit 

Rimik recommends calibrating the minimum or electric zero output of the load cell 

circuit to 50mV.  In order to do this the technician measures the output voltage of one 

circuit (connected to a specified load cell) and adjusts the respective trimpot (R11 or 

R22) until the output voltage is 50mV 

A3.5.3: DataNode Sensor Sampling System 

The input voltage to the DataNode I/O port (max 5V) is passed through a voltage 

divider to split the voltage in half (i.e. a maximum of 2.5V).  The input voltage is 

compared against a fixed regulated reference voltage of 2.500V within the DataNode's 

Microprocessor ADC (Analogue to Digital Converter).  The raw result is then used 

within the code to generate a reading. 

The DataNode uses Oversampling and Decimation in conjunction with a median filter 

to produce the result recorded and/or displayed to a user. 

The DataNode has a 10 bit Analogue to Digital Converter [ADC] – for any given 

analogue input, the ADC can resolve that input to one of 1024 digital steps. Using the 

method of oversampling and decimation, an approximation of a 12-bit ADC is 

generated, allowing the DataNode to resolve analogue inputs into any of 4096 digital 

values. 

The process is as follows: the DataNode initiates a reading for a given input channel. 

The ADC is put into free running mode and a series of 16 readings are taken. The sum 

of all 16 readings is then divided by 16 to generate the average reading over the time 

taken to complete the readings – this is oversampling and decimation. 

10 of these oversampled and decimated results are calculated and sorted into numerical 

order. The highest and lowest value are ignored (in order to reduce noise in the 

reading) and the remaining 8 values are averaged and scaled against the ADC’s 

maximum reading to get a raw reading in the appropriate unit.  

For channels set up for use with load cells, this raw reading then has the load cell ‘no 

load’ calibration reading subtracted before being multiplied by the slope calculated 

during calibration, to give the load. 

The total time to read each channel (i.e. a total of 160 readings) is less than 15 ms. 
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A3.5.4: Calibration of the Input Channel 

A specified load cell is attached to a DataNode I/O channel via the load cell 

amplification circuit.  It is necessary that load cells and amplification input circuits are 

correctly labelled as they need to be matched in all future use for calibration to remain 

effective.  The output of load cell amplification circuits are internally and permanently 

wired to DataNode I/O ports and provide the DataNode remains correctly configured, 

there is no need for future alteration of channel setup (except if re-calibrating the 

system). 

Load Cell calibration is carried out in the DataNode Interface software in Technician 

mode so that it is protected from accidental change when in standard User mode.  The 

calibration process is accessed in the Node Channel Setup tab depicted below. 

 

Figure A3.6: Rimik DataNode Interface software (http://www.rimik.com) 

Channel one has been set up as a Load Cell input.  Its input type is 0-5V and the 

maximum capacity in this case is 8kN.  The readings are taken on an instantaneous 

basis.  Note that this system is designed to be calibrated and read in kN.   

In order to now carry out calibration of the sensor the first step is to select the channel 

and set the zero intercept via "Zero Sensor".  This value is stored against the channel 

setup and used in determining the calibrated result from raw reading values returned 
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from the reading cycle.  It will remain in permanent memory until the Technician reset 

the zero.  This value will be the raw electrical zero i.e. 50mV or similar. 

The next step is to apply a known load to the load cell.  This is generally at least half 

of the maximum capacity.  In our case we have used 4.035kN.  Upon selecting 

"Calibrate", the Technician receives the following warning and a Yes response is 

required to complete the calibration process. 

 

The DataNode will take the current raw reading of the sensor in mV then calculate and 

permanently store the slope for this channel.  The calculation is shown below: 

𝑺𝒍𝒐𝒑𝒆 =  
𝑪𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏 𝑰𝒏𝒑𝒖𝒕

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑹𝒂𝒘 𝑹𝒆𝒂𝒅𝒊𝒏𝒈 (𝒎𝑽) − 𝒁𝒆𝒓𝒐 𝑹𝒂𝒘 𝑹𝒆𝒂𝒅𝒊𝒏𝒈 (𝒎𝑽)
… … … … … … … … … ….Equation A3.1 

As an example: 

𝑺𝒍𝒐𝒑𝒆 =  
𝟒.𝟎𝟑𝟓

𝟐𝟑𝟗𝟎−𝟓𝟎
= 𝟎. 𝟎𝟎𝟏𝟕𝟐𝟒 … … … … … … … … … … … … … … … … … … … . … .Equation A3.2 

A3.5.5: Converted (Calibrated) Reading Calculation: 

When in normal reading mode the DaaNode will return converted and calibrated result 

each second. 

To calculate the actual load applied to the Load Cell the DataNode uses the final raw 

result from the ADC (see the reading process above) to convert it directly to a 

calibrated kN value 

𝑪𝒐𝒏𝒗𝒆𝒓𝒕𝒆𝒅 𝑹𝒆𝒂𝒅𝒊𝒏𝒈 = (𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑹𝒆𝒂𝒅𝒊𝒏𝒈 − 𝒁𝒆𝒓𝒐 𝑹𝒆𝒂𝒅𝒊𝒏𝒈) ∗ 𝑺𝒍𝒐𝒑𝒆 … . …Equation A3.3 

As an example: 

𝑺𝒆𝒏𝒔𝒐𝒓 𝑹𝒆𝒂𝒅𝒊𝒏𝒈 = (𝟏𝟐𝟑𝟒 − 𝟓𝟎) ∗ 𝟎. 𝟎𝟎𝟏𝟕𝟐𝟒 = 𝟐. 𝟎𝟒𝟐 𝒌𝑵 … … … … … … . … . … Equation A3.4  
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Appendix A3.6: Calibration curves-Transducers and pull meter  

 

Figure A3.7: Transducers calibration 

 

Figure A3.8: Pull meter calibration 
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Appendix A3.7: Experimental tines 

 

Figure A3.9: Experimental tines A: Sweep tines; B: Chisel tines; and C: seeding opener tines 
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Appendix A3.8: Hitch of implements  

 

A3.8.1: Three-Point Hitch  

 

 

 

Table A3.1: Three-point hitch specifications 

 

 

 

 

 

 

Category Hitch pin size Lower hitch 

spacing 

Tractor drawbar 

power 
upper link lower links 

0 17 mm 17 mm 500 mm <15 kW 

1 19 mm 22.4 mm 718 mm 15-35 kW 

2 25.5 mm 28.7 mm 870 mm 30-75 kW 

3 31.75 mm 37.4 mm 1010 mm 60-168 kW 

4 45 mm 51 mm 1220 mm 135-300 kW 

Figure A3.10: Three-point linkage 
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A3.8.2: Quick hitch  

 

 

 

Table A3.2: Specifications of quick hitches 

Category Lower hitch point span (A) Pin centerline – lower to upper (B) 

2 828.55 mm min. 834.14 mm 

max. 

375.41 mm min. 377.95 mm max. 

3 967.74 mm min. 975.36 mm 

max. 

477 mm min. 479.55 mm max. 

4 1170.94 mm min. 1174 mm 

max. 

679.96 mm min. 683 mm max. 

 

 

 

Figure A3.11: Quick hitch to fit tractor 3-point hitches A: 

Front view, B: Side view 
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Appendix A3.9: Specifications of Experimental tractors 

A3.9.1: Tractors’ specification (Felton, Queensland) 

 

Table A3.3: Tractors’ specification in trial of Felton (Queensland) 

 

 

 

 

Description Main tractor Main tractor Second 

Tractor 

Usage Tillage trial Motion resistance trial 

Manufacturer  John Deere John Deere John Deere 

Dimensions of axles Standard 3 m CTF 3 m CTF 

Model 6520 8130 8130 

Year of manufacture 2006 2006 2009 

Rated Power (hp) 103  174 174 

Drawbar Cat 2-3 Cat 3-4 Cat 3-4 

Variants Wheel Wheel Wheel 

Total Static Weight (kN) 35.58  105.65 108.60 

Static weight on front axle (kN) 14.23 52.06 53.24 

Static weight on rear axle (kN) 21.35 53.59 55.36 

Front wheels size  16.9 R 28 18.4 R 34 18.4 R 34 

Rear wheels size 18.4 R 38 18.4 R 50 18.4 R 50 

Air pressure of front wheels 

(kPa) 

140  190 190 

Air pressure of rear wheels(kPa) 110  190 190 
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A3.9.2: Tractor’s specification (Pittsworth, Queensland) 

 

Table A3.4: Tractors’ specification in trial of Pittsworth (Queensland) 

 

 

 

 

 

 

Description  Main tractor Second Tractor 

Usage Tillage and motion 

resistance trial 

Tow the main tractor 

Manufacturer  John Deere CaseIH 

Dimensions of axles 3 m CTF Standard 

Model 8330 MX120 

Year of manufacture 2006-2009 1997-2002 

Rated Power (hp) 174 120 

Drawbar Cat 3-4 Cat 3-4 

Variants Wheel Wheel 

Total Static Weight (kN) 106.95 55.42 

Static weight on front axle (kN) 49.64 23.16 

Static weight on rear axle (kN) 57.31 32.26 

Front wheels size  16.9 R 34 14.9 R 28 

Rear wheels size 18.4 R 50 18.4 R 38 

Air pressure of front wheels 

(kPa) 

170 160 

Air pressure of rear wheels(kPa) 115 110 
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A3.9.3: Tractors’ specification (Gatton, Queensland) 

 

Table A3.5 Tractors’ specification in trial of Gatton (Queensland) 

Description  Main tractor Second Tractor 

Usage Tillage and motion 

resistance trial 

Tow the main tractor 

Manufacturer  John Deere John Deere 

Dimensions of axles Standard Standard 

Model 6105R 1750 

Year of manufacture 2014 1994 

Rated Power (hp) 105  50 

Drawbar Cat 2-3 Cat 2 

Variants Wheel Wheel 

Total Static Weight (kN) 52 27 

Static weight on front axle (kN) 23 11 

Static weight on rear axle (kN) 28 16 

Front wheels size  11.2 R 36 6.5 R 16 

Rear wheels size 11.2 R 48 12.4 R 32 

Air pressure of front wheels 

(kPa) 

185 230 

Air pressure of rear wheels(kPa) 210 120  

 

 

 

 

 

 



 APPENDICES 

234 

Adnan A. A. Luhaib 

A3.9.4: Tractor’s specification (Kingaroy, Queensland) 

 

Table A3.6: Tractor’s specification in trial of Kingaroy (Queensland) 

Description  Main tractor 

Usage Tillage trial 

Manufacturer  John Deere 

Dimensions of axles Standard 

Model 6320 

Year of manufacture 2005 

Rated Power (hp) 93  

Drawbar Cat 2-3 

Variants Wheel 

Total Static Weight (kN) 53 

Static weight on front axle (kN) 24 

Static weight on rear axle (kN) 29 

Front wheels size  16.9 R 24 

Rear wheels size 18.4 R 38 

Air pressure of front wheels 

(kPa) 

185 

Air pressure of rear wheels(kPa) 125 
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A3.9.5: Tractors’ specification (Hopetoun, Victoria) 

 

Table A3.7: Tractors’ specification in trial of Hopetoun trial (Victoria) 

 

 

 

 

 

 

Description  Main tractor Second Tractor 

Usage Tillage and motion 

resistance trial 

Tow the main tractor 

Manufacturer  New Holland CaseIH 

Dimensions of axles 3 m CTF 3 m CTF 

Model 8670 9330 

Year of manufacture 2002 1999 

Rated Power (hp) 175 240 

Drawbar Cat 3-4 Cat 4 

Variants Wheel Wheel 

Total Static Weight (kN) 85 105 

Static weight on front axle (kN) 39 54 

Static weight on rear axle (kN) 46 51 

Front wheels size  16.9 R 28 18.4 R 38 

Rear wheels size 18.4 R 38 18.4 R 38 

Air pressure of front wheels 

(kPa) 

105 165 

Air pressure of rear wheels(kPa) 100 165 
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A3.9.6: Tractors’ specification (Swan Hill, Victoria) 

 

Table A4.8: Tractors’ specification in trial of Swan Hill (Victoria) 

 

 

 

 

 

 

Description  Main tractor Second Tractor 

Usage Tillage trial and tow the 

tractor 

motion resistance trial 

Manufacturer  John Deere John Deere 

Dimensions of axles 3 m CTF 3 m CTF 

Model 8360 RT 9200 

Year of manufacture 2013 1996-2001 

Rated Power (hp) 268 268 

Drawbar Cat 4 Cat 4 

Variants Crawler Wheel 

Total Static Weight (kN) 174 152 

Static weight on front axle (kN) - 84 

Static weight on rear axle (kN) - 68 

Front wheels size  - 20.8 R 42 

Rear wheels size - 20.8 R 42 

Air pressure of front wheels (kPa) - 170 

Air pressure of rear wheels(kPa) - 170 
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A3.9.7: Tractors’ specification (Loxton, South Australia) 

 

Table A4.9: Tractors’ specification in trial of Loxton (South Australia) 

Description  Main tractor Second Tractor 

Manufacturer  John Deere John Deere 

Model 8360 RT 8220 

Year of manufacture 2011-2013 2001- 

Rated Power 268 hp - 

Drawbar Cat 4 Cat 3 

Variants crawler Wheel 

Total Weight (kN) 174 - 

Weight on front wheels  - - 

Weight on rear wheels - - 

Front wheels size  - - 

Rear wheels size - - 

Air pressure of front wheels - - 

Air pressure of front wheels - - 
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A3.9.8: Tractors’ specification (Waikerie, South Australia) 

 

Table A4.10: Tractors’ specification in trial of Waikerie (South Australia) 

Description  Main tractor Second Tractor 

Manufacturer  CASE IH Case IH 

Model cvx1195 Jx 1100 

Year of manufacture 2006 2005 

Rated Power 195 hp 100 hp 

Drawbar Cat 3 Cat 2 

Variants Wheel Wheel 

Total Weight (kN) 65 40 

Weight on front wheels (kN) 26 16 

Weight on rear wheels(kN) 39 24 

Front wheels size  540/65 R30 380/70 R 24 

Rear wheels size 650/65 R42 480/70 R 34 

Air pressure of front wheels 196.5 kPa - 

Air pressure of front wheels 113.8 kPa - 
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Appendix A3.10: Direct shear box device 

 

 

Figure A3.12: ShearTrac-II  

 

 

Figure A3.13: Front diagram (left) and back diagram (right) of ShearTrac-II (Geocomp, 2007) 
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APPENDIX TO CHAPTER 4 
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APPENDIX TO CHAPTER 4 

Appendix A4.1: Statistical analyses corresponding to draught force 

in Chapter 4  

A4.1.1: Statistical analysis - draught force measurements in Felton site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm    

 

 

 

 

 

Table A4.1: Analysis of variance – draught force measurements of sweep tines 

(Felton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 123.499 123.499 335.120 <0.001 0.69 

Depth 2 71.789 35.894 97.401 <0.001 

Traffic . Depth 2 0.360 0.180 0.489 0.614 

Residual 234 86.234 0.369   

Total 239 281.882 1.179   

Table A4.2: Analysis of variance – draught force measurements of chisel tines 

(Felton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 48.160 48.160 218.766 <0.001 0.67 

Depth 2 53.943 26.972 122.518 <0.001 

Traffic . Depth 2 1.482 0.741 3.367 <0.036 

Residual 234 51.514 0.220   

Total 239 155.099 0.649   

Table A4.3: Analysis of variance – draught force measurements of opener tines 

(Felton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 97.397 97.397 496.576 <0.001 0.89 

Depth 2 38.029 19.015 96.945 <0.001 

Traffic . Depth 2 0.320 0.160 0.816 0.444 

Residual 234 45.896 0.196   

Total 239 181.643 0.760   
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A4.1.2: Regression analysis – relationship between operating depth and draught 

force, Felton site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

 

Table A4.4: Analysis of variance – draught force measurements of all tines 

(Felton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 363.719 363.719 1203.616 <0.001 0.77 

Tine  2 244.476 122.238 404.509 <0.001 

Depth 2 162.836 81.418 269.428 <0.001 

Traffic.Tine 2 2.396 1.198 3.964 0.019 

Traffic.Depth 2 1.721 0.861 2.848 0.059 

Tine Depth 4 3.491 0.873 2.888 0.022 

Traffic.Tine.Depth 4 1.166 0.291 .965 0.426 

Residual 702 212.137 0.302   

Total 719 71.4627 0.099   

Table A4.5: Summary of analysis for sweep tine Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.854 3.854 162.720 <0.001 0.58 0.154 

Residual 118 2.795 0.024   

Total 119 6.648 0.056   

Table A4.6: Estimates of parameters for sweep tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.140 0.08 14.24 <0.001 

Depth 0.009 0.001 12.76 <0.001 
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1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.7: Summary of analysis for sweep tine , Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 30.707 30.707 183.372 <0.001 0.61 0.409 

Residual 118 19.760 0.167   

Total 119 50.468 0.424   

Table A4.8: Estimates of parameters for Sweep tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.34 0.187 1.819 0.072 

Depth 0.025 0.002 13.541 <0.001 

Table A4.9: Summary of analysis for sweep tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 31.114 15.557 94.051 <0.001 0.61 0.407 

Residual 117 19.353 0.165   

Total 119 50.468 0.424   

Table A4.10: Estimates of parameters for sweep tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 2.234 1.222 1.829 0.070 
Depth -0.015 .025 1.569 0.119 

Depth Sq 0.00 0.000 1.829 0.070 
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1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.11: Summary of analysis for sweep tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.134 2.134 68.069 <0.001 0.36 0.177 

Residual 118 3.700 0.031   

Total 119 5.834 0.049   

Table A4.12: Estimates of parameters for sweep tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 2.159 0.175 12.373 <0.001 
Depth 0.007 0.001 8.250 <0.001 

Table A4.13: Summary of analysis for sweep tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 40.144 40.144 69.832 <0.001 0.37 0.758 

Residual 118 67.833 0.575   

Total 119 107.977 0.907   

Table A4.14: Estimates of parameters for sweep tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.419 0.346 4.101 <0.001 
Depth 0.028 0.003 8.357 <0.001 
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1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

Table A4.15: Summary of analysis for sweep tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 41.023 20.512 35.844 <0.001 0.83 0.638 

Residual 117 66.953 0.572   

Total 119 107.977 0.907   

Table A4.16: Estimates of parameters for sweep tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 4.204 2.273 1.850 0.067 

Depth -0.030 0.047 -0.634 0.527 

Depth Sq 0.00 0.000 1.240 0.218 

 

Table A4.17: Summary of analysis for chisel tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 11.256 11.256 236.054 <0.001 0.66 0.218 

Residual 118 5.627 0.048   

Total 119 16.882 0.142   

Table A4.18: Estimates of parameters for chisel tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.281 0.028 10.033 <0.001 
Depth 0.015 0.001 15.364 <0.001 
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2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.19: Summary of analysis for chisel tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 20.150 20.150 224.384 <0.001 0.65 0.300 

Residual 118 10.597 0.090   

Total 119 30.747 0.258   

Table A4.20: Estimates of parameters for chisel tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.656 0.137 -4.795 <0.001 

Depth 0.020 0.001 14.979 <0.001 

Table A4.21: Summary of analysis for chisel tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 20.511 10.256 117.230 <0.001 0.66 0.296 

Residual 117 10.236 0.087   

Total 119 30.747 0.258   

Table A4.22: Estimates of parameters for chisel tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.129 0.889 1.270 0.207 

Depth -0.017 0.018 -0.934 0.352 

Depth Sq 0.000 0.000 2.032 0.044 
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2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.23: Summary of analysis for chisel tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 7.076 7.076 114.631 <0.001 0.49 0.248 

Residual 118 7.284 0.062   

Total 119 14.360 0.121   

Table A4.24: Estimates of parameters for Chisel tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.640 0.073 8.818 <0.001 
Depth 0.012 0.001 10.707 <0.001 

Table A4.25: Summary of analysis for chisel tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 36.383 36.383 107.846 <0.001 0.47 0.581 

Residual 118 39.808 0.337   

Total 119 76.191 0.64   

Table A4.26: Estimates of parameters for chisel tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.463 0.265 -1.748 0.083 

Depth 0.027 0.003 10.385 <0.001 
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2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

3. Opener tine 

3.1  Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

 

Table A4.27: Summary of analysis for chisel tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 36.485 18.243 53.756 <0.001 0.47 0.583 

Residual 117 39.705 0.339   

Total 119 76.191 0.64   

 

Table A4.28: Estimates of parameters for chisel tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.489 1.750 0.280 0.780 

Depth 0.007 0.036 0.196 0.845 

Depth Sq 0.00 0.00 0.551 0.583 

Table A4.29: Summary of analysis for opener tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.176 3.176 132.974 <0.001 0.53 0.155 

Residual 118 2.818 0.024   

Total 119 5.994 0.05   

Table A4.30: Estimates of parameters for opener tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.654 0.030 21.536 <0.001 
Depth 0.011 0.00 24.063 <0.001 
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3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

3.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

Table A4.31: Summary of analysis for opener tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 16.426 16.426 160.154 <0.001 0.57 0.320 

Residual 118 12.102 0.103   

Total 119 28.528 0.24   

Table A4.32: Estimates of parameters for opener tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.126 0.089 -1.416 0.159 

Depth 0.021 0.001 24.491 <0.001 

Table A4.33: Summary of analysis for opener tine, Felton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 16.751 8.375 83.202 <0.001 0.58 0.317 

Residual 117 11.778 0.101   

Total 119 28.528 0.24   

Table A4.34: Estimates of parameters opener tine, Felton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.289 0.589 -0.491 0.625 

Depth 0.025 0.012 2.035 0.044 

Depth Sq -1.700E-5 0.00 -0.280 0.780 
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3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

Table A4.35: Summary of analysis for opener tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.713 1.713 83.799 <0.001 0.41 0.143 

Residual 118 2.412 0.020   

Total 119 4.125 0.035   

Table A4.36: Estimates of parameters for opener tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.210 0.046 26.432 <0.001 
Depth 0.008 0.00 21.872 <0.001 

Table A4.37: Summary of analysis for opener tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 22.197 22.197 88.129 <0.001 0.42 0.502 

Residual 118 29.721 0.252   

Total 119 51.918 0.436   

Table A4.38: Estimates of parameters for opener tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.580 0.098 5.908 <0.001 
Depth 0.022 0.001 22.756 <0.001 
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3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

A4.1.3: Statistical analysis - draught force measurements in Pittsworth site 

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic: wheeled track, non-wheeled track  

Work depth: 75 mm, 100 mm, 125 mm    

 

 

 

Table A4.39: Summary of analysis for opener tine, Felton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 23.248 11.624 47.436 <0.001 0.44 0.495 

Residual 117 28.670 0.245   

Total 119 51.918 0.436   

Table A4.40: Estimates of parameters opener tine, Felton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.239 0.644 -0.371 0.711 

Depth 0.039 0.013 2.925 0.004 

Depth Sq -8.540E-5 0.00 -1.286 0.201 

Table A4.41: Analysis of variance – draught force measurements of sweep tines 

(Pittsworth site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 580.544 580.544 1945.122 <0.001 0.93 

Depth 2 399.734 199.867 669.659 <0.001 

Traffic . Depth 2 8.423 4.212 14.111 <0.001 

Residual 234 69.840 0.298   

Total 239 1058.541 4.429   
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Table A4.42: Analysis of variance – draught force measurements of chisel tines 

(Pittsworth site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 76.118 76.118 1026.379 <0.001 0.93 

Depth 2 134.364 67.182 905.893 <0.001 

Traffic . Depth 2 12.783 6.392 86.187 <0.001 

Residual 234 17.354 0.074   

Total 239 240.619 1.007   

Table A4.43: Analysis of variance – draught force measurements of opener tines 

(Pittsworth site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 34.015 34.015 807.671 <0.001 0.89 

Depth 2 46.885 23.443 556.643 <0.001 

Traffic . Depth 2 0.028 0.014 0.336 0.715 

Residual 234 9.855 0.042   

Total 239 90.783 0.380   

Table A4.44: Analysis of variance – draught force measurements of all tines 

(Pittsworth site) 

Variate: Draught force (kN 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 497.985 497.985 3601.252 <0.001 0.96 

Tine  2 979.277 489.638 3540.889 <0.001 

Depth 2 489.432 244.716 1769.697 <0.001 

Traffic.Tine 2 192.697 96.348 696.756 <0.001 

Traffic.Depth 2 11.538 5.769 41.721 <0.001 

Tine Depth 4 91.551 22.888 165.516 <0.001 

Traffic.Tine.Depth 4 9.698 2.425 17.533 <0.001 

Residual 702 97.073 0.138   

Total 719 2369.251 3.295   



 APPENDICES 

253 

Adnan A. A. Luhaib 

A4.1.4: Regression analysis – relationship between operating depth and draught 

force, Pittsworth site. 

1. Sweep tine 

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

 

1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

Table A4.45: Summary of analysis for sweep tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 20.707 20.707 886.739 <0.001 0.88 0.153 

Residual 118 2.756 0.023   

Total 119 23.463 0.197   

Table A4.46: Estimates of parameters for sweep tine, Pittsworth (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.375 0.001 29.78 <0.001 

Depth 0.02 0.026 14.34 <0.001 

Table A4.47: Summary of analysis for sweep tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 169.042 169.042 876.924 <0.001 0.88 0.439 

Residual 118 22.747 0.193   

Total 119 191.789 1.612   

Table A4.48: Estimates of parameters for sweep tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -2.67 0.200 -13.33 <0.001 

Depth 0.058 0.002 29.61 <0.001 
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1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model  

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.49: Summary of analysis for sweep tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 169.583 84.791 446.753 <0.001 0.88 0.436 

Residual 117 22.206 0.190   

Total 119 191.789 1.612   

Table A4.50: Estimates of parameters for sweep tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -4.854 1.309 -3.709 <0.001 

Depth 0.104 0.027 3.831 <0.001 
Depth Sq 0.00 0.00 -1.688 0.094 

Table A4.51: Summary of analysis for sweep tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 6.554 6.554 341.650 <0.001 0.74 0.139 

Residual 118 2.264 0.019   

Total 119 8.818 0.074   

Table A4.52: Estimates of parameters for sweep tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.923 0.122 15.82 <0.001 

Depth 0.011 0.001 18.48 <0.001 
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1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

Table A4.53: Summary of analysis for sweep tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 218.990 218.99 384.425 <0.001 0.76 0.755 

Residual 118 67.219 0.570   

Total 119 286.209 2.405   

Table A4.54: Estimates of parameters for sweep tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.364 0.344 -1.06 0.293 

Depth 0.066 0.003 19.61 <0.001 

1.1 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

Table A4.55: Summary of analysis for sweep tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 238.575 119.287 292.997 <0.001 0.83 0.638 

Residual 117 47.634 0.407   

Total 119 286.209 2.405   

Table A4.56: Estimates of parameters for sweep tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -13.505 1.917 -7.045 <0.001 

Depth 0.340 0.04 8.587 <0.001 
Depth Sq -0.001 0.00 -6.936 <0.001 
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2. Chisel tine  

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.57: Summary of analysis for chisel tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 15.816 15.816 737.269 <0.001 0.86 0.146 

Residual 118 2.531 .021   

Total 119 18.347 0.154   

Table A4.58: Estimates of parameters for chisel tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.239 0.016 14.958 <0.001 

Depth 0.018 0.001 27.153 <0.001 

Table A4.59: Summary of analysis for chisel tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 32.398 32.398 750.181 <0.001 0.86 0.208 

Residual 118 5.096 0.043   

Total 119 37.494 0.315   

Table A4.60: Estimates of parameters for chisel tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.022 0.095 -10.769 <0.001 

Depth 0.025 0.001 27.389 <0.001 
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2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model  

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.61: Summary of analysis for chisel tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 32.419 16.209 373.701 <0.001 0.86 0.208 

Residual 117 5.075 0.043   

Total 119 37.494 0.315   

Table A4.62: Estimates of parameters for chisel tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.590 0.626 -0.943 0.347 

Depth 0.016 0.013 1.272 0.206 

Depth Sq 4.500E-5 0.000 0.697 0.487 

Table A4.63: Summary of analysis for chisel tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 20.661 20.661 631.824 <0.001 0.84 0.181 

Residual 118 3.859 0.033   

Total 119 24.520 0.206   

Table A4.64: Estimates of parameters for chisel tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.317 0.026 12.115 <0.001 

Depth 0.020 0.001 25.136 <0.001 
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2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

Table A4.65: Summary of analysis for chisel tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 114.385 114.385 1069.333 <0.001 0.90 0.327 

Residual 118 12.622 0.107   

Total 119 127.008 1.067   

Table A4.66: Estimates of parameters for chisel tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -2.133 0.149 -14.286 <0.001 

Depth 0.048 0.001 32.701 <0.001 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

Table A4.67: Summary of analysis for chisel tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 114.729 57.364 546.604 <0.001 0.90 0.324 

Residual 117 12.279 0.105   

Total 119 127.008 1.067   

Table A4.68: Estimates of parameters for chisel tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -3.873 0.973 -3.980 <0.001 

Depth 0.084 0.020 4.181 <0.001 

Depth Sq 0.000 0.000 -1.809 0.073 
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3. Opener tine  

3.1 Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.69: Summary of analysis for opener tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.993 5.993 579.052 <0.001 0.83 0.102 

Residual 118 1.221 0.010   

Total 119 7.214 0.061   

Table A4.70: Estimates of parameters for opener tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.021 0.072 14.177 <0.001 

Depth 0.008 0.001 11.531 <0.001 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

Table A4.71: Summary of analysis for opener tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 22.909 22.909 599.809 <0.001 0.83 0.195 

Residual 118 4.507 0.038   

Total 119 27.416 0.23   

Table A4.72: Estimates of parameters for opener tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.509 0.146 3.479 <0.001 

Depth 0.018 9.001 12.655 <0.001 
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3.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model  

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

Table A4.73: Summary of analysis for opener tine, Pittsworth (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 22.912 11.456 297.601 <0.001 0.83 0.196 

Residual 117 4.504 0.038   

Total 119 27.416 0.23   

Table A4.74: Estimates of parameters for opener tine, Pittsworth (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 2.201 0.953 2.309 0.023 

Depth -0.017 0.020 -0.872 0.385 

Depth Sq 0.00 0.00 1.796 0.075 

Table A4.75: Summary of analysis for Opener tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.287 3.287 478.376 <0.001 0.80 0.083 

Residual 118 0.811 0.007   

Total 119 4.097 0.034   

 Table A4.76: Estimates of parameters for opener tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.962 0.128 15.323 <0.001 

Depth 0.006 0.001 9.154 <0.001 
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3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

 

3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

Table A4.77: Summary of analysis for opener tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 23.926 23.926 517.850 <0.001 0.81 0.215 

Residual 118 5.452 0.046   

Total 119 29.378 0.247   

Table A4.78: Estimates of parameters for opener tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.476 0.229 6.445 <0.001 

Depth 0.021 0.002 9.388 <0.001 

3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

Table A4.79: Summary of analysis for opener tine, Pittsworth (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 24.002 12.001 261.185 <0.001 0.81 0.214 

Residual 117 5.376 0.046   

Total 119 29.378 0.247   

Table A4.80: Estimates of parameters for opener tine, Pittsworth (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 4.520 1.487 3.039 0.003 

Depth -0.042 0.031 -1.380 0.170 

Depth Sq 0.00 0.00 2.071 0.041 
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A4.1.5: Statistical analysis - draught force measurements in Gatton site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm    

 

 

 

 

 

 

 

 

 

Table A4.81: Analysis of variance – draught force measurements of sweep tines 

(Gatton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 45.049 45.049 249.374 <0.001 0.71 

Depth 2 56.686 28.343 156.895 <0.001 

Traffic . Depth 2 0.514 0.257 1.422 0.243 

Residual 234 42.272 0.181   

Total 239 144.521 0.605   

Table A4.82: Analysis of variance – draught force measurements of chisel tines 

(Gatton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 50.389 50.389 888.190 <0.001 0.88 

Depth 2 37.237 18.619 328.181 <0.001 

Traffic . Depth 2 10.192 5.096 89.826 <0.001 

Residual 234 13.275 0.057   

Total 239 111.094 0.465   

Table A4.83: Analysis of variance – draught force measurements of opener tines 

(Gatton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 79.834 79.834 2097.608 <0.001 0.93 

Depth 2 25.868 12.934 339.843 <0.001 

Traffic . Depth 2 3.421 1.711 44.945 <0.001 

Residual 234 8.906 0.038   

Total 239 118.029 0.494   
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A4.1.6: Regression analysis – relationship between operating depth and draught 

force, Gatton site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

Table A4.84: Analysis of variance – draught force measurements of all 

tines (Gatton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 172.451 172.451 1878.269 <0.001 0.90 

Tine  2 290.287 145.143 1580.846 <0.001 

Depth 2 116.736 58.368 635.723 <0.001 

Traffic.Tine 2 2.821 1.411 15.365 <0.001 

Traffic.Depth 2 9.514 4.757 51.814 <0.001 

Tine.Depth 4 3.055 0.764 8.320 <0.001 

Traffic.Tine.Depth 4 4.612 1.153 12.559 <0.001 

Residual 702 64.453 0.092   

Total 719 663.931 0.923   

Table A4.85: Summary of analysis for sweep tine Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.805 5.805 99.089 <0.001 0.45 0.242 

Residual 118 6.912 0.059   

Total 119 12.717 0.107   

Table A4.86: Estimates of parameters for sweep tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.788 0.087 9.052 <0.001 

Depth 0.011 0.001 9.954 <0.001 
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1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

Table A4.87: Summary of analysis for sweep tine , Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 25.901 25.901 110.174 <0.001 0.48 0.485 

Residual 118 27.741 0.235   

Total 119 53.642 0.451   

Table A4.88: Estimates of parameters for Sweep tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.150 0.221 0.680 0.498 

Depth 0.023 0.002 10.496 <0.001 

Table A4.89: Summary of analysis for sweep tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 26.237 13.118 56.007 <0.001 0.48 0.484 

Residual 117 27.405 0.234   

Total 119 53.642 0.451   

Table A4.90: Estimates of parameters for sweep tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.571 1.454 -1.080 0.282 

Depth 0.059 0.030 1.952 0.053 

Depth Sq 0.00 0.00 -1.198 0.233 
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1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.91: Summary of analysis for sweep tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.859 2.859 208.243 <0.001 0.64 0.117 

Residual 118 1.620 0.014   

Total 119 4.478 0.038   

Table A4.92: Estimates of parameters for sweep tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 2.215 0.063 35.339 <0.001 
Depth 0.189 0.013 14.431 <0.001 

Table A4.93: Summary of analysis for sweep tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 28.525 28.525 194.500 <0.001 0.62 0.383 

Residual 118 17.305 0.147   

Total 119 45.830 0.385   

Table A4.94: Estimates of parameters for sweep tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 2.099 0.092 22.690 <0.001 
Depth 0.597 0.043 13.946 <0.001 
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1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

Table A4.95: Summary of analysis for sweep tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 30.963 15.481 121.833 <0.001 0.67 0.356 

Residual 117 14.867 0.127   

Total 119 45.830 0.385   

Table A4.96: Estimates of parameters for sweep tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.091 0.246 4.440 <0.001 
Depth 1.807 0.279 6.476 <0.001 
Depth Sq -0.302 0.069 -4.380 <0.001 

 

Table A4.97: Summary of analysis for chisel tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.187 5.187 68.974 <0.001 0.36 0.274 

Residual 118 8.874 0.075   

Total 119 14.061 0.118   

Table A4.98: Estimates of parameters for chisel tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.329 0.041 7.989 <0.001 
Depth 0.010 0.001 8.305 <0.001 
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2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

Table A4.99: Summary of analysis for chisel tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.741 3.741 49.856 <0.001 0.29 0.274 

Residual 118 8.855 0.075   

Total 119 12.596 0.106   

Table A4.100: Estimates of parameters for chisel tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.098 0.125 0.787 0.433 

Depth 0.009 0.001 7.061 <0.001 

Table A4.101: Summary of analysis for chisel tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 4.485 2.242 32.347 <0.001 0.35 0.263 

Residual 117 8.111 0.069   

Total 119 12.596 0.106   

Table A4.102: Estimates of parameters for chisel tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -2.462 0.791 -3.113 0.002 

Depth 0.062 0.016 3.796 <0.001 

Depth Sq 0.000 0.000 -3.275 0.001 
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2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.103: Summary of analysis for chisel tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 14.208 14.208 689.758 <0.001 0.85 0.144 

Residual 118 2.431 0.021   

Total 119 16.638 0.140   

Table A4.104: Estimates of parameters for Chisel tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.759 0.026 28.849 <0.001 
Depth 0.421 0.016 26.263 <0.001 

Table A4.105: Summary of analysis for chisel tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 41.371 41.371 724.569 <0.001 0.86 0.239 

Residual 118 6.738 0.057   

Total 119 48.109 0.404   

Table A4.106: Estimates of parameters for chisel tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.442 0.058 7.651 <0.001 

Depth 0.719 0.027 26.918 <0.001 
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2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

3. Opener tine 

3.1 Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

Table A4.107: Summary of analysis for chisel tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 42.944 21.472 486.443 <0.001 0.89 0.210 

Residual 117 5.165 0.044   

Total 119 48.109 0.404   

 

Table A4.108: Estimates of parameters for chisel tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.368 0.145 -2.541 0.012 

Depth 1.691 0.164 10.282 <0.001 

Depth Sq -0.243 0.041 -5.970 <0.001 

Table A4.109: Summary of analysis for opener tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.049 5.049 415.908 <0.001 0.78 0.110 

Residual 118 1.432 0.012   

Total 119 6.481 0.055   

Table A4.110: Estimates of parameters for opener tine, Gatton (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.375 0.019 19.885 <0.001 
Depth 0.010 0.000 20.394 <0.001 



 APPENDICES 

270 

Adnan A. A. Luhaib 

3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

3.1.2 Regression analysis – quadratic model 

Response variate: Draught Force 

Fitted terms: Constant, Depth, depth Sq. 

 

 

 

 

 

Table A4.111: Summary of analysis for opener tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.187 5.187 364.887 <0.001 0.75 0.119 

Residual 118 1.677 0.014   

Total 119 6.864 0.058   

Table A4.112: Estimates of parameters for opener tine, Gatton (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.032 0.054 0.593 0.555 

Depth 0.010 0.001 19.102 <0.001 

Table A4.113: Summary of analysis for opener tine, Gatton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 5.312 2.656 200.272 <0.001 0.77 0.115 

Residual 117 1.552 0.013   

Total 119 6.864 0.058   

Table A4.114: Estimates of parameters opener tine, Gatton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.020 0.346 -2.948 0.004 

Depth 0.032 0.007 4.493 <0.001 

Depth Sq 0.000 0.000 -3.077 0.003 
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3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

 

3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.115: Summary of analysis for opener tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.152 5.152 334.425 <0.001 0.74 0.124 

Residual 118 1.818 0.015   

Total 119 6.970 0.059   

Table A4.116: Estimates of parameters for opener tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.290 0.039 33.358 <0.001 
Depth 0.254 0.014 18.287 <0.001 

Table A4.117: Summary of analysis for opener tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 22.398 22.398 295.841 <0.001 0.71 0.275 

Residual 118 8.934 0.076   

Total 119 31.332 0.263   

Table A4.118: Estimates of parameters for opener tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.146 0.066 17.245 <0.001 
Depth 0.529 0.031 17.200 <0.001 
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3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

A4.1.7: Statistical analysis - draught force measurements in Kingaroy site 

Factors structure: 

Traffic: wheeled track, non-wheeled track  

 

 

 

 

 

 

 

 

Table A4.119: Summary of analysis for opener tine, Gatton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 23.977 11.989 190.732 <0.001 0.76 0.251 

Residual 117 7.354 0.063   

Total 119 31.332 0.263   

Table A4.120: Estimates of parameters opener tine, Gatton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.335 0.173 1.937 0.055 

Depth 1.503 0.196 7.658 <0.001 
Depth Sq -0.243 0.049 -5.013 <0.001 

Table A4.121: Analysis of variance – draught force measurements of chisel tines 

(Kingaroy site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 4.719 4.719 2.947 0.09 0.03 

Residual 78 124.913 1.601   

Total 79 129.632 1.641   
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A4.1.8: Statistical analysis - draught force measurements in Hopetoun site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm with sweep tine and 75 mm, 

100 mm with chisel and opener tines 

 

 

 

 

 

 

 

 

 

  

Table A4.122: Analysis of variance – draught force measurements of sweep 

tines (Hopetoun site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 3.800 3.800 1.063 0.304 0.53 

Depth 2 948.039 474.019 132.627 <0.001 

Traffic . Depth 2 0.955 0.478 0.134 0.875 

Residual 234 836.335 3.574   

Total 239 1789.129 7.486   

Table A4.123: Analysis of variance – draught force measurements of chisel tines 

(Hopetoun site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.339 0.339 1.168 0.282 0.58 

Depth 1 62.463 62.463 214.842 <0.001 

Traffic . Depth 1 0.051 0.051 0.175 0.677 

Residual 156 45.355 0.291   

Total 159 108.208 0.681   

Table A4.124: Analysis of variance – draught force measurements of opener 

tines (Hopetoun site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.882 0.882 15.563 <0.001 0.80 

Depth 1 35.194 35.194 620.942 <0.001 

Traffic . Depth 1 0.068 0.068 1.201 0.275 

Residual 156 8.842 0.057   

Total 159 44.986 0.283   
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A4.1.9: Regression analysis – relationship between operating depth and draught 

force, Hopetoun site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

  

 

 

Table A4.125: Analysis of variance – draught force measurements of all 

tines (Hopetoun site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 2.660 2.660 4.814 0.029 0.51 

Tine  2 123.945 61.972 112.180 <0.001 

Depth 1 140.953 140.953 255.147 <0.001 

Traffic.Tine 2 0.259 0.130 0.235 0.791 

Traffic.Depth 1 0.586 0.586 1.061 0.304 

Tine.Depth 2 1.966 0.983 1.780 0.170 

Traffic.Tine.Depth 2 0.238 0.119 0.215 0.806 

Residual 468 258.540 0.552   

Total 479 529.147 1.105   

Table A4.126: Summary of analysis for sweep tine Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 22.169 22.169 109.263 <0.001 0.48 0.450 

Residual 118 23.941 0.203   

Total 119 46.110 0.388   

Table A4.127: Estimates of parameters for sweep tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.153 0.125 9.192 <0.001 

Depth 0.526 0.050 10.453 <0.001 
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1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

  

 

 

 

Table A4.128: Summary of analysis for sweep tine , Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 407.028 407.028 107.340 <0.001 0.47 1.947 

Residual 118 447.449 3.792   

Total 119 854.477 7.181   

Table A4.129: Estimates of parameters for Sweep tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.484 0.470 -1.028 0.306 

Depth 2.256 0.218 10.361 <0.001 

Table A4.130: Summary of analysis for sweep tine, Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 453.818 226.909 66.262 <0.001 0.52 1.851 

Residual 117 400.659 3.424   

Total 119 854.477 7.181   

Table A4.131: Estimates of parameters for sweep tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 3.932 1.275 3.083 0.003 

Depth -3.043 1.448 -2.101 0.038 

Depth Sq 1.325 0.358 3.696 <0.001 
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1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.132: Summary of analysis for sweep tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 21.535 21.535 127.248 <0.001 0.52 0.411 

Residual 118 19.970 0.169   

Total 119 41.506 0.349   

Table A4.133: Estimates of parameters for sweep tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.446 0.084 5.326 <0.001 
Depth 0.021 0.002 11.280 <0.001 

Table A4.134: Summary of analysis for sweep tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 457.159 457.159 113.881 <0.001 0.49 2.004 

Residual 118 473.693 4.014   

Total 119 930.852 7.822   

Table A4.135: Estimates of parameters for sweep tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -5.283 0.915 -5.777 <0.001 
Depth 0.096 0.009 10.672 <0.001 
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1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

Table A4.136: Summary of analysis for sweep tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 495.176 247.588 66.489 <0.001 0.52 1.930 

Residual 117 435.676 3.724   

Total 119 930.852 7.822   

Table A4.137: Estimates of parameters for sweep tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 13.025 5.797 2.247 0.027 

Depth -0.286 0.120 -2.389 0.018 

Depth Sq 0.002 0.001 3.195 0.002 

 

Table A4.138: Summary of analysis for chisel tine, Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 13.106 13.106 88.729 <0.001 0.53 0.384 

Residual 78 11.521 0.148   

Total 79 24.628 0.312   

Table A4.139: Estimates of parameters for chisel tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.078 0.024 3.291 0.001 

Depth 0.032 0.003 9.420 <0.001 
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2.1.1 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

2.1.3 Regression analysis – quadratic model   

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

The depth sq. term was excluded, so the model is similar to a linear model. 

 

2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.140: Summary of analysis for chisel tine, Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 29.476 29.476 83.435 <0.001 0.51 0.594 

Residual 78 27.556 0.353   

Total 79 57.032 0.722   

Table A4.141: Estimates of parameters for chisel tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -2.708 0.470 -5.762 <0.001 

Depth 0.049 0.005 9.134 <0.001 

Table A4.142: Summary of analysis for chisel tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 12.797 12.797 194.018 <0.001 0.71 0.257 

Residual 78 5.145 0.066   

Total 79 17.941 0.227   

Table A4.143: Estimates of parameters for Chisel tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.089 0.018 4.925 <0.001 
Depth 0.032 0.002 13.929 <0.001 
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2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, Depth, depth Sq. 

 

 

 

 

 

 

Table A4.144: Summary of analysis for chisel tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 33.037 33.037 144.777 <0.001 0.65 0.478 

Residual 78 17.799 0.228   

Total 79 50.837 0.644   

Table A4-145: Estimates of parameters for chisel tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -2.865 0.378 -7.586 <0.001 

Depth 0.051 0.004 12.032 <0.001 

Table A4.146: Summary of analysis for chisel tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 33.037 33.037 144.777 <0.001 0.65 0.478 

Residual 78 17.799 0.228   

Total 79 50.837 0.644   

 

Table A4.147: Estimates of parameters for chisel tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.662 0.198 -3.341 0.001 

Depth Excluded terms     

Depth Sq 0.00 0.00 12.032 <0.001 
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3. Opener tine 

3.1  Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

 

3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.148: Summary of analysis for opener tine, Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.095 5.095 355.117 <0.001 0.82 0.120 

Residual 78 1.119 0.014   

Total 79 6.214 0.079   

Table A4.149: Estimates of parameters for opener tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.297 0.028 10.561 <0.001 
Depth 0.020 0.001 18.845 <0.001 

Table A4.150: Summary of analysis for opener tine, Hopetoun (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 16.043 16.043 329.124 <0.001 0.81 0.221 

Residual 78 3.802 0.049   

Total 79 19.845 0.251   

Table A4.151: Estimates of parameters for opener tine, Hopetoun (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.327 0.175 -7.605 <0.001 

Depth 0.036 0.002 18.142 <0.001 
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3.1.3 Regression analysis – quadratic model 

Response variate: Draught Force 

Fitted terms: Constant, Depth, depth Sq. 

The depth sq. term was excluded, so the model is similar to a linear model. 

 

3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

Table A4.152: Summary of analysis for opener tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.170 5.170 331.576 <0.001 0.81 0.125 

Residual 78 1.216 0.016   

Total 79 6.386 0.081   

Table A4.153: Estimates of parameters for opener tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.317 0.031 10.130 <0.001 
Depth 0.020 0.001 18.209 <0.001 

Table A4.154: Summary of analysis for opener tine, Hopetoun (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 19.179 19.179 296.904 <0.001 0.79 0.254 

Residual 78 5.038 0.065   

Total 79 24.217 0.307   

Table A4.155: Estimates of parameters for opener tine, Hopetoun (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.471 0.201 -7.321 <0.001 
Depth 0.039 0.002 17.231 <0.001 
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3.2.3 Regression analysis – quadratic model 

Response variate: Draught Force 

Fitted terms: Constant, Depth, depth Sq. 

The depth sq. term was excluded, the model is exactly as a linear model. 

 

A4.1.10: Statistical analysis - draught force measurements in Swan Hill site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm    

 

 

 

 

Table A4.156: Analysis of variance – draught force measurements of sweep 

tines (Swan Hill site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 8.855 8.855 259.880 <0.001 0.74 

Depth 2 13.245 6.623 194.366 <0.001 

Traffic . Depth 2 0.017 0.009 0.250 0.779 

Residual 234 7.973 0.034   

Total 239 30.091 0.126   

Table A4.157: Analysis of variance – draught force measurements of chisel tines 

(Swan Hill site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 1.152 1.152 220.194 <0.001 0.90 

Depth 2 10.362 5.181 990.016 <0.001 

Traffic . Depth 2 0.019 0.009 1.782 0.171 

Residual 234 1.225 0.005   

Total 239 12.757 0.053   

Table A4.158: Analysis of variance – draught force measurements of opener 

tines (Swan Hill site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 4.417 4.417 64.703 <0.001 0.75 

Depth 2 41.274 20.637 302.281 <0.001 

Traffic . Depth 2 1.938 0.969 14.194 <0.001 

Residual 234 15.975 0.068   

Total 239 63.604 0.266   
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A4.1.11: Regression analysis – relationship between operating depth and draught 

force, Swan Hill site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

Table A4.159: Analysis of variance – draught force measurements of all tines 

(Swan Hill site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 12.611 12.611 351.693 <0.001 0.83 

Tine  2 44.203 22.102 616.350 <0.001 

Depth 2 57.528 28.764 802.147 <0.001 

Traffic.Tine 2 1.813 0.907 25.284 <0.001 

Traffic.Depth 2 0.879 0.440 12.261 <0.001 

Tine.Depth 4 7.353 1.838 51.260 <0.001 

Traffic.Tine.Depth 4 1.094 0.274 7.630 <0.001 

Residual 702 25.173 0.036   

Total 719 150.656 0.210   

Table A4.160: Summary of analysis for sweep tine Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 4.314 4.314 222.902 <0.001 0.65 0.139 

Residual 118 2.284 0.019   

Total 119 6.598 0.055   

Table A4.161: Estimates of parameters for sweep tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.455 0.029 15.749 <0.001 

Depth 0.009 0.001 14.930 <0.001 
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1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

Table A4.162: Summary of analysis for sweep tine , Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 6.012 6.012 233.720 <0.001 0.66 0.160 

Residual 118 3.035 0.026   

Total 119 9.047 0.076   

Table A4.163: Estimates of parameters for Sweep tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.087 0.073 1.186 0.238 

Depth 0.011 0.001 15.288 <0.001 

Table A4.164: Summary of analysis for sweep tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 6.235 3.118 129.755 <0.001 0.68 0.155 

Residual 117 2.811 0.024   

Total 119 9.047 0.076   

Table A4.165: Estimates of parameters for sweep tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.492 0.466 3.203 0.002 

Depth -0.018 0.010 -1.906 0.059 

Depth Sq 0.000 0.000 3.052 0.003 
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1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.166: Summary of analysis for sweep tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.703 2.703 141.076 <0.001 0.54 0.138 

Residual 118 2.261 0.019   

Total 119 4.964 0.042   

Table A4.167: Estimates of parameters for sweep tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.736 0.047 15.828 <0.001 
Depth 0.007 0.001 11.878 <0.001 

Table A4.168: Summary of analysis for sweep tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 6.868 6.868 152.301 <0.001 0.56 0.212 

Residual 118 5.321 0.045   

Total 119 12.189 0.102   

Table A4.169: Estimates of parameters for sweep tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.395 0.097 4.080 <0.001 
Depth 0.012 0.001 12.341 <0.001 
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1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

Table A4.170: Summary of analysis for sweep tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 7.027 3.514 79.636 <0.001 0.57 0.210 

Residual 117 5.162 0.044   

Total 119 12.189 0.102   

Table A4.171: Estimates of parameters for sweep tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.580 0.631 2.504 0.014 

Depth -0.013 0.013 -0.996 0.321 

Depth Sq 0.000 0.000 1.899 0.060 

 

Table A4.172: Summary of analysis for chisel tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 10.376 10.376 880.660 <0.001 0.88 0.109 

Residual 118 1.390 0.012   

Total 119 11.766 0.099   

Table A4.173: Estimates of parameters for chisel tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.163 0.008 20.185 <0.001 
Depth 0.014 0.000 29.676 <0.001 
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2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

Table A4.174: Summary of analysis for chisel tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 4.724 4.724 833.019 <0.001 0.88 0.075 

Residual 118 0.669 0.006   

Total 119 5.393 0.045   

Table A4.175: Estimates of parameters for chisel tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.252 0.034 -7.319 <0.001 

Depth 0.010 0.000 28.862 <0.001 

Table A4.176: Summary of analysis for chisel tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 4.829 2.414 500.732 <0.001 0.89 0.069 

Residual 117 0.564 0.005   

Total 119 5.393 0.045   

Table A4.177: Estimates of parameters for chisel tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.214 0.209 -5.818 <0.001 

Depth 0.030 0.004 6.907 <0.001 

Depth Sq 0.000 0.000 -4.666 <0.001 
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2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

2.2.2 Regression analysis – linear model 

Response variate: Draught Force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.178: Summary of analysis for chisel tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 8.269 8.269 831.814 <0.001 0.88 0.100 

Residual 118 1.173 0.010   

Total 119 9.442 0.079   

Table A4.179: Estimates of parameters for Chisel tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.229 0.010 21.974 <0.001 
Depth 0.013 0.000 28.841 <0.001 

Table A4.180: Summary of analysis for chisel tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.497 5.497 906.754 <0.001 0.88 0.078 

Residual 118 0.715 0.006   

Total 119 6.212 0.052   

Table A4.181: Estimates of parameters for chisel tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.189 0.036 -5.332 <0.001 

Depth 0.010 0.000 30.112 <0.001 
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2.2.3 Regression analysis – quadratic model 

Response variate: Draught Force 

Fitted terms: Constant, Depth, depth Sq. 

 

 

 

 

 

3. Opener tine 

3.1  Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

Table A4.182: Summary of analysis for chisel tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 5.552 2.776 491.770 <0.001 0.89 0.075 

Residual 117 0.660 0.006   

Total 119 6.212 0.052   

 

Table A4.183: Estimates of parameters for chisel tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.885 0.226 -3.922 <0.001 
Depth 0.025 0.005 5.357 <0.001 
Depth Sq -7.260E-5 0.000 -3.119 0.002 

Table A4.184: Summary of analysis for opener tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 9.652 9.652 386.140 <0.001 0.76 0.158 

Residual 118 2.949 0.025   

Total 119 12.601 0.106   

Table A4.185: Estimates of parameters for opener tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.256 0.018 13.858 <0.001 
Depth 0.014 0.001 19.650 <0.001 
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3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

3.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.186: Summary of analysis for opener tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 12.113 12.113 255.288 <0.001 0.68 0.218 

Residual 118 5.599 0.047   

Total 119 17.713 0.149   

Table A4.187: Estimates of parameters for opener tine, Swan Hill (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.472 0.099 -4.746 <0.001 

Depth 0.016 0.001 15.978 <0.001 

Table A4.188: Summary of analysis for opener tine, Swan Hill (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 12.701 6.350 148.239 <0.001 0.71 0.207 

Residual 117 5.012 0.043   

Total 119 17.713 0.149   

Table A4.189: Estimates of parameters opener tine, Swan Hill (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.803 0.622 2.900 0.004 

Depth -0.032 0.013 -2.482 0.014 

Depth Sq 0.000 0.000 3.702 <0.001 
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3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.190: Summary of analysis for opener tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 14.475 14.475 380.830 <0.001 0.76 0.195 

Residual 118 4.485 0.038   

Total 119 18.960 0.159   

Table A4.191: Estimates of parameters for opener tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.228 0.020 11.238 <0.001 
Depth 0.017 0.001 19.515 <0.001 

Table A4.192: Summary of analysis for opener tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 28.513 28.513 259.575 <0.001 0.69 0.331 

Residual 118 12.962 0.110   

Total 119 41.474 0.349   

Table A4.193: Estimates of parameters for opener tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.032 0.151 -6.822 <0.001 
Depth 0.024 0.001 16.111 <0.001 
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3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

A4.1.12: Statistical analysis - draught force measurements in Loxton site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm    

 

 

 

 

Table A4.194: Summary of analysis for opener tine, Swan Hill (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 30.511 15.256 162.808 <0.001 0.73 0.306 

Residual 117 10.963 0.094   

Total 119 41.474 0.349   

Table A4.195: Estimates of parameters opener tine, Swan Hill (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 3.166 0.920 3.442 0.001 

Depth -0.064 0.019 -3.350 0.001 

Depth Sq 0.000 0.000 4.618 <0.001 

Table A4.196: Analysis of variance – draught force measurements of sweep 

tines (Loxton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 8.782 8.782 222.110 <0.001 0.61 

Depth 2 5.540 2.770 70.059 <0.001 

Traffic . Depth 2 0.301 0.151 3.811 0.024 

Residual 234 9.252 0.040   

Total 239 23.876 0.100   
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Table A4.197: Analysis of variance – draught force measurements of chisel tines 

(Loxton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.399 0.399 111.683 <0.001 0.55 

Depth 2 0.580 0.290 81.289 <0.001 

Traffic . Depth 2 0.047 0.024 6.627 0.002 

Residual 234 0.835 0.004   

Total 239 1.861 0.008   

Table A4.198: Analysis of variance – draught force measurements of opener 

tines (Loxton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.495 0.495 64.382 <0.001 0.79 

Depth 2 6.224 3.112 404.739 <0.001 

Traffic . Depth 2 0.035 0.018 2.279 0.105 

Residual 234 1.799 0.008   

Total 239 8.554 0.036   

Table A4.199: Analysis of variance – draught force measurements of all tines 

(Loxton site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 6.159 6.159 363.718 <0.001 0.90 

Tine  2 86.411 43.206 2551.638 <0.001 

Depth 2 10.374 5.187 306.343 <0.001 

Traffic.Tine 2 3.517 1.759 103.857 <0.001 

Traffic.Depth 2 0.186 0.093 5.498 0.004 

Tine.Depth 4 1.970 0.493 29.090 <0.001 

Traffic.Tine.Depth 4 0.198 0.049 2.917 0.021 

Residual 702 11.887 0.017   

Total 719 120.702 0.168   
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A4.1.13: Regression analysis – relationship between operating depth and draught 

force, Loxton site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

 

1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

Table A4.200: Summary of analysis for sweep tine Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.879 1.879 155.912 <0.001 0.57 0.110 

Residual 118 1.422 0.012   

Total 119 3.300 0.028   

Table A4.201: Estimates of parameters for sweep tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.689 9.035 19.959 <0.001 

Depth 0.006 9.000 12.486 <0.001 

Table A4.202: Summary of analysis for sweep tine , Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.109 3.109 152.713 <0.001 0.56 0.143 

Residual 118 2.402 0.020   

Total 119 5.511 0.046   

Table A4.203: Estimates of parameters for Sweep tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.501 0.065 7.700 <0.001 

Depth 0.008 0.001 12.358 <0.001 
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1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.204: Summary of analysis for sweep tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 3.117 1.559 76.187 <0.001 0.56 0.143 

Residual 117 2.394 0.020   

Total 119 5.511 0.046   

Table A4.205: Estimates of parameters for sweep tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.775 0.430 1.805 .074 

Depth 0.002 0.009 0.244 .808 

Depth Sq 2.860E-5 0.000 0.645 .520 

Table A4.206: Summary of analysis for sweep tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.836 0.836 39.317 <0.001 0.24 0.146 

Residual 118 2.509 0.021   

Total 119 3.345 0.028   

Table A4.207: Estimates of parameters for sweep tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 1.096 0.073 15.025 <0.001 
Depth 0.004 0.001 6.270 <0.001 
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1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

Table A4.208: Summary of analysis for sweep tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.309 2.309 37.447 <0.001 0.23 0.248 

Residual 118 7.275 0.062   

Total 119 9.583 0.081   

Table A4.209: Estimates of parameters for sweep tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.993 0.113 8.762 <0.001 
Depth 0.007 0.001 6.119 <0.001 

Table A4.210: Summary of analysis for sweep tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 2.724 1.362 23.237 <0.001 0.27 0.242 

Residual 117 6.859 0.059   

Total 119 9.583 0.081   

Table A4.211: Estimates of parameters for sweep tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.922 0.727 -1.267 0.208 

Depth 0.047 0.015 3.108 0.002 

Depth Sq 0.000 0.000 -2.663 0.009 
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2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

 

 

2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.212: Summary of analysis for chisel tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.369 1.369 132.996 <0.001 0.53 0.101 

Residual 118 1.215 0.010   

Total 119 2.584 0.022   

Table A4.213: Estimates of parameters for chisel tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.348 0.016 21.592 <0.001 
Depth 0.005 0.000 11.532 <0.001 

Table A4.214: Summary of analysis for chisel tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.459 0.459 139.887 <0.001 0.54 0.057 

Residual 118 0.387 0.003   

Total 119 0.846 0.007   

Table A4.215: Estimates of parameters for chisel tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.290 0.026 11.104 <0.001 

Depth 0.003 0.00 11.827 <0.001 
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2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.216: Summary of analysis for chisel tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 0.460 0.230 69.550 <0.001 0.54 0.057 

Residual 117 0.387 0.003   

Total 119 0.846 0.007   

Table A4.217: Estimates of parameters for chisel tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.217 0.173 1.259 0.210 

Depth 0.005 0.004 1.274 0.205 

Depth Sq -7.600E-6 0.000 -0.427 0.670 

Table A4.218: Summary of analysis for chisel tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.341 0.341 39.463 <0.001 0.24 0.093 

Residual 118 1.020 0.009   

Total 119 1.361 0.011   

Table A4.219: Estimates of parameters for Chisel tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.517 0.022 23.570 <0.001 
Depth 0.003 0.000 6.282 <0.001 
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2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.220: Summary of analysis for chisel tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.158 0.158 40.528 <0.001 0.25 0.062 

Residual 118 0.459 0.004   

Total 119 0.616 0.005   

Table A4.221: Estimates of parameters for chisel tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.497 0.028 17.477 <0.001 

Depth 0.002 0.000 6.366 <0.001 

Table A4.222: Summary of analysis for chisel tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 0.168 0.084 21.892 <0.001 0.26 0.062 

Residual 117 0.448 0.004   

Total 119 0.616 0.005   

 

Table A4.223: Estimates of parameters for chisel tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.798 0.186 4.292 <0.001 

Depth -0.005 0.004 -1.171 0.244 

Depth Sq 3.140E-5 0.000 1.637 0.104 
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3. Opener tine 

3.1  Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

  

 

 

 

3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.224: Summary of analysis for opener tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.475 3.475 379.781 <0.001 0.76 0.096 

Residual 118 1.080 0.009   

Total 119 4.555 0.038   

Table A4.225: Estimates of parameters for opener tine, Loxton (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.413 0.018 22.904 <0.001 
Depth 0.008 0.000 19.488 <0.001 

Table A4.226: Summary of analysis for opener tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.065 3.065 373.575 <0.001 0.76 0.091 

Residual 118 0.968 0.008   

Total 119 4.034 0.034   

Table A4.227: Estimates of parameters for opener tine, Loxton (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.008 0.000 19.328 <0.001 

Depth 0.186 0.041 4.503 <0.001 
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3.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

Table A4.228: Summary of analysis for opener tine, Loxton (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 3.170 1.585 214.847 <0.001 0.78 0.086 

Residual 117 0.863 0.007   

Total 119 4.034 0.034   

Table A4.229: Estimates of parameters opener tine, Loxton (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.776 0.258 -3.007 0.003 

Depth 0.028 0.005 5.230 <0.001 
Depth Sq 0.000 0.000 -3.772 <0.001 

Table A4.230: Summary of analysis for opener tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.678 2.678 255.577 <0.001 0.68 0.102 

Residual 118 1.237 0.010   

Total 119 3.915 0.033   

Table A4.231: Estimates of parameters for opener tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.502 0.023 21.401 <0.001 
Depth 0.007 0.000 15.987 <0.001 
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3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

Table A4.232: Summary of analysis for opener tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.760 2.760 257.568 <0.001 0.68 0.104 

Residual 118 1.265 0.011   

Total 119 4.025 0.034   

Table A4.233: Estimates of parameters for opener tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.317 0.047 6.709 <0.001 
Depth 0.007 0.000 16.049 <0.001 

Table A4.234: Summary of analysis for opener tine, Loxton (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 3.089 1.544 193.051 <0.001 0.76 0.089 

Residual 117 0.936 0.008   

Total 119 4.025 0.034   

Table A4.235: Estimates of parameters opener tine, Loxton (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.385 0.269 -5.154 <0.001 

Depth 0.043 0.006 7.729 <0.001 

Depth Sq 0.000 0.000 -6.409 <0.001 
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A4.1.14: Statistical analysis - draught force measurements in Waikerie site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm    

 

 

 

 

 

 

 

 

 

 

 

Table A4.236: Analysis of variance – draught force measurements of sweep 

tines (Waikerie site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.142 0.142 6.181 0.014 0.82 

Depth 2 24.020 12.010 522.343 <0.001 

Traffic . Depth 2 0.226 0.113 4.917 0.008 

Residual 234 5.380 0.023   

Total 239 29.768 0.125   

Table A4.237: Analysis of variance – draught force measurements of chisel tines 

(Waikerie site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.038 0.038 7.717 0.006 0.49 

Depth 2 1.048 0.524 106.411 <0.001 

Traffic . Depth 2 0.021 0.010 2.095 0.125 

Residual 234 1.152 0.005   

Total 239 2.259 0.009   

Table A4.238: Analysis of variance – draught force measurements of opener 

tines (Waikerie site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.001 0.001 0.043 0.835 0.37 

Depth 2 4.022 2.011 66.902 <0.001 

Traffic . Depth 2 0.042 0.021 0.693 0.501 

Residual 234 7.033 0.030   

Total 239 11.098 0.046   



 APPENDICES 

304 

Adnan A. A. Luhaib 

 

 

 

 

A4.1.15: Regression analysis – relationship between operating depth and draught 

force, Waikerie site. 

1. Sweep tine  

1.1 Non-wheeled soil 

1.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

  

 

Table A4.239: Analysis of variance – draught force measurements of all tines 

(Waikerie site) 

Variate: Draught force (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 0.016 0.016 0.821 0.365 0.87 

Tine  2 60.674 30.337 1569.881 <0.001 

Depth 2 18.793 9.396 486.250 <0.001 

Traffic.Tine 2 0.166 0.083 4.283 0.014 

Traffic.Depth 2 0.022 0.011 0.581 0.559 

Tine.Depth 4 10.296 2.574 133.205 <0.001 

Traffic.Tine.Depth 4 0.266 0.066 3.440 0.009 

Residual 702 13.566 0.019   

Total 719 120.702 0.168   

Table A4.240: Summary of analysis for sweep tine Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.802 5.802 283.138 <0.001 0.70 0.143 

Residual 118 2.418 0.020   

Total 119 8.220 0.069   

Table A4.241: Estimates of parameters for sweep tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.379 0.025 15.305 <0.001 

Depth 0.011 0.001 16.827 <0.001 
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1.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

1.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.242: Summary of analysis for sweep tine , Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 8.528 8.528 251.196 <0.001 0.68 0.184 

Residual 118 4.006 0.034   

Total 119 12.534 0.105   

Table A4.243: Estimates of parameters for Sweep tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.152 0.084 -1.805 0.074 

Depth 0.013 0.001 15.849 <0.001 

Table A4.244: Summary of analysis for sweep tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 9.793 4.896 208.943 <0.001 0.78 0.153 

Residual 117 2.742 0.023   

Total 119 12.534 0.105   

Table A4.245: Estimates of parameters for sweep tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 3.187 0.460 6.930 <0.001 
Depth -0.057 0.010 -5.953 <0.001 
Depth Sq 0.000 0.000 7.346 <0.001 



 APPENDICES 

306 

Adnan A. A. Luhaib 

1.2 Wheeled soil 

1.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

1.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

Table A4.246: Summary of analysis for sweep tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 7.859 7.859 401.365 <0.001 0.77 0.140 

Residual 118 2.310 0.020   

Total 119 10.169 0.086   

Table A4.247: Estimates of parameters for sweep tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.328 0.021 15.657 <0.001 
Depth 0.013 0.001 20.034 <0.001 

Table A4.248: Summary of analysis for sweep tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 12.577 12.577 328.726 <0.001 0.73 0.196 

Residual 118 4.515 0.038   

Total 119 17.092 0.144   

Table A4.249: Estimates of parameters for sweep tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.383 0.089 -4.292 <0.001 
Depth 0.016 0.001 18.131 <0.001 
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1.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

2. Chisel tine 

2.1 Non-wheeled soil 

2.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

 

 

 

Table A4.250: Summary of analysis for sweep tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 14.453 7.227 320.457 <0.001 0.84 0.150 

Residual 117 2.638 0.023   

Total 119 17.092 0.144   

Table A4.251: Estimates of parameters for sweep tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 3.684 0.451 8.166 <0.001 
Depth -0.069 0.009 -7.398 <0.001 
Depth Sq 0.000 0.000 9.121 <0.001 

 

Table A4.252: Summary of analysis for chisel tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.994 2.994 73.639 <0.001 0.38 0.202 

Residual 118 4.798 0.041   

Total 119 7.793 0.066   

Table A4.253: Estimates of parameters for chisel tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.215 0.020 10.865 <0.001 
Depth 0.008 0.001 8.581 <0.001 
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2.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

2.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.254: Summary of analysis for chisel tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.621 0.621 78.399 <0.001 0.39 0.089 

Residual 118 0.935 0.008   

Total 119 1.556 0.013   

Table A4.255: Estimates of parameters for chisel tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.128 0.041 3.146 0.002 

Depth 0.004 0.000 8.854 <0.001 

Table A4.256: Summary of analysis for chisel tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 0.631 .316 39.921 <0.001 0.40 0.089 

Residual 117 0.925 0.008   

Total 119 1.556 0.013   

Table A4.257: Estimates of parameters for chisel tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.169 0.267 -0.634 0.528 

Depth 0.010 0.006 1.760 0.081 

Depth Sq -3.100E-5 0.000 -1.125 0.263 
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2.2 Wheeled soil 

2.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

 

2.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.258: Summary of analysis for chisel tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.168 2.168 144.495 <0.001 0.55 0.122 

Residual 118 1.770 0.015   

Total 119 3.938 0.033   

Table A4.259: Estimates of parameters for Chisel tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.232 0.013 17.888 <0.001 
Depth 0.007 0.001 12.021 <0.001 

Table A4.260: Summary of analysis for chisel tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.389 0.389 166.767 <0.001 0.58 0.048 

Residual 118 0.275 0.002   

Total 119 0.665 0.006   

Table A4.261: Estimates of parameters for chisel tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.176 0.022 7.989 <0.001 

Depth 0.003 0.000 12.914 <0.001 
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2.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

3. Opener tine 

3.1  Non-wheeled soil 

3.1.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth 

  

 

 

 

Table A4.262: Summary of analysis for chisel tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 0.437 0.219 112.603 <0.001 0.65 0.044 

Residual 117 0.227 0.002   

Total 119 0.665 0.006   

 

Table A4.263: Estimates of parameters for chisel tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.476 0.132 -3.592 <0.001 
Depth 0.016 0.003 5.986 <0.001 
Depth Sq -6.800E-5 0.000 -4.980 <0.001 

Table A4.264: Summary of analysis for opener tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.997 2.997 59.787 <0.001 0.33 0.224 

Residual 118 5.915 0.050   

Total 119 8.912 0.075   

Table A4.265: Estimates of parameters for opener tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.357 0.036 9.785 <0.001 
Depth 0.008 0.001 7.732 <0.001 
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3.1.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

3.1.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

Table A4.266: Summary of analysis for opener tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.947 1.947 73.380 <0.001 0.38 0.163 

Residual 118 3.131 0.027   

Total 119 5.078 0.043   

Table A4.267: Estimates of parameters for opener tine, Waikerie (Non-wheeled 

soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.178 0.074 2.400 0.018 

Depth 0.006 0.001 8.566 <0.001 

Table A4.268: Summary of analysis for opener tine, Waikerie (Non-wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 2.067 1.034 40.180 <0.001 0.40 0.160 

Residual 117 3.010 0.026   

Total 119 5.078 0.043   

Table A4.269: Estimates of parameters opener tine, Waikerie (Non-wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -0.853 0.482 -1.770 0.079 

Depth 0.028 0.010 2.786 0.006 

Depth Sq 0.000 0.000 -2.165 0.032 
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3.2 Wheeled soil 

3.2.1 Regression analysis – exponential model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

 

 

 

3.2.2 Regression analysis – linear model 

Response variate: Draught force 

Fitted terms: Constant, depth  

 

 

 

 

Table A4.270: Summary of analysis for opener tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.130 2.130 30.675 <0.001 0.20 0.263 

Residual 118 8.193 0.069   

Total 119 10.322 0.087   

Table A4.271: Estimates of parameters for opener tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.403 0.048 8.315 <0.001 
Depth 0.007 0.001 5.538 <0.001 

Table A4.272: Summary of analysis for opener tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.624 1.624 43.622 <0.001 0.26 0.193 

Residual 118 4.394 0.037   

Total 119 6.019 0.051   

Table A4.273: Estimates of parameters for opener tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant 0.237 0.088 2.692 0.008 

Depth 0.006 0.001 6.605 <0.001 
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3.2.3 Regression analysis – quadratic model 

Response variate: Draught force 

Fitted terms: Constant, depth, depth Sq. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A4.274: Summary of analysis for opener tine, Waikerie (Wheeled soil) 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 2 1.996 0.998 29.021 <0.001 0.32 0.185 

Residual 117 4.023 0.034   

Total 119 6.019 0.051   

Table A4.275: Estimates of parameters opener tine, Waikerie (Wheeled soil) 

Parameter estimate s.e. t(96) t pr. 

Constant -1.572 0.557 -2.822 0.006 

Depth 0.043 0.012 3.772 <0.001 

Depth Sq 0.000 0.000 -3.286 0.001 
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A4.1.16: Statistical analysis of dataset- draught force measurements in most sites    

Factors structure: 

Site: Felton, Pittsworth, Gatton, Swan Hill, Loxton, Waikerie  

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 75 mm, 100 mm, 125 mm   

  

Table A4.276: Analysis of variance – draught force measurements of all tines in most of sites 

Variate: Draught force (kN) 

Source of varaiation d.f. s.s m. s. v.r. Fpr. R2 

Site 5 3417.628 683.526 6785.499 <0.001 0.95 

Traffic 1 613.635 613.635 6091.685 <0.001 

Depth 2 604.702 302.351 3001.499 <0.001 

Tine 2 1204.525 602.262 5978.783 <0.001 

Site.Traffic 5 439.306 87.861 872.216 <0.001 

Site.Depth 10 250.998 25.100 249.171 <0.001 

Site.Tine 10 500.803 50.080 497.158 <0.001 

Traffic.Depth 2 11.628 5.814 57.716 <0.001 

Traffic.Tine 2 43.882 21.941 217.815 <0.001 

Depth.Tine 4 31.919 7.980 79.217 <0.001 

Site.Traffic.Depth 10 12.234 1.223 12.145 <0.001 

Site.Traffic.Tine 10 159.527 15.953 158.366 <0.001 

Site.Depth.Tine 20 85.797 4.290 42.586 <0.001 

Traffic.Depth.Tine 4 3.881 0.970 9.631 <0.001 

Site.Traffic.Depth.Tine 20 13.154 0.658 6.529 <0.001 

Residual 4212 424.289 0.101   

Total 4319 7817.907 1.810   
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Appendix A4.2: Summary results of draught force for Northern 

region and Southern region sites in Chapter 4  

A4.2.1: Felton (QLD) site  

Table A4.2.0.1: The mean values of draught force and draught increasing for each tine in Felton 

(QLD) site. P values for the interaction between traffic and depth factors are P=0.614, P< 0.05 

and P= 0.444 for sweep, chisel and opener tines, respectively. Different letters indicate that 

mean values are significantly different at a 95% confidence interval 

Site: Felton Draught force (kN)  

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 2.24 2.74 3.48 2.82 b 

SD ± 0.33 ± 0.35 ± 0.51 ± 0.65 

Wheeled 3.6 4.13 5.02 4.25 a 

SD ± 0.60 ± 0.67 ± 0.95 ± 0.95 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.61 1.51 1.44 1.51 

SD ± 0.07 ± 0.07 ± 0.11 ± 0.11 

Percentage (%) 60.94 51.08 44.36 50.71 

SD ± 6.84 ± 7.35 ± 11.18 ± 11.07 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.89 f 1.27 e 1.86 c 1.34 b 

SD ± 0.185 ± 0.224 ± 0.467 ± 0.508 

Wheeled 1.58 d 2.19 b 2.93 a 2.23 a 

SD ± 0.632 ± 0.783 ± 0.857 ± 0.80 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.78 1.71 1.57 1.66 

SD ± 0.25 ± 0.21 ± 0.11 ± 0.22 

Percentage (%) 78 71 57 66 

SD ± 24.75 ± 20.59 ± 10.80 ± 21.67 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 1.47 2.02 2.55 2.01 b 

SD ± 0.159 ± 0.197 ± 0.225 ± 0.48 

Wheeled 2.2 2.8 3.3 2.77 a 

SD ± 0.223 ± 0. 173 ± 0.242 ± 0.497 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.49 1.39 1.29 1.38 

SD ± 0.04 ± 0.06 ± 0.03 ± 0.09 

Percentage (%) 49 39 30 37.81 

SD ± 3.55 ± 5.64 ± 3.02 ± 9.15 
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A4.2.2: Pittsworth (QLD) site  

Table 4.2.2: The mean values of draught force and draught increasing for each tine in 

Pittsworth (QLD) site. P values for the interaction between traffic and depth factors are P 

< 0.001, P< 0.001 and P= 0.715 for sweep, chisel and opener tines, respectively. Different 

letters indicate that mean values are significantly different at a 95% confidence interval 

Site: Pittsworth Draught force (kN) 

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 1.64 f 3.24 e 4.55 c 3.14 b 

SD ± 0.222 ± 0.347 ± 0.632 ± 1.269 

Wheeled 4.31 d 6.83 b 7.62 a 6.25 a 

SD ± 0.585 ± 0.468 ± 0.811 ± 1.55 

n 40 40 40 120 

Draught increase 

Differences (ratio) 2.63 2.11 1.68 1.99 

SD ± 0.06 ± 0.09 ± 0.21 ± 0.40 

Percentage (%) 163 111 68 99 

SD ± 6.16 ± 8.71 ± 20.82 ± 40 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.90 e 1.50 d 2.17 c 1.52 b 

SD ± 0.144 ± 0.217 ± 0.249 ± 0.561 

Wheeled 1.42 d 2.73 b 3.81 a 2.65 a 

SD ± 0.362 ± 0.362 ± 0.228 ± 1.003 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.58 1.81 1.76 1.74 

SD ± 0.15 ± 0.04 ± 0.10 ± 0.16 

Percentage (%) 58 81 76 74 

SD ± 15.27 ± 4.46 ± 10.04 ± 15.47 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 1.9 2.25 2.81 2.32 b 

SD ± 0.329 ± 0.311 ± 0.311 ± 0.49 

Wheeled 3.18 3.43 4.18 3.6 a 

SD ± 0.573 ± 0.464 ± 0.576 ± 0.684 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.71 1.53 1.49 1.55 

SD ± 0.11 ± 0.33 ± 0.06 ± 0.23 

Percentage (%) 71 53 49 55 

SD ± 11.06 ± 33.71 ± 6.39 ± 23.10 
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A4.2.3: Gatton (QLD) site  

Table A4.2.3: The mean values of draught force and draught increasing for each tine in Gatton 

(QLD) site. P values for the interaction between traffic and depth factors are P= 0.243, P< 0.001 

and P< 0.001 for sweep, chisel and opener tines, respectively. Different letters indicate that 

mean values are significantly different at a 95% confidence interval 

Site: Gatton Draught force (kN) 

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 1.82 2.5 2.96 2.43 b 

SD ± 0.634 ± 0.427 ± 0.345 ± 0.671 

Wheeled 2.59 3.49 3.79 3.29 a 

SD ± 0.236 ± 0.435 ± 0.369 ± 0.621 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.43 1.40 1.28 1.35 

SD ± 0.41 ± 0.12 ± 0.05 ± 0.27 

Percentage (%) 43 40 28 35 

SD ± 41 ± 12 ± 5 ± 27 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.69 e 1.07 d 1.12 c 0.96 b 

SD ± 0.20 ± 0.36 ± 0.21 ± 0.32 

Wheeled 1.08 d 2.04 b 2.52 a 1.88 a 

SD ± 0.096 ± 0.16 ± 0.314 ± 0.64 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.56 1.90 2.24 1.95 

SD ± 0.33 ± 0.41 ± 0.35 ± 0.45 

Percentage (%) 56 90 124 95 

SD ± 33.38 ± 40.97 ± 35.16 ± 44.92 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.77 f 1.10 e 1.28 d 1.05 b 

SD ± 0.061 ± 0.113 ± 0.153 ± 0.240 

Wheeled 1.59 c 2.37 b 2.65 a 2.20 a 

SD 0.094 0.361 0.223 0.513 

n 40 40 40 120 

Draught increase 

Differences (ratio) 2.06 2.16 2.07 2.09 

SD ± 0.05 ± 0.13 ± 0.08 ± 0.099 

Percentage (%) 106 116 107 109 

SD ± 5.41 ± 12.55 ± 8.14 ± 9.95 
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A4.2.4: Kingaroy (QLD) site 

 

Figure A4.2.4: Tractor wheel traffic effects on draught forces for chisel tine in Kingaroy site. 
Box plots show: Min, Q1, Med, Q3 and Max (n=40). P =0.09. The symbols (○) denote mild 

outliers, respectively  

 

Table A4.2.4: The mean values of draught force and draught increasing for chisel tines in 

Kingaroy (QLD) site 

Site: Kingaroy Draught force (kN) 

Tine Depth (200 mm) 

Chisel 

Traffic  

Non-wheeled 4.76 

SD ± 1.22 

Wheeled 5.24 

SD ± 1.31 

N 40 

Draught increase 

Differences (ratio) 1.10 

SD ± 0.05 

Percentage (%) 10 

SD ± 5.29 
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A4.2.5: Hopetoun (VIC) site 

 

Figure A4.2.5: The effect of tractor wheel traffic and operating depth on draught force of 

different tines. Box plots show: Min, Q1, Med, Q3 and Max (n=40). P < 0.001. The symbols (○) 

and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean 

values are significantly different at a 95% confidence interval. Figures show: (A) Sweep (B) 

Chisel and (C) Opener; (1) non-wheeled soil (2) wheeled soil for Hopetoun (VIC) site, 

respectively 
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Table A4.2.5: The mean values of draught force and draught increasing for each tine in 

Hopetoun (VIC) site. P values for the interaction between traffic and depth factors are P = 

0.875, P= 0.677 and P= 0.275 for sweep, chisel and opener tines, respectively  

Site: Hopetoun Draught force (kN) 

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 2.21 3.15 6.72 4.03 

SD ± 0.608 ± 1.49 ± 2.77 ± 2.68 

Wheeled 2.29 3.48 7.07 4.28 

SD ± 0.45 ± 1.57 ± 2.92 ± 2.80 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1.03 1.10 1.04 1.06 

SD ± 0.17 ± 0.11 ± 0.10 ± 0.13 

Percentage (%) 3 10 4 6 

SD ± 16.87 ± 10.61 ± 9.76 ± 13.37 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.93 2.15 - 1.54 

SD ± 0.30 ± 0.79 - ± 0.85 

Wheeled 0.99 2.17 - 1.63 

SD ± 0.17 ± 0.65 - ± 0.80 

n 40 40 - 80 

Draught increase 

Differences (ratio) 1.06 1.06 - 1.05 

SD ± 0.22 ± 0.16 - ± 0.19 

Percentage (%) 6 6 - 6 

SD ± 22.05 ± 16.33 - ± 19.43 

Opener 

Draught force (kN)  

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 1.36 2.26 - 1.81 

SD ± 0.151 ± 0.273 - ± 0.501 

Wheeled 1.47 2.45 - 1.96 

SD ± 0.16 ± 0.323 - ± 0.554 

n 40 40 - 80 

Draught increase 

Differences (ratio) 1.08 1.03 - 1.08 

SD ± 0.04 ± 0.03 - ± 0.03 

Percentage (%) 8 8 - 8 

SD ± 4.05 ± 3.32 - ± 3.70 

 

 

 



 APPENDICES 

321 

Adnan A. A. Luhaib 

A4.2.6: Swan Hill (VIC) site 

Table 4.2.6: The mean values of draught force and draught increasing for each tine in Sawn 

Hill (VIC) site. P values for the interaction between traffic and depth factors are P= 0.779, P= 

0.171 and P< 0.001 for sweep, chisel and opener tines, respectively. Different letters indicate 

that mean values are significantly different at a 95% confidence interval 

Site: Swan Hill Draught force (kN) 

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 0.94 1.22 1.49 1.18 b 

SD ± 0.150 ± 0.140 ± 0.180 ± 0.276 

Wheeled 1.30 1.52 1.89 1.57 a 

SD ± 0.144 ± 0.223 ± 0.250 ± 0.320 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.38 1.35 1.27 1.33 

SD ± 0.09 ± 0.05 ± 0.07 ± 0.09 

Percentage (%) 38.23 35.17 26.84 32.71 

SD ± 8.66 ± 4.75 ± 7.10 ± 8.76 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.46 0.76 0.94 0.72 b  

SD ± 0.026 ± 0.043 ± 0.11 ± 0.213 

Wheeled 0.58 0.89 1.11 0.86 a 

SD ± 0.056 ± 0.060 ± 0.10 ± 0.23 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.27 1.17 1.17 1.19 

SD ± 0.06 ± 0.04 ± 0.04 ± 0.07 

Percentage (%) 27.21 16.73 17.40 19.44 

SD ± 6 ± 4.02 ± 4.04 ± 6.64 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.75 f 0.99 d 1.52 b 1.09 b 

SD ± 0.075 ± 0.084 ± 0.34 ± 0.39 

Wheeled 0.85 e 1.17 c 2.04 a 1.36 a 

SD ± 0.09 ± 0.18 ± 0.49 ± 0.59 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.14 1.19 1.34 1.24 

SD ± 0.04 ± 0.08 ± 0.10 ± 0.12 

Percentage (%) 14.15 19.10 34.25 24.77 

SD ± 3.74 ± 8.27 ± 10.32 ± 11.57 
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A4.2.7: Loxton (SA) site 

Table 4.2.7: The mean values of draught force and draught increasing for each tine in 

Loxton (SA) site. P values for the interaction between traffic and depth factors are P= 

0.024, P= 0.002 and P= 0.105 for sweep, chisel and opener tines, respectively. Different 

letters indicate that mean values are significantly different at a 95% confidence interval 

Site: Loxton Draught force (kN)  

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 1.10 f 1.28 e 1.49 cd 1.29 b 

SD ± 0.131 ± 0.081 ± 0.195 ± 0.215 

Wheeled 1.46 c 1.76 ab 1.80 a 1.67 a 

SD ± 0.165 ± 0.269 ± 0.277 ± 0.284 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.33 1.38 1.21 1.29 

SD ± 0.21 ± 0.17 ± 0.22 ± 0.21 

Percentage (%) 33.17 37.51 20.63 29.45 

SD ± 20.65 ± 17.05 ± 22.13 ± 21.11 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.52 e 0.60 d 0.67 c 0.59 b 

SD ± 0.063 ± 0.058 ± 0.052 ± 0.084 

Wheeled 0.64 bc 0.66 b 0.73 a 0.68 a 

SD ± 0.058 ± 0.064 ± 0.064 ± 0.072 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.23 1.11 1.08 1.15 

SD ± 0.17 ± 0.15 ± 0.12 ± 0.16 

Percentage (%) 23.41 10.81 7.67 15.25 

SD ± 16.89 ± 14.86 ± 12.25 ± 16.30 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.75 1.01 1.14 0.97 b 

SD ± 0.036 ± 0.112 ± 0.091 ± 0.184 

Wheeled 0.84 1.13 1.21 1.06 a 

SD ± 0.046 ± 0.118 ± 0.90 ± 0.184 

n 40 40 40 120 

Draught increasing 

Differences (ratio) 1.11 1.12 1.06 1.09 

SD ± 0.081 ± 0.14 ± 0.06 ± 0.105 

Percentage (%) 11.32 12.10 5.78 9.28 

SD ± 8.13 ± 14.01 ± 6.31 ± 10.48 
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A4.2.8: Waikerie (SA) site 

Table A4.2.8: The mean values of draught force and draught increasing for each tine in 

Waikerie (SA) site. P values for the interaction between traffic and depth factors are P= 0.008, 

P= 0.125 and P= 0.501 for sweep, chisel and opener tines, respectively. Different letters indicate 

that mean values are significantly different at a 95% confidence interval 

Site: Waikerie Draught force (kN) 

Tine Depth (mm) 

Sweep  

Traffic 75 100 125 Mean 

Non-wheeled 0.90 d 1.01 c 1.55 ab 1.15 

SD ± 0.081 ± 0.103 ± 0.230 ± 0.325 

Wheeled 0.90 d 1.03 c 1.69 a 1.20 

SD ± 0.048 ± 0.124 ± 0.234 ± 0.380 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1 1.02 1.09 1.04 

SD ± 0.12 ± 0.20 ± 0.19 ± 0.18 

Percentage (%) 0 1.79 8.61 4.34 

SD ± 12.35 ± 20.22 ± 18.53 ± 17.87 

Chisel 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.39 0.49 0.56 0.48 

SD ± 0.093 ± 0.050 ± 0.112 ± 0.114 

Wheeled 0.37 0.48 0.51 0.46 

SD ± 0.060 ± 0.024 ± 0.041 ± 0.075 

n 40 40 40 120 

Draught increase 

Differences (ratio) 0.97 0.98 0.91 0.96 

SD ± 0.34 ± 0.11 ± 0.16 ± 0.231 

Percentage (%) -3.44 -2.22 -9.13 -4.17 

SD ± 33.98 ± 11.31 ± 16.40 ± 23.11 

Opener 

Draught force (kN) 

Depth (mm) 

Traffic 75 100 125 Mean 

Non-wheeled 0.62 0.85 0.94 0.80 

SD ± 0.12 ± 0.083 ± 0.24 ± 0.21 

Wheeled 0.63 0.89 0.91 0.81 

SD ± 0.90 ± 0.133 ± 0.28 ± 0.23 

n 40 40 40 120 

Draught increase 

Differences (ratio) 1 1.05 0.97 1.01 

SD ± 0.25 ± 0.15 ± 0.13 ± 0.19 

Percentage (%) 0.1 4.56 -2.75 1.25 

SD ± 25.39 ± 14.72 ± 13.47 ± 19.10 
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Appendix A4.3: Statistical analyses corresponding to soil surface 

roughness in Chapter 4  

A4.3.1: Statistical analysis – soil surface roughness measurements in Felton site    

Factors structure: 

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 0, 75 mm, 100 mm, 125 mm    

 

 

A4.3.2: Statistical analysis – soil surface roughness measurements in Pittsworth 

site    

 

 

Table A4.3.1: Analysis of variance – soil surface roughness measurements of 

non-wheeled soil and wheeled soil for all tines (Felton site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 6650.010 6650.010 200.021 <0.001 0.93 

Tine  2 1570.771 785.385 23.623 <0.001 

Depth 3 22060.448 7353.483 221.180 <0.001 

Traffic.Tine 2 107.771 53.885 1.621 0.205 

Traffic.Depth 3 2508.115 836.038 25.147 <0.001 

Tine.Depth 6 1194.896 199.149 5.990 <0.001 

Traffic.Tine.Depth 6 93.229 15.538 0.467 0.830 

Residual 72 2393.750 33.247   

Total 95 36578.990 385.042   

Table A4.3.2: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Pittsworth site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 5781.510 5781.510 637.227 <0.001 0.98 

Tine  2 2150.646 1075.323 118.520 <0.001 

Depth 3 23009.781 7669.927 845.365 <0.001 

Traffic.Tine 2 312.521 156.260 17.223 <0.001 

Traffic.Depth 3 1996.865 665.622 73.364 <0.001 

Tine.Depth 6 1072.188 178.698 19.696 <0.001 

Traffic.Tine.Depth 6 389.979 64.997 7.164 <0.001 

Residual 72 653.250 9.073   

Total 95 35366.740 372.281   
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A4.3.3: Statistical analysis – soil surface roughness measurements in Gatton site    

 

 

 

A4.3.4: Statistical analysis – soil surface roughness measurements in Hopetoun 

site 

* Depth: 0, 75 mm, 100 mm 

 

 

 

Table A4.3.3: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Gatton site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 2992.667 2992.667 280.745 <0.001 0.96 

Tine  2 1185.438 592.719 55.604 <0.001 

Depth 3 17577.333 5859.111 549.650 <0.001 

Traffic.Tine 2 42.021 21.010 1.971 0.147 

Traffic.Depth 3 1093.000 364.333 34.179 <0.001 

Tine.Depth 6 947.479 157.913 14.814 <0.001 

Traffic.Tine.Depth 6 274.562 45.760 4.293 <0.001 

Residual 72 767.500 10.660   

Total 95 24880 261.894   

Table A4.3.4: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Hopetoun site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 33.347 33.347 2.523 0.118 0.97 

Tine  2 846.361 423.181 32.016 <0.001 

Depth* 2 22825.861 11412.931 863.465 <0.001 

Traffic.Tine 2 111.028 55.514 4.200 0.020 

Traffic.Depth 2 1093.000 17.097 1.294 0.283 

Tine.Depth 4 432.722 108.181 8.185 <0.001 

Traffic.Tine.Depth 4 126.056 31.514 2.384 0.063 

Residual 54 713.750 13.218   

Total 71 25123.319 353.850   
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A4.3.5: Statistical analysis – soil surface roughness measurements in Swan Hill 

site 

 

 

 

 

A4.3.6: Statistical analysis – soil surface roughness measurements in Loxton site 

 

 

 

 

Table A4.3.5: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Swan Hill site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 1700.167 1700.167 152.824 <0.001 0.96 

Tine  2 1048.188 524.094 47.110 <0.001 

Depth 3 15777.583 5259.194 472.737 <0.001 

Traffic.Tine 2 163.021 81.510 7.327 <0.001 

Traffic.Depth 3 615.417 205.139 18.439 <0.001 

Tine.Depth 6 631.729 105.288 9.464 <0.001 

Traffic.Tine.Depth 6 144.896 24.149 2.171 0.056 

Residual 72 801.000 11.125   

Total 95 20882 219.811   

Table A4.3.6: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Loxton site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 1342.510 1342.510 132.186 <0.001 0.94 

Tine  2 432.813 216.406 21.308 <0.001 

Depth 3 9489.115 3163.038 311.438 <0.001 

Traffic.Tine 2 14.146 7.073 0.696 0.502 

Traffic.Depth 3 456.281 152.094 14.975 <0.001 

Tine.Depth 6 261.604 43.601 4.293 <0.001 

Traffic.Tine.Depth 6 62.438 10.406 1.025 0.416 

Residual 72 731.250 10.156   

Total 95 12790.156 134.633   
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A4.3.7: Statistical analysis– soil surface roughness measurements in Waikerie site 

 

A4.3.8: Statistical analysis of dataset- soil surface roughness measurements in 

most sites    

Factors structure: 

Site: Felton, Pittsworth, Gatton, Swan Hill, Loxton, Waikerie  

Tine: Sweep, chisel, opener  

Traffic system: Wheeled track, non-wheeled track  

Operating depth: 0, 75 mm, 100 mm, 125 mm   

Table A4.3.8: Analysis of variance – soil surface roughness measurements of non-wheeled 

soil and wheeled soil for all tines in most of sites 

Variate: Soil surface roughness (%) 

Source of varaiation d.f. s.s m. s. v.r. Fpr. R2 

Site 5 6927.655 1385.531 75.591 <0.001 0.95 

Traffic 1 16932.516 16932.516 923.796 <0.001 

Depth 3 104883.839 34961.280 1907.400 <0.001 

Tine 2 4061.316 2030.658 110.788 <0.001 

Site.Traffic 5 2351.016 470.203 25.653 <0.001 

Site.Depth 15 3243.130 216.209 11.796 <0.001 

Site.Tine 10 2630.726 263.073 14.353 <0.001 

Traffic.Depth 3 5808.214 1936.071 105.627 <0.001 

Traffic.Tine 2 154.698 77.349 4.220 0.015 

Depth.Tine 6 2313.031 385.505 21.032 <0.001 

Site.Traffic.Depth 15 1177.047 78.470 4.281 <0.001 

Site.Traffic.Tine 10 607.052 60.705 3.312 <0.001 

Site.Depth.Tine 30 2159.094 71.970 3.926 <0.001 

Traffic.Depth.Tine 6 553.344 92.224 5.032 <0.001 

Site.Traffic.Depth.Tine 30 724.240 24.141 1.317 0.125 

Residual 432 7918.250 18.329   

Total 575 162445.165 282.513   

Table A4.3.7: Analysis of variance – soil surface roughness measurements of  

non-wheeled soil and wheeled soil for all tines (Waikerie site) 

Variate: Soil surface roughness (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 816.667 816.667 22.866 <0.001 0.89 

Tine  2 304.188 152.094 4.259 0.018 

Depth 3 20212.708 6737.569 188.647 <0.001 

Traffic.Tine 2 122.271 61.135 1.712 0.188 

Traffic.Depth 3 315.583 105.194 2.945 0.039 

Tine.Depth 6 364.229 60.705 1.700 0.133 

Traffic.Tine.Depth 6 312.479 52.080 1.458 0.205 

Residual 72 2571.500 35.715   

Total 95 25019.625 263.364   
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Appendix A4.4: Soil surface roughness results for the rest of 

Northern region and Southern region sites in Chapter 4  

Appendix A4.4.1: Queensland sites  

 

 

Figure A4.4.1: Tractor wheel traffic and operating depth effects on the soil surface roughness 

for different tines at Queensland sites: (A) Felton site, and (B) Gatton site, respectively.  Bars 

denote SD; the operating depth in mm; 0 = control (n=4)  
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Appendix A4.4.2: Southern region sites  

 

 

 

Figure A4.4.2: Tractor wheel traffic and operating depth effects on the soil surface roughness 

for different tines at Southern region sites: (A) Hopetoun site, and (B) Waikerie site, 

respectively.  Bars denote SD; the operating depth in mm; 0 = control (n=4) 
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Appendix A4.5: Pictures for clods of soil for some studied sites 

 

Figure A4.5.1: Large soil clods after soil-engaging implement operations denote detrimental 

effects of tractor wheel traffic on soil structure for different studied sites   
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APPENDIX TO CHAPTER 5 

 

A5.1: Summary of regression analysis of predicted and measured values for all 

tines in studied sites. 

  

Site Tine Linear model P-value R2 SE Mean difference 

Felton 

Sweep Y=-1.12+1.50 x <0.001 0.87 0.37 5.20 ± 18.60 

Chisel Y= -0.21 + 1.21 x <0.001 0.75 0.35 2 ± 31.90 

Opener Y= -1.66 + 1.62 x <0.001 0.87 0.30 -12 ± 21.30 

Pittsworth 

Sweep Y= 0.56 + 0.81 x <0.001 0.95 0.23 2.80 ± 14.20 

Chisel Y= -0.26 + 1.03 x <0.001 0.98 0.09 -16.60 ± 9.80 

Opener Y= -1.4 + 1.74 x <0.001 0.97 0.15 0.51 ± 20 

Gatton 

Sweep Y= -0.21 + 0.93 x <0.001 0.76 0.35 -16.40 ± 13.40 

Chisel Y= 0.3 + 0.86 x <0.001 0.57 0.24 -12.80 ± 21.40 

Opener Y= -0.9 + 2.17 x <0.001 0.88 0.20 26.21 ± 27.61 

Kingaroy Chisel Y= 1.15 + 0.69 x <0.001 0.67 0.58 -6.25 ± 11.10 

Hopetoun 

Sweep Y= 2.12 + 0.28 x <0.001 0.79 0.39 3.84 ± 45 

Chisel Y= 0.44 + 0.23 x <0.001 0.89 0.07 -39.66 ± 18.14 

Opener Y= 0.17 + 0.51 x <0.001 0.91 0.08 -38.98 ± 4.92 

Swan Hill 

Sweep Y= -0.44 + 1.66 x <0.001 0.90 0.15 26.93 ± 16.61 

Chisel Y= -0.13 + 1.08 x <0.001 0.89 0.08 -12.56 ± 11.95 

Opener Y= 0.11 + 0.69 x <0.001 0.85 0.11 -20.68 ± 10.81 

Loxton 

Sweep Y= -0.07 + 1.10 x <0.001 0.65 0.17 4.71 ± 13.62 

Chisel Y= -0.68 + 2.08 x <0.001 0.71 0.11 -8.85 ± 24.90 

Opener Y= -0.64 + 1.54 x <0.001 0.84 0.12 -14.59 ± 17.97 

Waikerie 

Sweep Y= 0.084 + 0.97 x <0.001 0.79 0.16 4.60 ± 15.57 

Chisel Y= -0.06 + 1.11 x <0.001 0.52 0.12 -1.29 ± 27.63 

Opener Y= -0.07 + 0.88 x <0.001 0.53 0.17 -20.43 ± 26.72 
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A5.2: Regression analysis  

A5.2.1: Relationship between predicted and measured draught force, Felton site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

Table A5.2: Summary of analysis for sweep tine, Felton 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 113.35 113.35 816.55 <0.001 0.87 0.37 

Residual 118 16.38 0.14   

Total 119 129.73 1.09   

Table A5.3: Estimates of parameters for sweep tine, Felton 

Parameter estimate s.e. t(96) t pr. 

Constant -1.20 0.15 -7.89 <0.001 

Measured 1.50 0.05 28.58 <0.001 

Table A5.4: Summary of analysis for chisel tine, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 44.82 44.82 346.71 <0.001 0.75 0.36 

Residual 118 15.26 0.129   

Total 119 60.08 0.51   

Table A5.5: Estimates of parameters for chisel tine, Felton  

Parameter estimate s.e. t(96) t pr. 

Constant -0.21 0.09 -2.24 0.027 

Measured 1.21 0.07 18.62 <0.001 

Table A5.6: Summary of analysis for opener tine, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 75.13 75.13 808.66 <0.001 0.87 0.31 

Residual 118 10.96 0.09   

Total 119 86.09 0.72   

Table A5.7: Estimates of parameters for opener tine, Felton  

Parameter estimate s.e. t(96) t pr. 

Constant -1.66 0.14 -12.28 <0.001 

Measured 1.62 0.06 28.44 <0.001 
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A5.2.2: Relationship between predicted and measured draught force, Pittsworth site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

 

 

Table A5.8: Summary of analysis for sweep tine, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 126.002 126.002 2409.29 <0.001 0.95 0.23 

Residual 118 6.17 0.05   

Total 119 132.17 1.11   

Table A5.9: Estimates of parameters for sweep tine, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 0.56 0.06 10.01 <0.001 

Measured 0.81 0.02 49.09 <0.001 

Table A5.10: Summary of analysis for chisel tine, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 39.77 39.77 4707.64 <0.001 0.98 0.09 

Residual 118 0.1 0.008   

Total 119 40.77 0.343   

Table A5.11: Estimates of parameters for chisel tine, Pittsworth   

Parameter estimate s.e. t(96) t pr. 

Constant -0.26 0.024 -10.62 <0.001 

Measured 1.03 0.015 68.61 <0.001 

Table A5.12: Summary of analysis for opener tine, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 83.14 83.14 3674.76 <0.001 0.97 0.15 

Residual 118 2.67 0.023   

Total 119 85.81 0.714   

Table A5.13: Estimates of parameters for opener tine, Pittsworth   

Parameter estimate s.e. t(96) t pr. 

Constant -1.40 0.06 -23.53 <0.001 

Measured 1.74 0.03 60.62 <0.001 
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A5.2.3: Relationship between predicted and measured draught force, Gatton site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

 

Table A5.14: Summary of analysis for sweep tine, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 45.96 45.96 375.3 <0.001 0.76 0.35 

Residual 118 14.45 0.12   

Total 119 60.41 0.51   

Table A5.15: Estimates of parameters for sweep tine, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant -0.21 0.12 -1.74 0.085 

Measured 0.93 0.05 19.37 <0.001 

Table A5.16: Summary of analysis for chisel tine, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 9.27 9.27 158.59 <0.001 0.57 0.24 

Residual 118 6.90 0.06   

Total 119 16.17 0.14   

Table A5.17: Estimates of parameters for chisel tine, Gatton   

Parameter estimate s.e. t(96) t pr. 

Constant 0.03 0.07 0.374 0.71 

Measured 0.86 0.07 12.59 <0.001 

Table A5.18: Summary of analysis for opener tine, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 32.25 32.25 836.84 <0.001 0.88 0.154 

Residual 118 4.55 0.04   

Total 119 36.80 0.31   

Table A5.19: Estimates of parameters for opener tine, Gatton   

Parameter estimate s.e. t(96) t pr. 

Constant -0.9 0.08 -11.18 <0.001 

Measured 2.17 0.08 28.93 <0.001 
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A5.2.4: Relationship between predicted and measured draught force, Kingaroy site 

Chisel tine 

  

Table A5.20: Summary of analysis for chisel tine, Kingaroy 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 27.40 27.40 80.77 <0.001 0.67 0.58 

Residual 38 12.89 0.34   

Total 39 40.29 1.03   

Table A5.21: Estimates of parameters for chisel tine, Kingaroy 

Parameter estimate s.e. t(96) t pr. 

Constant 1.15 0.38 3.07 0.004 

Measured 0.69 0.08 8.99 <0.001 
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A5.2.5: Relationship between predicted and measured draught force, Hopetoun site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

Table A5.22: Summary of analysis for sweep tine, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 69.71 69.71 459.43 <0.001 0.79 0.39 

Residual 118 17.90 0.15   

Total 119 87.61 0.74   

Table A5.23: Estimates of parameters for sweep tine, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 2.12 0.06 21.43 <0.001 

Measured 0.28 0.01 32.98 <0.001 

Table A5.24: Summary of analysis for chisel tine, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.03 3.03 650.13 <0.001 0.89 0.07 

Residual 78 0.36 0.005   

Total 79 3.39 0.043   

Table A5.25: Estimates of parameters for chisel tine, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 0.44 0.02 27.42 <0.001 

Measured 0.23 0.01 25.50 <0.001 

Table A5.26: Summary of analysis for opener tine, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 5.16 5.16 845.29 <0.001 0.91 0.08 

Residual 78 0.48 0.006   

Total 79 5.64 0.071   

Table A5.27: Estimates of parameters for opener tine, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 0.17 0.03 5.12 <0.001 

Measured 0.51 0.02 29.07 <0.001 
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A5.2.6: Relationship between predicted and measured draught force, Swan Hill site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

 

Table A5.28: Summary of analysis for sweep tine, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 25.03 25.03 1093.76 <0.001 0.90 0.15 

Residual 118 2.70 0.02   

Total 119 27.73 0.23   

Table A5.29: Estimates of parameters for sweep tine, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant -0.44 0.06 -7.24 <0.001 

Measured 1.66 0.05 33.07 <0.001 

Table A5.30: Summary of analysis for chisel tine, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 6.27 6.27 927.39 <0.001 0.89 0.08 

Residual 118 0.80 0.007   

Total 119 7.07 0.059   

Table A5.31: Estimates of parameters for chisel tine, Swan Hill   

Parameter estimate s.e. t(96) t pr. 

Constant -0.13 0.027 -4.98 <0.001 

Measured 1.08 0.035 30.45 <0.001 

Table A5.32: Summary of analysis for opener tine, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 8.35 8.35 673.53 <0.001 0.85 0.11 

Residual 118 1.46 0.012   

Total 119 9.81 0.082   

Table A5.33: Estimates of parameters for opener tine, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 0.11 0.030 3.66 <0.001 

Measured 0.69 0.026 25.95 <0.001 
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A5.2.7: Relationship between predicted and measured draught force, Loxton site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

 

Table A5.34: Summary of analysis for sweep tine, Loxton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 6.67 6.67 223.95 <0.001 0.65 0.17 

Residual 118 3.52 0.03   

Total 119 10.19 0.09   

Table A5.35: Estimates of parameters for sweep tine, Loxton 

Parameter estimate s.e. t(96) t pr. 

Constant -0.07 0.096 -0.68 0.50 

Measured 1.10 0.074 14.97 <0.001 

Table A5.36: Summary of analysis for chisel tine, Loxton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.65 3.65 287.28 <0.001 0.71 0.11 

Residual 118 1.50 0.013   

Total 119 5.15 0.043   

Table A5.37: Estimates of parameters for chisel tine, Loxton   

Parameter estimate s.e. t(96) t pr. 

Constant -0.68 0.07 -9.23 <0.001 

Measured 2.08 0.12 16.95 <0.001 

Table A5.38: Summary of analysis for opener tine, Loxton 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 9.56 9.56 620.84 <0.001 0.84 0.12 

Residual 118 1.82 0.015   

Total 119 11.38 0.096   

Table A5.39: Estimates of parameters for opener tine, Loxton   

Parameter estimate s.e. t(96) t pr. 

Constant -0.64 0.061 -10.53 <0.001 

Measured 1.54 0.062 24.92 <0.001 
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A5.2.8: Relationship between predicted and measured draught force, Waikerie site 

1. Sweep tine 

2. Chisel tine 

 

3. Opener tine 

 

Table A5.40: Summary of analysis for sweep tine, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 11.84 11.84 463.75 <0.001 0.80 0.16 

Residual 118 3.01 0.026   

Total 119 14.85 0.125   

Table A5.41: Estimates of parameters for sweep tine, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant 0.084 0.054 1.55 0.125 

Measured 0.97 0.045 21.54 <0.001 

Table A5.42: Summary of analysis for chisel tine, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 1.93 1.93 132.20 <0.001 0.52 0.12 

Residual 118 1.72 0.015   

Total 119 3.65 0.031   

Table A5.43: Estimates of parameters for chisel tine, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant -0.06 0.048 -1.20 0.233 

Measured 0.009 0.097 11.50 <0.001 

Table A5.44: Summary of analysis for opener tine, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 3.95 3.95 137.73 <0.001 0.54 0.170 

Residual 118 3.38 0.03   

Total 119 7.33 0.062   

Table A5.45: Estimates of parameters for opener tine, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant -0.07 0.062 -1.14 0.258 

Measured 0.88 0.075 11.74 <0.001 
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A5.3: Relationship between measured and predicted draught force based on the 

Godwin and O’Dogherty model for all tines for the rest of Northern region and 

Southern region sites 

A5.3.1: Felton (QLD) site. 

 

Figure 0-4: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Felton (QLD) site. The red line is the 

relationship between measured and predicted values of draught force. Blue lines show the 95% 

confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120)   
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A5.3.2: Gatton (QLD) site. 

 

 

 

Figure 5-6: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Gatton (QLD) site. The red line is the 

relationship between measured and predicted values of draught force. Blue lines show the 95% 

confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120) 
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A5.3.3: Kingaroy (QLD) site. 

 

Figure 5.7: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Kingaroy (QLD) site. The red line is 

the relationship between measured and predicted values of draught force. Blue lines show the 

95% confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data (n=40)  
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A5.3.4: Hopetoun (VIC) site. 

 

 

Figure 0.1.8: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Hopetoun (VIC) site. The red line is 

the relationship between measured and predicted values of draught force. Blue lines show the 

95% confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener (n=120, 80 and 80), respectively 
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A5.3.5: Loxton (SA) site. 

 

 

Figure 5.10: Relationship between measured and predicted draught force based on the Godwin 

and O’Dogherty (2007) tillage force prediction model for Loxton (SA) site. The red line is the 

relationship between measured and predicted values of draught force. Blue lines show the 95% 

confidence interval for the linear model fitted to the data, and the black line shows the 1:1 

relationship between measured and predicted data. Figures show: (a) Sweep (b) Chisel and (c) 

Opener, respectively (n=120) 
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APPENDIX TO CHAPTER 6 

Appendix A6.1: Statistical analyses corresponding to soil physical properties in 

Chapter 6 

A6.1.1: Statistical analysis – penetration resistance measurements of soil in Felton 

site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.2: Statistical analysis – moisture content measurements of soil in Felton site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 100 mm 

Depth: 0-500 mm, depth interval was 25 mm 
Table A6.1: Analysis of variance – penetration resistance measurements of soil 

in Felton site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 145.769 145.769 1637.026 <0.001 0.86 

Depth 19 217.701 11.458 128.676 <0.001 

Traffic . Depth 19 45.418 2.39 26.845 <0.001 

Residual 760 67.674 0.089   

Total 799 476.564 0.60   

Table A6.2: Analysis of variance – moisture content measurements of soil in 

Felton site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 181.010 181.010 161.439 <0.001 0.87 

Depth 4 182.228 45.557 40.631 <0.001 

Traffic . Depth 4 287.392 71.848 64.080 <0.001 

Residual 90 100.911 1.121   

Total 99 751.541 7.591   
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A6.1.3: Statistical analysis – penetration resistance measurements of soil in 

Pittsworth site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.4: Statistical analysis – moisture content measurements of soil in Pittsworth 

site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 100 mm 

  

Depth: 0-500 mm, depth interval was 25 mm Table A6.3: Analysis of variance – penetration resistance measurements of soil 

in Pittsworth site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 120.668 120.668 640.073 <0.001 0.56 

Depth 19 26.464 1.393 7.388 <0.001 

Traffic . Depth 19 36.798 1.937 10.273 <0.001 

Residual 760 143.277 0.189   

Total 799 327.207 0.410   

Table A6.4: Analysis of variance – moisture content measurements of soil in  

Pittsworth site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 8.381 8.381 5.420 <0.022 0.92 

Depth 4 1505.566 376.392 243.430 <0.001 

Traffic . Depth 4 25.393 6.348 4.106 0.004 

Residual 90 139.158 1.546   

Total 99 1678.498 16.955   
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A6.1.5: Statistical analysis – penetration resistance measurements of soil in Gatton 

site  

Factors structure:  

Traffic system: Non-wheeled soil, wheeled soil  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.6: Statistical analysis – moisture content measurements of soil in Gatton site  

Factors structure:  

Depth: 0-500 mm, depth interval was 100 mm 

 

  

Depth: 0-500 mm, depth interval was 25 mm Table A6.5: Analysis of variance – penetration resistance measurements of soil 

in Gatton site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 218.311 218.311 1032.756 <0.001 0.88 

Depth 19 798.962 42.051 198.927 <0.001 

Traffic . Depth 19 146.785 7.726 36.547 <0.001 

Residual 760 160.654 0.211   

Total 799 1324.711 1.658   

Table A6.6: Analysis of variance – moisture content measurements of soil in 

Gatton site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Depth 4 756.769 189.192 434.014 <0.001 0.98 

Residual 45 19.616 0.436   

Total 49 776.385 15.845   
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A6.1.7: Statistical analysis – penetration resistance measurements of soil in 

Kingaroy site  

Factors structure:  

 

 

 

A6.1.8: Statistical analysis – moisture content measurements of soil in Kingaroy 

site  

Factors structure:  

Depth: 0-500 mm, depth interval was 100 mm 

 

 

  

Depth: 0-500 mm, depth interval was 25 mm Table A6.7: Analysis of variance – penetration resistance measurements of soil 

in Kingaroy site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Depth 19 405.455 21.340 39.918 <0.001 0.67 

Residual 380 203.143 0.535   

Total 399 608.598 1.525   

Table A6.8: Analysis of variance – moisture content measurements of soil in 

Kingaroy site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Depth 4 966.108 241.527 322.700 <0.001 0.97 

Residual 45 33.681 0.748   

Total 49 999.789 20.404   



 APPENDICES 

351 

Adnan A. A. Luhaib 

A6.1.9: Statistical analysis – penetration resistance measurements of soil in 

Hopetoun site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.10: Statistical analysis – moisture content measurements of soil in Hopetoun 

site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 100 mm 

  

Depth: 0-500 mm, depth interval was 25 mm Table A6.9: Analysis of variance – penetration resistance measurements of soil 

in  Hopetoun site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 302.494 302.494 856.699 <0.001 0.84 

Depth 19 1063.033 55.949 158.455 <0.001 

Traffic . Depth 19 38.808 2.043 5.785 <0.001 

Residual 760 268.350 0.353   

Total 799 1672.685 2.0935   

Table A6.10: Analysis of variance – moisture content measurements of soil in  

Hopetoun site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 37.283 37.283 45.340 <0.001 0.96 

Depth 4 1590.592 397.648 483.578 <0.001 

Traffic . Depth 4 64.503 16.126 19.610 <0.001 

Residual 90 74.007 0.822   

Total 99 1766.386 17.842   
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A6.1.11: Statistical analysis – penetration resistance measurements of soil in Sawn 

Hill site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.12: Statistical analysis – moisture content measurements of soil in Sawn Hill 

site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 100 mm 

Depth: 0-500 mm, depth interval was 25 mm Table A6.11: Analysis of variance – penetration resistance measurements of soil 

in Sawn Hill site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 31.134 31.134 54.079 <0.001 0.59 

Depth 19 456.880 24.046 41.768 <0.001 

Traffic . Depth 19 131.549 6.924 12.026 <0.001 

Residual 760 437.539 0.576   

Total 799 1057.102 1.323   

Table A6.12: Analysis of variance – moisture content measurements of soil in   

Sawn Hill site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 14.183 14.183 21.519 <0.001 0.87 

Depth 4 311.994 77.999 118.344 <0.001 

Traffic . Depth 4 82.024 20.506 31.113 <0.001 

Residual 90 59.317 0.659   

Total 99 467.518 4.722   
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A6.1.13: Statistical analysis – penetration resistance measurements of soil in 

Loxton site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.14: Statistical analysis – moisture content measurements of soil in Loxton site  

Factors structure:  

Traffic system: PCB, PTL  

Depth: 0-500 mm, depth interval was 100 mm 

  

Depth: 0-500 mm, depth interval was 25 mm Table A6.13: Analysis of variance – penetration resistance measurements of soil 

in  Loxton site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 139.036 139.036 501.052 <0.001 0.86 

Depth 19 1139.116 59.953 216.058 <0.001 

Traffic . Depth 19 55.130 2.902 10.457 <0.001 

Residual 760 210.891 0.277   

Total 799 1544.173 1.933   

Table A6.14: Analysis of variance – moisture content measurements of soil in  

Loxton site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 15.070 15.070 83.781 <0.001 0.68 

Depth 4 10.213 2.553 14.195 <0.001 

Traffic . Depth 4 8.620 2.155 11.981 <0.001 

Residual 90 16.189 0.180   

Total 99 50.092 0.506   
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A6.1.15: Statistical analysis – penetration resistance measurements of soil in 

Waikerie site  

Factors structure:  

Traffic system: Non-wheeled soil, wheeled soil  

Depth: 0-500 mm, depth interval was 25 mm 

 

 

A6.1.16: Statistical analysis – moisture content measurements of soil in Waikerie 

site  

Factors structure:  

Traffic system: Non-wheeled soil, wheeled soil 

Depth: 0-500 mm, depth interval was 100 mm 

  

Factors structure:  

Traffic system: Wheeled track, non-wheeled track  

Depth: 0-500 mm, depth interval was 25 mm 

Table A6.15: Analysis of variance – penetration resistance measurements of soil 

in Waikerie site 

Variate: Penetration resistance (MPa) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 46.904 46.904 242.760 <0.001 0.88 

Depth 19 955.564 50.293 260.297 <0.001 

Traffic . Depth 19 73.068 3.846 19.904 <0.001 

Residual 760 146.842 0.193   

Total 799 1222.379 1.530   

Table A6.16: Analysis of variance – moisture content measurements of soil in 

Waikerie site 

Variate: Moisture content (%) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Traffic 1 7.935 7.935 78.990 <0.001 0.75 

Depth 4 10.456 2.614 26.019 <0.001 

Traffic . Depth 4 9.096 2.274 22.635 <0.001 

Residual 90 9.042 0.100   

Total 99 36.528 0.369   
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Appendix A6.2: PR and MC results for the rest of Northern and Southern region sites in Chapter 6  

 

Figure A6.2.1: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and 

Max. P < 0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at 

a 95% confidence interval. Figures show: (a) Crop Beds and (b) Permanent traffic lanes; PR (top) and MC (bottom) for Felton (QLD) site 
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Figure A6.2.2: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P 

< 0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% 

confidence interval. Figures show: (a) non-wheeled soil (b) wheeled soil; PR (top) and MC (bottom) for Gatton (QLD) site
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Figure A6.2.3: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), 

respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 0.001. The symbols (○) and (*) denote mild and 

extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% 

confidence interval. Figures show: PR (top) and MC (bottom) for Kingaroy (QLD) site 
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Figure A6.2.4: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 

0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% confidence 

interval. Figures show: (a) PCB (b) PTL; PR (top) and MC (bottom) for Hopetoun (VIC) site 



 APPENDICES 

359 

Adnan A. A. Luhaib 

 

 

Figure A6.2.5: Penetration resistance and moisture content of soil as a function of depth (n=20), (n=10), respectively. Box plots show: Min, Q1, Med, Q3 and Max. P < 

0.001. The symbols (○) and (*) denote mild and extreme outliers, respectively. Different letters indicate that mean values are significantly different at a 95% confidence 

interval. Figures show: (a) non-wheeled soil (b) wheeled soil; PR (top) and MC (bottom) for Waikerie (SA) site 
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Appendix A6.3: Statistical analyses corresponding to motion resistance in 

Chapter 6 

A6.3.1: Statistical analysis – motion resistance measurements of tractor in Felton 

site  

Factors structure:  

Condition: Road, PTL, PCB  

Ground speed: 2.2, 3.3, 4.4 m s-1 

 

A6.3.2: Statistical analysis – motion resistance measurements of tractor in 

Pittsworth site 

Factors structure:  

Condition: Road, PTL, PCB  

Ground speed: 2.2, 3.3, 4.4 m s-1 

 

Table A6.17: Analysis of variance – motion resistance measurements of tractor 

in Felton site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 1688.001 844.000 206.845 <0.001 0.63 

Speed 2 106.345 53.173 13.031 <0.001 

Condition . Speed 4 5.421 1.355 0.332 0.856 

Residual 261 1064.974 4.080   

Total 269 2864.741 10.650   

Table A6.18: Analysis of variance – motion resistance measurements of tractor 

in Pittsworth site 

Variate:  Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 1207.871 603.935 983.399 <0.001 0.89 

Depth 2 27.449 13.724 22.348 <0.001 

Condition . Depth 4 1.982 0.495 0.807 0.522 

Residual 261 160.288 0.614   

Total 269 1397.589 5.195   
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A6.3.3: Statistical analysis – motion resistance measurements of tractor in Gatton 

site  

Factors structure:  

Condition: Road, wheeled soil, non-wheeled soil  

Ground speed: 0.55, 0.97 m s-1 

 

 

A6.3.4: Statistical analysis – motion resistance measurements of tractor in 

Hopetoun site 

Factors structure:  

Condition: Road, PTL, PCB  

Ground speed: 2.2, 3.3, 4.4 m s-1 

Table A6.19: Analysis of variance – motion resistance measurements of tractor 

in  Gatton site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 205.730 102.865 592.990 <0.001 0.88 

Speed 1 9.158 9.158 52.793 <0.001 

Condition . Speed 2 0.763 0.381 2.198 0.114 

Residual 174 30.184 0.173 592.990  

Total 179 245.835 1.373   

Table A6.20: Analysis of variance – motion resistance measurements of tractor 

in Hopetoun site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 638.278 319.139 717.965 <0.001 0.86 

Speed 2 62.153 31.076 69.913 <0.001 

Condition . Speed 4 9.283 2.321 5.221 <0.001 

Residual 261 116.016 0.445   

Total 269 825.729 3.069   
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A6.3.5: Statistical analysis – motion resistance measurements of tractor in Swan 

Hill site  

Factors structure:  

Condition: Road, PTL, PCB  

Ground speed: 2.2, 3.3, 4.4 m s-1 

 

 

A6.3.6: Statistical analysis – motion resistance measurements of tractor in Loxton 

site 

Factors structure:  

Condition: Road, PTL, PCB  

Ground speed: 2.2, 3.3, 4.4 m s-1 

Table A6.21: Analysis of variance – motion resistance measurements of tractor 

in Swan Hill site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 513.821 256.910 322.566 <0.001 0.74 

Speed 2 76.426 38.213 47.978 <0.001 

Condition . Speed 4 12.035 3.009 3.778 0.005 

Residual 261 207.876 0.796   

Total 269 810.157 3.012   

Table A6.22: Analysis of variance – motion resistance measurements of tractor 

in Loxton site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 1496.091 748.046 608.567 <0.001 0.86 

Speed 2 343.983 171.992 139.922 <0.001 

Condition . Speed 4 52.509 13.127 10.679 <0.001 

Residual 261 320.819 1.229   

Total 269 2213.402 8.228   
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A6.3.7: Statistical analysis – motion resistance measurements of tractor in 

Waikerie site 

Factors structure:  

Traffic system: Road, wheeled soil, non-wheeled soil 

Ground speed: 2.2, 2.8, 3.3 m s-1 

  

Table A6.23: Analysis of variance – motion resistance measurements of tractor 

in Waikerie site 

Variate: Motion resistance (kN) 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Condition 2 1099.688 549.844 1587.052 <0.001 0.93 

Speed 2 66.575 33.288 96.080 <0.001 

Condition . Speed 4 2.016 0.504 1.455 0.216 

Residual 261 90.425 0.346   

Total 269 1258.704 4.679   
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Appendix A6.4: Results of mean motion resistance for Northern region sites and 

Southern region sites in Chapter 6 

Table A6.24: The mean motion resistance values in different condition at range of ground speed for 

Northern region sites  

 

Motion resistance (kN) 

Site / Tractor mass Ground speed (m s-1) 

Felton  

 

(106 kN) 

Condition 2.2 3.3 4.4 Mean 

Road 5.01 5.87 6.55 5.81 

SD ± 0.57 ± 0.91 ± 0.45 ± 0.92 

Permanent traffic lanes  8.50 9.41 9.76 9.22 

SD ± 3.06 ± 2.54 ± 2.33 ± 2.68 

Permanent crop beds 11.11 11.74 12.92 11.92 

SD ± 2.63 ± 2.42 ± 1.18 ± 2.28 

n 30 30 30 90 

Pittsworth 

 

(116 kN*) 

Ground speed (m s-1) 

Condition 2.2 3.3 4.4 Mean 

Road 4.82 5.10 5.50 5.14 

SD ± 0.51 ± 0.37 ± 0.50 ± 0.54 

Permanent traffic lanes  8.21 8.66 8.86 8.58 

SD ± 0.24 ± 0.57 ± 0.67 ± 0.59 

Permanent crop beds 9.76 10.12 10.77 10.21 

SD ± 0.62 ± 0.59 ± 1.82 ± 1.22 

n 30 30 30 90 

Gatton 

 

(52 kN) 

Ground speed (m.s-1) 

Condition 0.55 0.97 - Mean 

Road 3.06 3.33 - 3.20 

SD ± 0.52 ± 0.33 - ± 0.45 

Wheeled soil  4.69 5.24 - 4.97 

SD ± 0.23 ± 0.54 - ± 0.50 

Non-wheeled soil 6.48 7.02 - 6.75 

SD ± 0.54 ± 0.15 - ± 0.48 

n 30 30 - 60 

* Tractor mass + Tillage unit mass  
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Figure A6.4.1: The effect of wheel traffic and ground speed on motion resistance of tractors for 

Queensland sites. Box plots show: Min, Q1, Med, Q3 and Max (n=30). P < 0.001. The symbols 

(○) and (▲) denote mild and extreme outliers, respectively. Figures show: soil conditions (top) 

and Ground speed (bottom), respectively  

 P<0.001 

 P<0.001 
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Table A6.25: The mean motion resistance values in different condition at range of ground speed for 

Southern region sites  

Motion resistance (kN) 

Site / Tractor mass Ground speed (m s-1) 

Hopetoun 

 

(85 kN) 

Condition 2.2 3.3 4.4 Mean 

Road 6.14 6.76 7.06 6.66 

SD ± 0.65 ± 0.30 ± 0.71 ± 0.69 

Permanent traffic lanes  8.59 8.82 9.42 8.95 

SD ± 0.54 ± 0.68 ± 0.92 ± 0.80 

Permanent crop beds 9.51 10.38 11.28 10.39 

SD ± 0.46 ± 0.45 ± 0.98 ± 0.99 

n 30 30 30 90 

Swan Hill 

 

(152 kN) 

Ground speed (m s-1) 

Condition 2.2 3.3 4.4 Mean 

Road 8.65 9.33 9.76 9.24 

SD ± 1.01 ± 0.94 ± 0.80 ± 1.02 

Permanent traffic lanes  10.02 10.68 11.39 10.60 

SD ± 0.64 ± 0.87 ± 0.97 ± 1.16 

Permanent crop beds 11.20 11.78 12.64 11.87 

SD ± 0.74 ± 0.97 ± 1.02 ± 0.97 

n 30 30 30 90 

Loxton 

 

(174 kN) 

Ground speed (m s-1) 

Condition 2.2 3.3 4.4 Mean 

Road 6.73 7.86 8.13 7.57 

SD ± 0.55 ± 0.53 ± 1.10 ± 0.99 

Permanent traffic lanes  8.86 10.31 11.61 10.26 

SD ± 0.93 ± 1.41 ± 0.81 ± 1.58 

Permanent crop beds 11.02 12.51 14.91 12.81 

SD ± 1.28 ± 1.04 ± 1.74 ± 2.14 

n 30 30 30 90 

Waikerie 

 

(65 kN) 

Ground speed (m s-1) 

Condition 2.2 2.8 3.3 Mean 

Road 4.55 4.74 5.76 5.02 

SD ± 0.48 ± 0.43 ± 0.67 ± 0.76 

Wheeled soil 8.49 9.03 9.74 9.09 

SD ± 0.56 ± 0.70 ± 0.82 ± 0.86 

Non-Wheeled soil 8.91 9.48 10.05 9.48 

SD ± 0.52 ± 0.47 ± 0.52 ± 0.68 

n 30 30 30 90 
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Figure A6.4.2: The effect of wheel traffic and ground speed on motion resistance of tractors for 

Southern region sites. Box plots show: Min, Q1, Med, Q3 and Max (n=30). P < 0.001. The 

symbols (○) denote mild outliers. Figures show: soil conditions (top) and Ground speed 

(bottom), respectively  

 P<0.001 

 P<0.001 
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Appendix A6.5: Regression analyses corresponding to relationship between 

motion resistance and cone index in Chapter 6 

A6.5.1: Regression analysis – linear model, relationship between motion resistance 

and cone index, Felton site. 

1. PCB  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. PTL  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

  

Table A4.5: Summary of analysis for PCB, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 98.819 98.819 154.156 <0.001 0.85 0.801 

Residual 28 17.949 0.641   

Total 29 116.768 4.026   

Table A6.27: Estimates of parameters for PCB, Felton 

Parameter estimate s.e. t(96) t pr. 

Constant 24.455 1.020 23.979 <0.001 

Cone index -12.047 0.970 -12.416 <0.001 

 

Table A6.28: Summary of analysis for PTL, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 169.084 169.084 166.232 <0.001 0.86 1.009 

Residual 28 28.480 1.017   

Total 29 197.565 6.813   

Table A6.29: Estimates of parameters for PTL, Felton  

Parameter estimate s.e. t(96) t pr. 

Constant 37.073 2.161 17.155 <0.001 

Cone index -17.515 1.358 -12.893 <0.001 
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A6.5.2 Regression analysis – linear model, relationship between motion resistance 

and cone index, Pittsworth site. 

1. PCB  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. PTL  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

Table A6.30: Summary of analysis for PCB, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 19.756 19.756 59.440 <0.001 0.68 0.577 

Residual 28 9.306 0.332   

Total 29 29.063 1.002   

Table A6.31: Estimates of parameters for PCB, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 14.127 0.518 27.259 <0.001 

Cone index -4.228 0.548 -7.710 <0.001 

Table A6.33: Estimates of parameters for PTL, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 10.890 0.088 123.811 <0.001 

Cone index -1.061 0.040 -26.832 <0.001 

Table A6.32: Summary of analysis for PTL, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 6.579 6.579 719.954 <0.001 0.96 0.096 

Residual 28 0.256 0.009   

Total 29 6.835 0.236   
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A6.3.3 Regression analysis – linear model, relationship between motion resistance 

and cone index, Gatton site. 

1. Non-wheeled soil  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. Wheeled soil  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

  

Table A6.34: Summary of analysis for non-wheeled soil, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 3.174 3.174 694.221 <0.001 0.96 0.068 

Residual 28 0.128 0.005   

Total 29 3.302 0.114   

Table A6.35: Estimates of parameters for non-wheeled soil, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant 5.727 0.039 146.718 <0.001 

Cone index -2.345 0.089 -26.348 <0.001 

Table A6.36: Summary of analysis for wheeled soil, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 3.591 3.591 157.886 <0.001 0.85 0.151 

Residual 28 0.637 0.023   

Total 29 4.228 0.146   

 Table A6.37: Estimates of parameters for wheeled soil, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant 9.399 0.513 18.339 <0.001 

Cone index -3.008 0.239 -12.565 <0.001 
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A6.5.4 Regression analysis – linear model, relationship between motion resistance 

and cone index, Hopetoun site. 

1. PCB  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. PTL  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

  

Table A6.38: Summary of analysis for PCB, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 9.449 9.449 204.946 <0.001 0.88 0.215 

Residual 28 1.291 0.046   

Total 29 10.740 0.370   

Table A6.39: Estimates of parameters for PCB, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 12.804 0.173 73.941 <0.001 

Cone index -1.267 0.089 -14.316 <0.001 

Table A6.40: Summary of analysis for PTL, Hopetoun 

Source d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 11.581 11.581 174.894 <0.001 0.86 0.257 

Residual 28 1.854 0.066   

Total 29 13.435 0.463    

Table A6.41: Estimates of parameters for PTL, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 13.065 0.315 41.480 <0.001 

Cone index -1.211 0.092 -13.225 <0.001 



 APPENDICES 

372 

Adnan A. A. Luhaib 

A6.3.5 Regression analysis – linear model, relationship between motion resistance 

and cone index, Swan Hill site. 

1. PCB  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. PTL  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

  

Table A6.42: Summary of analysis for PCB, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 21.645 21.645 383.507 <0.001 0.93 0.238 

Residual 28 1.580 0.056   

Total 29 23.226 0.801   

Table A6.43: Estimates of parameters for PCB, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 18.233 0.291 62.717 <0.001 

Cone index -2.444 0.125 -19.583 <0.001 

Table A6.44: Summary of analysis for PTL, Swan Hill 

Source d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 12.225 12.225 54.029 <0.001 0.66 0.476 

Residual 28 6.336 0.226   

Total 29 18.561 0.640   

 

Table A6.45: Estimates of parameters for PTL, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 15.222 0.634 23.995 <0.001 

Cone index -1.255 0.171 -7.350 <0.001 
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A6.5.6 Regression analysis – linear model, relationship between motion resistance 

and cone index, Loxton site. 

1. PCB  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. PTL  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

  

Table A6.46: Summary of analysis for PCB, Loxton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 48.992 48.992 389.082 <0.001 0.93 0.355 

Residual 28 3.526 0.126   

Total 29 52.518 1.811   

Table A6.47: Estimates of parameters for PCB, Loxton 

Parameter estimate s.e. t(96) t pr. 

Constant 19.923 0.345 57.797 <0.001 

Cone index -5.552 0.281 -19.725 <0.001 

Table A6.48: Summary of analysis for PTL, Loxton 

Source d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 27.999 27.999 365.682 <0.001 0.93 0.277 

Residual 28 2.144 0.077   

Total 29 30.143 1.039   

 

Table A6.49: Estimates of parameters for PTL, Loxton 

Parameter estimate s.e. t(96) t pr. 

Constant 14.272 0.254 56.287 <0.001 

Cone index -1.948 0.102 -19.123 <0.001 
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A6.5.7 Regression analysis – linear model, relationship between motion resistance 

and cone index, Waikerie site. 

1. Non-wheeled soil  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

2. Wheeled soil  

Response variate: Motion resistance 

Fitted terms: Constant, cone index 

 

 

 

Table A6.50: Summary of analysis for non-wheeled soil, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 6.171 6.171 210.578 <0.001 0.88 0.171 

Residual 28 0.821 0.029   

Total 29 6.992 0.241   

Table A6.51: Estimates of parameters for non-wheeled soil, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 11.128 0.118 94.563 <0.001 

Cone index -2.039 0.141 -14.511 <0.001 

Table A6.52: Summary of analysis for wheeled soil, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 10.730 10.730 117.775 <0.001 0.81 0.302 

Residual 28 2.551 0.091   

Total 29 13.281 0.458   

 

Table A6.53: Estimates of parameters for wheeled soil, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant 12.244 0.296 41.346 <0.001 

Cone index -3.230 0.298 -10.852 <0.001 
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Appendix A6.6: Results of relationship between motion resistance and cone index 

for the rest of Northern and Southern region sites in Chapter 6 

 

 

Figure A6.6.1: Linear regression analyses – relationships between motion resistance and cone 

index for depth (0-150 mm) for Northern region sites. The red line is the relationship between 

motion resistance and cone index. Blue lines show the 95% confidence interval for the linear 

model fitted to the data. Figures show: PCB soil and TS (left) and PTL soil and WS (right) for 

Felton (QLD) (top) and Gatton (QLD) (bottom), respectively (n=30) 
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Figure A6.6.2: Linear regression analyses – relationships between motion resistance and cone 

index for depth (0-150 mm) for Southern region sites. The red line is the relationship between 

motion resistance and cone index. Blue lines show the 95% confidence interval for the linear 

model fitted to the data. Figures show: PCB soil and NT soil (left) and PTL soil and WS (right) 

for Hopetoun (VIC) (top) and Waikerie (SA) (bottom), respectively (n=30) 
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Appendix A6.7: Results of rut depth for Northern and Southern region sites 

 

Figure A6.7.1: Rut depth in a different soil condtion at Felton site; permanent traffic lane top, 

permanent crop bed bottom. Error bars denote standard deviation (SD) of mean (n = 4) 
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Figure A6.7.2: Rut depth in a different soil condtion at Pittsworth site; permanent traffic lane 

top, permanent crop bed bottom. Error bars denote standard deviation (SD) of mean (n = 4)  
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Figure A6.7.3: Rut depth in wheeled soil at Gatton site. Error bars denote standard deviation 

(SD) of mean (n = 4) 
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Figure A6.7.4: Rut depth in a different soil condtion at Hopetoun site; permanent traffic lane 

top, permanent crop bed bottom. Error bars denote standard deviation (SD) of mean (n = 4) 
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Figure A6.7.5: Rut depth in a different soil condtion at Swan Hill site; permanent traffic lane 

top, permanent crop bed bottom. Error bars denote standard deviation (SD) of mean (n = 4) 
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Figure A6.7.6: Rut depth in a different soil condtion at Loxton site; permanent traffic lane top, 

permanent crop bed bottom. Error bars denote standard deviation (SD) of mean (n = 4) 
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Figure A6.7.7: Rut depth in wheeled soil at Waikerie site. Error bars denote standard deviation 

(SD) of mean (n = 4) 
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Appendix A6.8: Regression analyses corresponding to relationship between 

measured and predicted motion resistance in Chapter 6: Regression analysis – 

linear model; 

A6.8.1: Relationship between predicted and measured motion resistance, Felton site. 

1. Gee-Clough model 

1.1 NT 

 

 

 

1.2 PTL  

 

 

  

Table A6.54: Summary of analysis for NT, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 1.2 1.2 48.243 <0.001 0.63 0.158 

Residual 28 0.696 0.025   

Total 29 1.896 0.065   

Table A6.55: Estimates of parameters for NT, Felton 

Parameter estimate s.e. t(96) t pr. 

Constant 5.230 0.176 29.653 <0.001 

Measured 0.101 0.015 6.946 <0.001 

 

Table A6.56: Summary of analysis for PTL, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.168 0.168 106.302 <0.001 0.79 0.04 

Residual 28 0.044 0.002   

Total 29 0.213 0.007   

Table A6.57: Estimates of parameters for PTL, Felton  

Parameter estimate s.e. t(96) t pr. 

Constant 5.821 0.027 212.848 <0.001 

Measured 0.029 0.003 10.310 <0.001 
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2. Brixius model 

2.1 NT 

 

 

 

2.2 PTL  

 

 

  

Table A6.58: Summary of analysis for NT, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 18.944 18.944 48.520 <0.001 0.63 0.625 

Residual 28 10.932 0.390   

Total 29 29.876 1.03   

Table A6.59: Estimates of parameters for NT, Felton 

Parameter estimate s.e. t(96) t pr. 

Constant 4.530 0.699 6.483 <0.001 

Measured 0.403 0.058 6.966 <0.001 

 

Table A6.60: Summary of analysis for PTL, Felton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 2.138 2.138 106.391 <0.001 0.79 0.142 

Residual 28 0.563 0.020   

Total 29 2.701 0.093   

Table A6.61: Estimates of parameters for PTL, Felton  

Parameter estimate s.e. t(96) t pr. 

Constant 6.591 0.097 67.661 <0.001 

Measured 0.104 0.010 10.315 <0.001 
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A6.8.2: Relationship between predicted and measured motion resistance, Pittsworth 

site. 

1. Gee-Clough model 

1.1 NT 

 

 

 

1.2 PTL  

 

 

  

Table A6.62: Summary of analysis for NT, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 1.153 1.153 212.117 <0.001 0.88 0.074 

Residual 28 0.152 0.005   

Total 29 1.306 0.045   

Table A6.63: Estimates of parameters for NT, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 4.252 0.140 30.294 <0.001 

Measured 0.199 0.014 14.564 <0.001 

 

Table A6.64: Summary of analysis for PTL, Pittsworth  

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.768 0.768 463.129 <0.001 0.79 0.04 

Residual 28 0.046 0.002   

Total 29 0.815 0.028   

Table A6.65: Estimates of parameters for PTL, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 3.009 0.134 22.486 <0.001 

Measured 0.335 0.016 21.520 <0.001 
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2. Brixius model 

2.1 NT 

 

 

 

2.2 PTL  

 

 

  

Table A6.66: Summary of analysis for NT, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 17.731 17.731 209.354 <0.001 0.88 0.291 

Residual 28 2.371 0.085   

Total 29 20.102 0.693   

Table A6.67: Estimates of parameters for NT, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 0.526 0.554 0.950 0.35 

Measured 0.781 0.054 14.469 <0.001 

 

Table A6.68: Summary of analysis for PTL, Pittsworth 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 8.091 8.091 470.864 <0.001 0.94 0.131 

Residual 28 0.481 0.017   

Total 29 8.573 0.296   

Table A6.69: Estimates of parameters for PTL, Pittsworth   

Parameter estimate s.e. t(96) t pr. 

Constant -2.874 0.431 -6.674 <0.001 

Measured 1.088 0.050 21.699 <0.001 
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A6.8.3: Relationship between predicted and measured motion resistance, Gatton 

site. 

1. Gee-Clough model 

1.1 TS 

 

 

 

1.2 WS  

 

 

  

Table A6.70: Summary of analysis for TS, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 12.939 12.939 187.821 <0.001 0.87 0.262 

Residual 28 1.929 0.069   

Total 29 14.867 0.513   

Table A6.71: Estimates of parameters for TS, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant -4.292 0.688 -6.239 <0.001 

Measured 1.980 0.144 13.705 <0.001 

 

Table A6.72: Summary of analysis for WS, Gatton  

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.011 0.011 127.006 <0.001 0.81 0.01 

Residual 28 0.003 0.000   

Total 29 0.014 0.000   

Table A6.73: Estimates of parameters for WS, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant 3.159 0.014 228.312 <0.001 

Measured 0.052 0.005 11.270 <0.001 
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2. Brixius model 

2.1 TS 

 

 

 

2.2 WS  

 

 

  

Table A6.74: Summary of analysis for TS, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 96.434 96.434 189.738 <0.001 0.87 0.713 

Residual 28 14.231 0.508   

Total 29 110.665 3.816   

Table A6.75: Estimates of parameters for TS, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant -17.213 1.869 -9.211 <0.001 

Measured 5.405 0.392 13.775 <0.001 

 

Table A6.76: Summary of analysis for WS, Gatton 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.089 0.089 123.006 <0.001 0.81 0.027 

Residual 28 0.020 0.001   

Total 29 0.109 0.004   

Table A6.77: Estimates of parameters for WS, Gatton   

Parameter estimate s.e. t(96) t pr. 

Constant 3.085 0.039 78.735 <0.001 

Measured 0.145 0.013 11.091 <0.001 
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A6.8.4: Relationship between predicted and measured motion resistance, Hopetoun 

site. 

1. Gee-Clough model 

1.2 NT 

 

 

 

1.2 PTL  

 

 

  

Table A6.78: Summary of analysis for NT, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.587 0.587 523.992 <0.001 0.95 0.033 

Residual 28 0.031 0.001   

Total 29 0.618 0.021   

Table A6.79: Estimates of parameters for NT, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 2.231 0.106 20.994 <0.001 

Measured 0.234 0.010 22.891 <0.001 

 

Table A6.80: Summary of analysis for PTL, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.049 0.049 111.096 <0.001 0.79 0.021 

Residual 28 0.012 0.000   

Total 29 0.062 0.002   

Table A6.81: Estimates of parameters for PTL, Hopetoun   

Parameter estimate s.e. t(96) t pr. 

Constant 3.889 0.052 75.480 <0.001 

Measured 0.061 0.006 10.540 <0.001 
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2. Brixius model 

2.1 NT 

 

 

 

2.2 PTL  

 

 

  

Table A6.82: Summary of analysis for NT, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 8.338 8.338 580.531 <0.001 0.95 0.120 

Residual 28 0.402 0.014   

Total 29 8.741 0.301   

Table A6.83: Estimates of parameters for NT, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant -3.276 0.381 -8.607 <0.001 

Measured 0.881 0.037 24.094 <0.001 

 

Table A6.84: Summary of analysis for PTL, Hopetoun 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.524 0.524 113.379 <0.001 0.80 0.068 

Residual 28 0.129 0.005   

Total 29 0.654 0.022   

Table A6.85: Estimates of parameters for PTL, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 2.554 0.166 15.343 <0.001 

Measured 0.198 0.019 10.648 <0.001 
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A6.8.5: Relationship between predicted and measured motion resistance, Swan Hill 

site. 

1. Gee-Clough model 

1.1 NT 

 

 

 

1.2 PTL  

 

 

  

Table A6.86: Summary of analysis for NT, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.486 0.486 424.259 <0.001 0.94 0.034 

Residual 28 0.032 0.001   

Total 29 0.518 0.018   

Table A6.87: Estimates of parameters for NT, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 5.779 0.089 65.127 <0.001 

Measured 0.145 0.007 20.598 <0.001 

 

Table A6.88: Summary of analysis for PTL, Swan Hill   

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 0.172 0.172 31.324 <0.001 0.53 0.074 

Residual 28 0.154 0.005   

Total 29 0.326 0.011   

Table A6.89: Estimates of parameters for PTL, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 6.268 0.183 34.251 <0.001 

Measured 0.096 0.017 5.597 <0.001 
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2. Brixius model 

2.1 NT 

 

 

 

2.2 PTL  

 

 

  

Table A6.90: Summary of analysis for NT, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 5.472 5.472 425.512 <0.001 0.94 0.113 

Residual 28 0.360 0.013   

Total 29 5.832 0.201   

Table A6.91: Estimates of parameters for NT, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 2.340 0.297 7.871 <0.001 

Measured 0.485 0.024 20.628 <0.001 

 

Table A6.92: Summary of analysis for PTL, Swan Hill 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 1.973 1.973 31.640 <0.001 0.53 0.250 

Residual 28 1.746 0.062   

Total 29 3.719 0.128   

Table A6.93: Estimates of parameters for PTL, Swan Hill    

Parameter estimate s.e. t(96) t pr. 

Constant 3.948 0.616 6.407 <0.001 

Measured 0.326 0.058 5.625 <0.001 
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A6.8.6: Relationship between predicted and measured motion resistance, Waikerie 

site. 

1. Gee-Clough model 

1.1 NT 

 

 

 

1.2 WS  

 

 

  

Table A6.94: Summary of analysis for NT, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 11.122 11.122 215.511 <0.001 0.88 0.227 

Residual 28 1.445 0.052   

Total 29 12.567 0.433   

Table A6.95: Estimates of parameters for NT, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant -6.573 .816 -8.058 <0.001 

Measured 1.261 .086 14.680 <0.001 

 

Table A6.96: Summary of analysis for WS, Waikerie   

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 4.194 4.194 46.338 <0.001 0.62 0.301 

Residual 28 2.534 0.091   

Total 29 6.729 0.232   

Table A6.97: Estimates of parameters for WS, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant -0.141 0.752 -0.188 0.852 

Measured 0.562 0.083 6.807 <0.001 
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2. Brixius model 

2.1 NT 

 

 

 

2.2 WS  

 

 

  

Table A6.98: Summary of analysis for NT, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 62.530 62.530 217.379 <0.001 0.89 0.536 

Residual 28 8.054 0.288   

Total 29 70.585 2.434   

Table A6.99: Estimates of parameters for NT, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant -20.516 1.926 -10.653 <0.001 

Measured 2.991 .203 14.744 <0.001 

 

Table A6.100: Summary of analysis for WS, Waikerie 

Source  d.f. s.s. m.s. v.r. Fpr. R2 SE 

Regression 1 24.165 24.165 48.428 <0.001 0.63 0.706 

Residual 28 13.972 0.499   

Total 29 38.137 1.315   

Table A6.101: Estimates of parameters for WS, Waikerie    

Parameter estimate s.e. t(96) t pr. 

Constant -5.420 1.766 -3.069 0.005 

Measured 1.349 0.194 6.959 <0.001 
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Appendix A6.9: Relationship between measured and predicted motion 

resistance for all tines for the rest of Northern region and Southern region sites 

A6.9.1: Felton (QLD) site  

 

 

 

Figure A6.9.1: Relationship between measured and predicted motion resistance based on 

Brixius and Gee-Clough models for Felton (QLD) site. The red line is the relationship between 

measured and predicted values of draught force. Blue lines show the 95% confidence interval 

for the linear model fitted to the data, and the black line shows the 1:1 relationship between 

measured and predicted data. Figures show: (top) NT, (bottom) PTL; (left) Brixius model 

(right) Gee-Clough model, respectively (n=30) 
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A6.9.2: Gatton (QLD) site  

 

 

Figure A6.9.2: Relationship between measured and predicted motion resistance based on 

Brixius and Gee-Clough models for Gatton (QLD) site. The red line is the relationship between 

measured and predicted values of draught force. Blue lines show the 95% confidence interval 

for the linear model fitted to the data, and the black line shows the 1:1 relationship between 

measured and predicted data. Figures show: (top) TS, (bottom) WS; (left) Brixius model (right) 

Gee-Clough model, respectively (n=30) 
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A6.9.3: Hopetoun (VIC) site  

 

 

 

 

 

Figure A6.9.3: Relationship between measured and predicted motion resistance based on 

Brixius and Gee-Clough models for Hopetoun (VIC) site. The red line is the relationship 

between measured and predicted values of draught force. Blue lines show the 95% confidence 

interval for the linear model fitted to the data, and the black line shows the 1:1 relationship 

between measured and predicted data. Figures show: (top) NT, (bottom) PTL; (left) Brixius 

model (right) Gee-Clough model, respectively (n=30) 
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A6.9.4: Waikerie (SA) site  

 

 

 

 

 

Figure A6.9.4: Relationship between measured and predicted motion resistance based on 

Brixius and Gee-Clough models for Waikerie (SA) site. The red line is the relationship between 

measured and predicted values of draught force. Blue lines show the 95% confidence interval 

for the linear model fitted to the data, and the black line shows the 1:1 relationship between 

measured and predicted data. Figures show: (top) NT, (bottom) WS; (left) Brixius model (right) 

Gee-Clough model, respectively (n=30) 
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APPENDIX TO CHAPTER 7 
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APPENDIX TO CHAPTER 7 

Appendix A7.1: Statistical analyses corresponding to mobility 

number in Chapter 7  

A7.1.1: Statistical analysis – mobility number calculations in Felton site    

Factors structure: 

Soil condition: PTL, NT  

 

 

A7.1.2: Statistical analysis – mobility number calculations in Pittsworth site    

Factors structure: 

Soil condition: PTL, NT  

 

 

A7.1.3: Statistical analysis – mobility number calculations in Gatton site    

Factors structure: 

Soil condition: WS, TS  

Table A7.1: Analysis of variance – mobility number calculations (Felton site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 2437.218 2437.218 209.427 <0.001 0.78 

Residual 58 674.977 11.638    

Total 59 3112.195 52.749   

Table A7.2: Analysis of variance – mobility number calculations (Pittsworth site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 12768.572 12768.572 148.378 <0.001 0.72 

Residual 58 4991.140 86.054    

Total 59 17759.711 301.012   

Table A7.3: Analysis of variance – mobility number calculations (Gatton site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 29153.783 29153.783 2061.380 <0.001 0.97 

Residual 58 820.285 14.143    

Total 59 29974.068 508.035   
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A7.1.4: Statistical analysis – mobility number calculations in Hopetoun site    

Factors structure: 

Soil condition: PTL, NT  

 

 

A7.1.5: Statistical analysis – mobility number calculations in Swan Hill site    

Factors structure: 

Soil condition: PTL, NT  

 

 

A7.1.6: Statistical analysis – mobility number calculations in Waikerie site    

Factors structure: 

Soil condition: WS, TS  

  

Table A7.4: Analysis of variance – mobility number calculations ( Hopetoun site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 33231.844 33231.844 141.315 <0.001 0.71 

Residual 58 13639.324 235.161    

Total 59 46871.168 794.426   

Table A7.5: Analysis of variance – mobility number calculations (Swan Hill site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 15204.743 15204.743 144.860 <0.001 0.71 

Residual 58 6087.779 104.962    

Total 59 21292.522 360.890   

Table A7.6: Analysis of variance – mobility number calculations (Waikerie site) 

Variate: Mobility number 

Source of variation d.f. s.s. m.s. v.r. Fpr. R2 

Soil condition 1 0.000 0.000 0.000 1 0.00 

Residual 58 705.903 12.171    

Total 59 705.903 11.964   
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A7.1.7: Statistical analysis of dataset- mobility number calculations in most sites    

Factors structure: 

Site: Felton, Pittsworth, Gatton, Hopetoun, Swan Hill, Waikerie  

Soil condition: Wheeled soil, non-wheeled soil 

 

Table A7.7: Analysis of variance – mobility number calculations in most of sites 

Variate: Mobility number 

Source of varaiation d.f. s.s m. s. v.r. Fpr. R2 

Site 5 187919.474 37583.895 485.865 <0.001 0.91 

Soil condition 1 67992.729 67992.729 878.974 <0.001  

Site.Soil condition 5 24803.430 4960.686 64.129 <0.001 

Residual 348 26919.408 77.355    

Total 359 307635.041 856.922   
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Appendix A7.2: Regression analyses corresponding to relationship between 

mobility number and motion resistance coefficient in Chapter 7:  

 

Table A7.8: Summary of regression analysis of relationships between motion 

resistance coefficient and mobility number for studied sites. 

 

 

 

 

 

 

 

 

 

Site Exponential model P-value R2 SE 

Felton Y = 0.241 e-0.03 0.001 0.63 0.17 

Pittsworth Y = 0.01 e-0.005 0.001 0.83 0.05 

Gatton Y = 0.15 e-0.008 0.001 0.91 0.06 

Hopetoun Y = 0.15 e-0.003 0.001 0.93 0.03 

Swan Hill Y = 0.11 e-0.006 0.001 0.89 0.04 

Waikerie Y = 0.19 e-0.02 0.001 71 0.04 
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A7.2.1: Relationship between motion resistance coefficient and mobility number, 

Felton site 

 

 

 

 

 

 

 

A7.2.2: Relationship between motion resistance coefficient and mobility number, 

Pittsworth site 

 

 

 

  

Table A7.9: Summary of analysis, Felton 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.755 2.755 96.672 <0.001 0.62 0.17 

Residual 58 1.653 0.028   

Total 59 4.408 0.075   

Table A7.10: Estimates of parameters, Felton 

Parameter estimate s.e. t(96) t pr. 

Constant 0.241 0.023 10.472 <0.001 

Mobility number -0.03 0.003 -0.791 <0.001 

Table A7.11: Summary of analysis, Pittsworth 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.645 0.645 276.327 <0.001 0.82 0.05 

Residual 58 0.135 0.002   

Total 59 0.78 0.013   

Table A7.12: Estimates of parameters, Pittsworth 

Parameter estimate s.e. t(96) t pr. 

Constant 0.01 0.002 52.602 <0.001 

Mobility number -0.005 0.0004 -11.91 <0.001 
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A7.2.3: Relationship between motion resistance coefficient and mobility number, 

Gatton site 

 

 

 

 

 

 

 

A7.2.4: Relationship between motion resistance coefficient and mobility number, 

Hopetoun site 

 

 

 

 

Table A7.13: Summary of analysis, Gatton 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 2.096 2.096 610.956 <0.001 0.91 0.06 

Residual 58 0.199 0.003   

Total 59 2.295 0.039   

Table A7.14: Estimates of parameters, Gatton 

Parameter estimate s.e. t(96) t pr. 

Constant 0.15 0.002 73.562 <0.001 

Mobility number -0.008 0.0003 -24.718 <0.001 

Table A7.15: Summary of analysis, Hopetoun 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.559 0.559 835.121 <0.001 0.93 0.03 

Residual 58 0.039 0.001   

Total 59 0.598 0.01   

Table A7.16: Estimates of parameters, Hopetoun 

Parameter estimate s.e. t(96) t pr. 

Constant 0.151 0.002 95.028 <0.001 

Mobility number -0.003 0.0001 -28.898 <0.001 
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A7.2.5: Relationship between motion resistance coefficient and mobility number, 

Swan Hill site 

 

 

 

 

 

 

 

A7.2.6: Relationship between motion resistance coefficient and mobility number, 

Waikerie site 

 

 

 

 

Table A7.17: Summary of analysis, Swan Hill 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.675 0.675 451.381 <0.001 0.88 0.04 

Residual 58 0.087 0.001   

Total 59 0.761 0.013   

Table A7.18: Estimates of parameters, Swan Hill 

Parameter estimate s.e. t(96) t pr. 

Constant 0.112 0.002 52.644 <0.001 

Mobility number -0.006 0.0003 -21.246 <0.001 

Table A7.19: Summary of analysis, Waikerie 

Source d.f. s.s. m.s. v.r. Fpr. Adjusted R2 SE 

Regression 1 0.194 0.194 145.68 <0.001 0.71 0.04 

Residual 58 0.077 0.001   

Total 59 0.271 0.005   

Table A7.20: Estimates of parameters, Waikerie 

Parameter estimate s.e. t(96) t pr. 

Constant 0.192 0.005 39.77 <0.001 

Mobility number -0.017 0.001 -12.07 <0.001 


