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ABSTRACT

The overall objective of this study was to analyze the wear rate of tractor R-1 radial tires
under specific operating conditions. The specific objectives were to examine the wear rate of the
tires (a) when operating under different soil conditions and (b) different field operations, (c) to
develop predictive models for the wear rate for both the front and rear tires under specific
operating conditions, and (d) to validate the predictive models using measured values.

A Massey Ferguson 385 four-wheel drive (4WD) tractor with 56 kW engine power and
49 kW power take-off (PTO) was used to plow, harrow, and plant three different agricultural
fields (Field 1, Field 2, Field 3). Each tire of the tractor was divided into four sections. On each
section, three data points were positioned on each lug (tread). A Fowler digital gauge was used to
measure the height of the tire lug at each data point before and after every operation. Baseline
data was collected on each tire and analyzed, and a predictive model of the wear rate was
developed and validated for each tire.

This experiment showed that a tire’s wear rate increases as draft force, wheel slip, and
soil moisture increase, and decreases as soil bulk density and tractor speed increase.

Also, the tires tended to wear faster on sandy soil compared with loam and clay soils.
Additionally, the tires on the right side of the tractor wore faster than those on the left. For
example, on Field 1, the rear right tire had a 5.46% higher wear rate than the rear left tire, while
the wear on the front right tire exceeded that of the front left tire by 5.40%. The analysis of the
predicted wear rate from the developed models versus the actual measurements showed that
(a) the front left tire model has a high positive correlation of 0.84 (r = 0.84) and a coefficient of
0.77 (r* = 0.77), (b) the front right tire model shows an r of 0.83 and an r? of 0.77, (c) the rear left

tire model has an r of 0.71 and an r? of 0.51, and (d) the rear right tire model has a correlation of



0.75 and a coefficient of 0.56. The study also estimated that to maintain uniform tire wear for a
Massey Ferguson 385 4WD tractor operating within the context of this study, the two front tires
should be swapped approximately every 1,475 ha, and the two rear tires should be swapped after
about 1,105 ha. This paper further estimates that the maximum surface area that tires can cover
before needing replacement is between 2,719 and 3,221 ha for the front tires, and 1,716 and

3,100 ha for the rear tires.
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CHAPTER 1: OVERVIEW

1.1 CONTEXT AND MOTIVATION

Meeting the growing global demand for food is becoming an increasingly concerning
issue, given that the world’s population is expected to reach 10 billion people by 2050 (Renius,
2020). However, the agriculture labor force is in a constant state of decline as more and more
arable lands are being used for non-agricultural purposes. For example, between 1986 and 2022
in the Adam Rural District in Ethiopia, the use of land for non-agricultural purposes increased by
59.88%, while use for agricultural purposes declined by 39.75% (Dadi et al., 2023).

Consistent improvement in agricultural mechanization is becoming the main pillar for
mitigating the challenge of feeding the world, both now and in the future. Srivastava et al. (2006)
reported that in 1900, agriculture employed two-thirds of the American population; by 2006,
however, only 3% of the U.S. population was engaged in farming, due largely to farm
mechanization. That report further notes that the use of tractors and other equipment has
transformed American farming from a subsistence-based sector to a leading industry.

The use of machinery in agriculture served as the first technological approach to
improving farming methods (e.g., greenhouses, intelligent farming), increasing food production
and maximizing the use of agricultural land. End-to-end farm mechanization—from field
preparation to harvest—ensures that field operations such as planting and harvesting are
performed in a timely manner while also improving crop quality, labor efficiency, and farm
productivity. Generally, the use of agricultural machinery both increases food production and
improves the agricultural raw materials needed to feed agro-processing industries (Dorvlo,
2015). In recent times, due to technological advancements in the machines and equipment used

for field operations in agriculture have brought about tremendous change in the areas of tilling of



the soil, planting of the seeds, tending and growing crops, harvesting mature crops, and threshing
of harvested crops, among other operations. These field operations depend heavily on tractors
and the implements they are equipped with.

In crop production, agricultural tractors are important to both on-field and oft-field
operations (Figure 1.1). Their versatility and ability to move and operate farm implements make

agricultural tractors indispensable to field operations.

Figure 1.1. An agricultural tractor (Copyright 2025 by Deere and Company).

The use of tractors and implements such as plows, harrows, planters, and crop harvesting
equipment during field operations (e.g., tillage, planting, applying chemicals, harvesting) is
essential to modern mechanized farming systems (Verma, 2006). As a self-propelled prime
mover with different interfaces to allow connections to various farm equipment, tractors are
multi-purpose machines, making them an integrated—and integral—unit in the agricultural
production scheme. Despite recent global economic difficulties, farm tractor sales increased by
approximately 17% in the U.S. and 10% in Canada between 2019 and 2020, making purchases of
agricultural tractors the largest share of farm equipment sales (Association of Equipment
Manufacturers, 2022).

In addition to the growing demand for food, the increase in the cost of maintaining



agricultural machinery poses a significant challenge to modern agriculture. Given that new
technological developments in farm mechanization are often accompanied by increased
operational demands, tractors must be reliable and durable. This makes farm machinery repairs
and maintenance critical to optimal performance. Kichler et al. (2011) note that equipment
performance and in-field efficiency are the two variables that need to be improved to reduce the
consumption of fuel and the cost of crop production. A key tractor component that needs to be
managed effectively to ensure optimum utilization of power, proper soil management, and safe
farm operations is the tractor tire. Generally, tractor tires are used on various agricultural soils,
including dry or wet and firm or soft (Brassart, 1994). Occasionally, these tires are also used on
paved roads when tractors are moved from one field to another.

Among the many functions that the tractor tires perform, the most important is providing
traction. This key function is largely affected by parameters relating to the soil and the tire.
Hence, good tire maintenance and timely replacement are necessary to maximize traction and
minimize energy losses. The three types of losses that occur during tractor maneuvering on
agricultural soil are transmission, motion resistance, and slip (Botta et al., 2012). Although
excessive tire wear can significantly increase transmission losses, it has a greater impact on slip
losses and motion resistance, which are the main reasons for the loss of power at the drawbar
(the bar at the rear of the tractor to which an implement is connected). The direct consequences
of increased motion resistance and slip are higher fuel consumption and greater soil compaction
(Pohrt, 2019). These energy losses, which result from both soil and tire deformation, are termed
motion resistance. Botta et al. (2012) note that tire wear, which occurs as a result of high wheel
slip, is a key factor that increases soil compaction, which is undesirable when using agricultural

tractors because compacted soil can restrict root growth and reduce water infiltration. Therefore,



this study intends to assess the wear rate of agricultural tractor tires at different field operation

thresholds.

1.2 SIGNIFICANCE OF THE STUDY

To ensure maximum operation and extend the lifespan of a machine, the condition of the
operator (e.g., fatigue level), the environment in which the machine is used, and the machine’s
condition must be monitored and evaluated. These factors work together to maximize the output
efficiency of farm machines and boost productivity in farm mechanization.

Due to the seasonal nature of farming, ensuring that farm machinery is ready for each
season is essential for a profitable farming period. Therefore, effective maintenance planning is
needed to ensure farm machines operate efficiently and on schedule. Tractors are vital machinery
in farm mechanization, as they undertake multiple field and non-field operations. Thus, they
must be maintained before, during, and after each farming season to maximize their operational
efficiency, extend their service life, and mitigate safety hazards. During field operations, the tire
is a vital part of the tractor that requires both proper maintenance and a replacement plan.

The tire aids the tractor in providing the necessary traction for movement. The nature of
the two contacting surfaces (the soil and the tire) greatly influences the traction necessary for
tractor movement. As the tire and the contacting surface (both deformable) come into contact
during operation, a certain amount of slip-induced wear occurs as the pull develops. A tractor tire
wears down over time. As the wear increases (Figure 1.2[b]), the friction coefficient between the
tire and the soil (contact surface) is reduced, resulting in a loss of traction and an increase in the

potential for wheel slippage.



(a) Unworn

Figure 1.2. Closeup of the lugs on an unworn versus a worn tractor tire (Copyright 2025 by
Alamy Limited).

Excessive wheel slippage is one of the major reasons for reducing the drawbar pull
efficiency of the tractor. Because of their numerous advantages, most farmers prefer four-wheel
drive (4WD) tractors over two-wheel drive (2WD) configurations. Some of these advantages
include improved traction efficiency and reduced wheel slippage, especially for draft-intensive
field operations such as tillage work. Using a 4WD tractor, traction is generated in both the front
and rear wheels; therefore, the amount of wear on any tire will influence the total tractive force
that is available to move the tractor and pull any attached implement. The wear that occurs on the
tractor’s front and rear tires during different field operations and under different field (soil)

conditions is the focus of this study.

1.3 STUDY OBJECTIVES

The main objective of this research is to study the rate of wear of R-1 radial tractor tires
under specific operational conditions. The specific objectives are:
a) To examine tire wear rates under different field (soil) conditions in which the tires
operate.

b) To analyze tire wear rates for different field operations.



¢) To develop models for the prediction of the wear rate for both the front and the rear tires
under specific operating conditions.

d) To validate the prediction models using the actual data collected during the study.

1.4 ORIGINALITY AND NOVELTY OF THE STUDY

Extensive studies have been conducted on tire-contact surface interaction (Chang et al.,
2021; Ivanov, 2016; Lepine & Cebon, 2018; Li et al., 2012a). These works have led to the
creation of theoretical and empirical models that consider variables such as slip, static and
dynamic tractor loads, and friction to assess tractive effectiveness and fuel consumption. As
discussed in Chapter 2, Le Maitre et al. (1998) predicted tire tread life and evaluated tire
performance by measuring the rate of tire wear. However, most of these studies focus on the
interaction between agricultural tires and paved surfaces; research on tractor tires and soil
interaction is limited.

A study conducted by Dorvlo et al. (2014) measured the rate of rear-tire wear to
determine the lifespan and depreciation of rear tractor tires by using a 2WD tractor to plow
11.7 ha of farmland. Given the advantages of 4WD over 2WD tractors, most modern farmers
prefer using 4WD tractors for tillage work.

Notably, the Dorvlo et al. (2014) study focused only on plowing, which is not the only
field operation a tractor is used for. Therefore, it is inappropriate to use the wear rate resulting
from plowing to predict the lifespan and/or depreciation of the rear tires only. Since most tillage
work is done using 4WD tractors, it is important to study the wear rate on both the front and rear

tires.



The outcomes from this study on tire wear will:

e cnable tractor users to determine the point at which a significant wear rate during tire
usage will call for tire replacement, as recommended by the tire manufacturer;

e ecnable the tractor user to have a fair knowledge of which field operation causes a high
tire wear rate; and

e provide proper knowledge for effective planned maintenance.

1.5 THESIS OUTLINE

The structure of this thesis is as follows:

e Chapter 1 provides an overview of the research. It outlines the context of, motivation for,
significance of, and objectives of the study. It also discusses the originality of this
research.

e Chapter 2 reviews the relevant literature on agricultural tractor tires, soil-tire interactions,
and tire wear.

e Chapter 3 summarizes the materials and methods used for this research.

o Chapter 4 presents the results and the discussions of the experiment and the developed
tire wear prediction model.

e Chapter 5 presents a research summary and conclusions and offers recommendations for

future research.



CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 INTRODUCTION

Agricultural tractor tires operate under a varied range of external conditions: different
types of soil, various types of field operations, and different seasonal conditions
(e.g., temperature and rainfall) (Lupker et al., 2002; Sabbioni et al., 2011). In agricultural field
operations, tractor tires are expected to provide high tractive forces and tractive effectiveness
under different load conditions, soil conditions (Lyasko, 2010), and tillage practices (Chen et al.,
2005) to generate the required drawbar pull (Jenane & Bashford, 2000). Additionally, soil
compaction caused by tires as they pass over the soil surface during field operations is also a
factor in optimizing tire function. Traffic-induced soil compaction must be minimized in the case
of random or uncontrolled traffic of tractors and other agricultural machines in agricultural
fields. However, soil compaction can be desirable under controlled traffic conditions (e.g., no
crops grown in traffic lanes and no traffic on fields and crops outside traffic lanes) when
agricultural field operations are completed.

The conditions under which a tire operates influence, directly and indirectly, a tire’s tread
wear. Lupker et al. (2002) notes that in modeling the treadwear of a tire, one must consider a
two-part sequence. The first part is the determination and selection of the operation and vehicle
conditions. This depends on forces, slip (Braghin et al., 2006), the moment transfer in the tire
contact area, and the tire-soil contact area (S. Persson, 2009; Wulfsohn, 2009). Second, the tire
load for specific operational conditions is determined to model the friction and behavior of the
tread wear of the tire contact area (Lupker et al., 2002). Agricultural tire wear depends on several
factors, such as the type of tires, soil type, and the effect of traction. The following paragraphs

discuss the impact of these factors on agricultural tire wear.



2.2 AGRICULTURE TRACTOR TIRES

These tires are designed to reflect the conditions under which they will operate.

Generally, agricultural tires are designed either for on-road or oft-road purposes. Industrial

tractor tires are designed for heavy vehicles that usually operate on hard surfaces, such as

concrete or asphalt. However, this is not the case for non-agricultural off-road operations (such

as mining activities), for which tires must operate on deformable and highly variable surfaces.

Agricultural tractor tires are designed to work on soft and deformable surfaces (soil). For that

reason, the design of agricultural tire tread patterns may involve several considerations (Bauer

Built Tire and Service, 2022). The quality of the tire depends on a basic rubber compound and

the manufacturing process (Wennekes, 2008). The materials that make up tire compounds can be

categorized into five groups:

1.

Rubber: This is the basic material for tires, which can include natural and synthetic polymers
(Tire Works Total Car Care, n.d.). Natural rubber comes from the sap of the Hevea
brasiliensis tree (natural latex). It gives the tires high elasticity, impermeability, and supports
a good reaction to vulcanization (a process that strengthens and hardens rubber, also known
as curing) (Tractor Tyre Expert, 2021a). Butadiene rubber and styrene butadiene rubber are
the main synthetic polymers used in tire manufacturing. These polymers greatly define the
physical and chemical properties of the tire. Halobutyl rubber is used so that the inner liner of
the tire will be impermeable (Tire Works Total Car Care, n.d.).

Anti-wear materials: These typically represent 30% of the total mass of the tire (Tire Works
Total Car Care, n.d.). Reuvekamp (2003) notes that these materials are fillers such as carbon
black and amorphous precipitated silica. They reinforce the tire to increase wear resistance,

reduce rolling resistance, and ensure better traction. Varying the amount of carbon black



affects the tire’s shear modulus (rigidity and resistance to deformation) and hardness
(Reuvekamp, 2003; Vilgis et al., 2009).

3. Processing aids: This involves adding relatively small plasticizers and softeners to facilitate
the homogeneity of the tire’s end compound.

4. Chemical protective additives: These serve two functions. Antioxidant, accelerant, and
retardant materials that enhance the physical and chemical properties of the tire help prevent
the tire rubber from breaking when it is exposed to high temperatures and oxygen, while
antiozonants minimize the impact of ozone on the tire’s surface.

5. Curatives: Elements such as sulfur and zinc oxide are used to transform rubber into a solid
material during tire curing. During vulcanization, a crosslink in the rubber matrix is formed
to reduce the vulcanization time. The number of molecular crosslinks introduced during
vulcanization affects the shear modulus and the hardness of the tire. Various types of fibers

are available to reinforce layers and overlap the rubber.

2.2.1 Components of a tractor tire

The different components in the construction of agricultural tires have a great impact on
tire performance. Each component, as shown in Figure 2.1, has a specific role in ensuring the
firmness of the tire so as to achieve top performance during field operations.

5 Tread design

6 Sidewall
4 Belts

3 Inner liner 7 Lugs buttress

8 Body plies

2 Bead filler 1 Baad

Figure 2.1. Components of a tractor tire (Copyright 2022 by Bridgestone American Tire
Operations).
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1. Bead: The bead holds the tire on the rim to ensure the tire stays seated on the wheel.

2. Bead filler: This is incorporated within the bead configuration and the sidewall area to
maximize the stability, steering response, and case durability of the tire (Bridgestone,
n.d.-b).

3. Inner liner: This is a synthetic rubber with a similar function to an inner tube. It insulates
the tube and prevents air and moisture penetration.

4. Belts: These are steel cords in the tire that enable the tire to maintain its shape. They are
configured in layers in the rubber to give strength and stability.

5. Tread design: This interacts with the contact surface to provide traction. Tread designs
vary between tires to maximize traction and resist wear, abrasion, and heat.

6. Sidewall: The sidewall is made of flexible rubber, which protects the side of the tire and
provides lateral stability. The flex of the sidewall is a key function in choosing the right
tire for the right job (Bridgestone, n.d.-b).

7. Lugs buttress: Lug buttress, together with lug depth, offers tread stability.

8. Body plies: The textile cords (running radially in this case; refer to 2.2.2) sets the tire

strength and load capacity.

2.2.2 Tire design

Tires can have one of two designs: bias ply (also called diagonal ply) and radial ply

(Renius, 2020) (Figure 2.2). Both types of tires can be used with or without an innertube.
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Figure 2.2. Basic design of bias ply and radial ply-tires (Renius, 2020).
2.2.2.1 Radial ply tire

The textile cord in the radial tire is aligned in a radial direction at 90" angles at the crown
(Gent & Walter, 2006; Wennekes, 2008). Yahya (1985) indicates that the circumference of the
tire directly under the tread is made of multi-layer belts with cords of high modulus of elasticity
(a material that resists elastic deformation). The construction of a radial tire consists of two parts:
(1) the casing, which is made of cable layers coated with rubber steel that arcs from bead to
bead; and (2) the steel belts beneath the tread that make the crown rigid to resist cuts and

punctures (Goodyear Tire and Rubber Co., 2004).

2.2.2.2 Bias ply tire (conventional tire)

The cord of the bias ply tire body runs diagonally from bead to bead. The angle of the ply
cord of the body to the tread center line is less than 90° running from one bead to another (Gent
& Walter, 2006) and is typically opposing angles of 45° (Bridgestone, n.d.-a). The construction
of a bias ply tire is simple and easier to manufacture. This makes the cost of manufacturing more
effective compared with radial ply tires (Bridgestone, n.d.-b). However, shear normally occurs
between the body ply cords. This generates heat and gives poor wear characteristics (Gent &

Walter, 2006). The disadvantages of bias ply tires, such as low traction, rapid wear, and higher
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fuel consumption, are the result of the required flexibility of the tire sidewall and the all-sided

reinforcement (Wennekes, 2008).

2.2.2.3 Comparison between radial and bias ply tire

The market share of radial tires continues to increase because they ensure prolonged tread
wear and a smoother ride and offer 80% more resistance to cuts and penetration in the tread area
(Goodyear Tire and Rubber Co., 2004). According to Enyart (2008), the entire tire world saw a
dramatic change with the introduction of radial tire design. He argues that most farmers in North
America are well versed in radial tire advancement, and have radial tires installed on their field
tractors due to three key reasons: reduced soil compaction, which improves root development,
nutrient uptake, and increases crop yield; improved traction, which results in better tractive
efficiency and a reduction in fuel consumption; and improved ride, which reduces operator
fatigue. Goodyear Tire and Rubber Co. (2004) indicated that radial tire usage continues to
dominate in heavy off-road equipment.

The values of the coefficient of net traction (k) are 10% to 12% higher for agricultural
radial ply tires used on different types of soil for off-road applications (Figure 2.3[a]) (Renius,
2020) compared with corresponding values for bias ply tires (Figure 2.3[b]) (Sohne, 1968). The
radial tire has a flexible tire wall, which enables a greater soil contact area that generates good
tractive forces that are applied by the soil to the tractor tires. This results in lower contact
pressure (Jarrett, 1995), greater net traction, lower rolling resistance, higher tractive efficiency,
and longer lifespan. Nearly 50 years after the commercial introduction of radial tires, radials
have outperformed bias ply tires in most instances (Bridgestone, n.d.-a). However, the
complexity of the construction of radial ply tires increases tire material and manufacturing costs

(Gent & Walter, 20006).
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Figure 2.3. Net traction coefficient for a radial ply (Renius, 2020) versus bias ply tire

(Sohne, 1968).
2.2.3 Tire designation and parameters

Agricultural tractor tires have a standard coding system, described by an alphanumeric

code that indicates the tire’s functionality. These standards for tires, rims, and their auxiliary

components, like tubes and valves, are established and promulgated by the Tire and Rim

Association. Figure 2.4 shows an example of an agricultural tractor tire code in inches as it

would appear on the side wall of a tire.

Figure 2.4. Tire code for an agricultural tractor. Rim diameter is in inches (Renius, 2020).
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Figure 2.5. Parameters of a tractor tire (Srivastava et al., 2006).
2.2.3 Key parameter definitions

e Section width: This is the first number in a tire code, which is shown in Figure 2.4 as
20.8 inches (528.32 mm).

e Opverall tire diameter: This is an important metric to get the radius of the tire (Wulfsohn,
2009). The data handbook supplied by the tire manufacturer provides the (unloaded)
overall tire diameter.

e Static loaded radius: This is the distance from the contact surface to the wheel axle
(Figure 2.5). It is provided by the manufacturer.

e Tire deflection: This is obtained on a hard surface by dividing the (unloaded) overall
diameter of the tire by two, minus the static loaded radius.

e Tire load index: The amount of weight the tire can support (Figure 2.4).
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e Rim diameter: This is the second number in a tire code, which is shown in Figure 2.4 as
38 inches (965.2 mm).
e Section height: This is the total diameter of the (unloaded) tire minus the diameter of the

tire rim divided by two.

2.2.4 Mechanical properties of tractor tires

The rubber compound is the basic material for manufacturing tractor tires (Tire Works
Total Car Care, n.d.; Wennekes, 2008). The mechanical properties of any rubber compound
depend on the vulcanization process, the chemical reaction of vulcanization, and the
manufacturing process. During the vulcanization process, crosslinks are set between the long-
chain polymer molecules. This forms a three-dimensional permanent network, transforming the
soft material into a solid elastic material.

At a constant temperature, a series of vulcanization tests is done at different times to
show how the cure (vulcanization) affects the mechanical properties of the rubber compound.
Varying the temperature helps to achieve the desired mechanical properties of the rubber
compounds (Callister, 2006). As the temperature increases, the rubber compound passes through
multiple transition stages, exhibiting various elastomeric properties like the static modulus of an
elastomer with a phase changing from a glassy region to a viscoelastic or flow region
(Clark, 1971). Agricultural tractor tires have the following mechanical properties: tensile strength
ranging from 17.24 to 27.58 MPa, a static modulus of 300% in the range of 6.9 to 11.7 MPa, a
breaking elongation in the range of 400% to 600% (S. K. Clark, 1971), and a 0.5 Poison ratio
(Gent, 2012). To obtain these properties, the stress-strain curve in Figure 2.6 is used during the
manufacturing of the tire compound to adjust the cure rate and ensure that the required range of

static modulus, tensile strength, and breaking elongation is attained.
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Figure 2.6. Stress-strain curves with cure of a rubber tire (Clark, 1971).

Measuring the hardness of a rubber tread compound involves indenting the compound
with a rigid indenter of a specific shape or size under a particular localized condition (Gent,
2012). The hardness can be tested either by using the Shore A Durometer scale, which uses a
truncated conical indicator, or an Internal Rubber Hardness (IRHD) scale, which uses a spherical
indenter (Gent, 2012). The indentation is indicated on a non-linear scale from 0 to 100 on the
IRHD (Gent & Walter, 2006). A rubber tread compound with a Shore A hardness of 50 to
65 units indicates a soft to medium-hard rubber. The measured hardness correlates with the
elastic shear modulus (G) (Briscoe & Sebastian, 1993; Gent & Walter, 2006). The shear modulus
of elasticity is approximately equal to the tensile modulus divided by three. The rubber
compound used in the tire is inelastic for the tire to have good traction, wear resistance, and

durability. Gent and Walter (2006) note that adding 30% or more of carbon black or silicon
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powder to all tire compound components, treads, and sidewalls makes them stiffer. This makes
the tire stronger and more resilient to abrasion at three times the rate of an unfilled compound.

The stress-strain hysteresis loop in Figure 2.7 shows the viscoelasticity of the composite
for accuracy in analyzing the structure of a tire. This causes the tire to exhibit some shock-

damping characteristics.

Energy Loss

Stress

Loading

i Unloading

Strain

Figure 2.7. The stress-strain hysteresis loop (Gent & Walter, 2006).

The region between the loading and unloading curves represents the mechanical energy

loss due to rolling resistance in the form of heat, which affects the tire’s temperature.

2.3 TIRE-SOIL INTERACTION

The main purpose of tractor tires is to apply tractive forces on agricultural soils that are
deformable (Carroll et al., 2006; Upadhyaya et al., 2009). By shearing the soil, the tractive tire
develops a traction force on the deformable soil surface (Carroll et al., 2006) as shown in
Figure 2.8, where R is the soil reaction force, Ri and R; are the radial and tangential components
of R, T is the axle torque applied to the tire, NT is the net traction, V represents the vehicle
forward velocity, o is the wheel angular velocity, W is the vertical dynamic load, ¥ is the angle

of motion resistance of the tire, and r is the torque radius.
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Figure 2.8. Forces and torque for a tractor tire on deformable soil (S. Persson, 2009).

In analyzing the traction of a wheel on a deformable surface, Macmillan (2002) proposed
considering the following key factors:

e Static-vertical load: This is the total force that is normal for the supporting surface, and
with reference to the plane when there is traction or torque.

e Static-loaded radius: This is the radius between the wheel center and the tread contact
surface at a reference load and pressure. It is provided in the tire data by the
manufacturer.

e Dynamic load: The total load exerted by the wheel, which is normal to the supporting
surface when the tractor wheel is in operation.

e Input torque: The mechanical torque provided by the tractor’s engine and transmission
and applied to the drive axle(s).

e Traction force: This is the horizontal reaction generated by the soil on the driving

wheel(s). It reacts equally to the horizontal force caused by the driving wheel(s).
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Rolling resistance: This is influenced by the tire design and soil conditions (Gharibkhani
et al., 2012), and both the tire and the soil deformable contacts (Gharibkhani, 2014). It is
the force that opposes the motion of the wheel as it moves on the soil.

Rolling radius: The distance traveled per revolution (Cr) divided by 27 under some
defined zero conditions, like zero net traction (Macmillan, 2002). It is key to determining
the angular and forward velocities of the wheel.

Net traction: The force developed by the wheel and transferred to the vehicle.

Net traction ratio (unt): The net traction divided by the dynamic load.

Zero condition: A natural situation where the rear speed traveled by the tractor is equal
to the linear speed of the surface of the wheel (Macmillan, 2002).

Torque force: This is the required force to roll the tractor wheel freely on the contacting
surface and react equally to the rolling resistance.

Gross traction (GT): The torque input (T) divided by the rolling radius at a specific zero

condition (ro).

6T = () (M
GT ratio: This is the ratio of GT to dynamic load ().

(uge) = 3 )

Motion resistance (MR): This is given by the tire’s GT minus net traction.

MR = GT — NT 3)
Input power: The product of input torque (T) and the wheel angular velocity ().
Wheel input power = To (4)

Output power: The net traction (NT) multiplied by the actual forward speed (Vo).
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e Weight transfer: The difference between the normal forces on the tractor wheel under
operating conditions and under static conditions.
e Travel ratio: Ratio of speed when generating output to the operating speed under the

specific zero conditions.

actual forward velocity (vg)

Travelratio = theoretical velocity (ve) ©)
e Slip (¢§): This measures the relative movement that occurs when the wheel comes into
contact with the supporting surface.
i = Ra-Ra o 10 (6)

Rgq
e Ballast (Ba): This is the addition or removal of weight on the total load of the tractor to

improve traction.

2.3.1 Traction

Tractive device: Traction is a key fact affecting tractor performance. Therefore, an
agricultural tractor tire must provide sufficient tractive ability for self-propulsion and propulsion
of other farm implements, whether on a hard surface or on deformable terrain. The complex
behavior of soil as an engineering material means that the understanding of the interaction
between the tractor and transport devices and the deformable terrain on which they operate is yet
to be fully developed (Upadhyaya et al., 2009). However, both theoretical and experimental work
has been done in analyzing traction (Mohsenimanesh et al., 2009), improving traction (Jenane &
Bashford, 2000), and predicting the tractive effectiveness of a pneumatic rubber tire on
deformable soil (Brassart, 1994; Garciano et al., 2010; Lupker et al., 2002).

The effect of traction on agricultural equipment depends on the tractive device being
used. Figures 2.9 to 2.11 show the three categories of wheeled agricultural tractors that farmers

generally use. Renius (2020) notes that agricultural tractors can generate traction power through
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the following configurations: (1) a conventional rear-wheel drive (2WD) tractor, as shown in
Figure 2.9; (2) a 4WD tractor with small front and large rear wheels (Figure 2.10[a]) or four
equally sized wheels (Figure 2.10[b]); and a 4WD tandem (articulated) tractor (Figure 2.10[c]).
Different types of agricultural track tractors are shown in Figure 2.11. The tracks can be
made of either steel (similar to those used by many construction and roadwork machines) or
rubber. In the case of agricultural tracked tractors, rubber tracks are preferred because they allow
for higher operating speeds as well as operation on paved surfaces. These tractors come in three
different configurations: (1) two equally sized tracks (Figure 2.11[a]); (2) four equally sized half-
tracks (two on each axle; Figure 2.11[b]); and (3) two pairs of half-tracks, with a smaller track on
the front axle and a larger one on the rear axle (Figure 2.11[c]). A 2WD tractor transmits torque
through the rear axle while, in a 4WD tractor, torque is transmitted to both the front and rear
axles. Four-wheel drive tractors can be classified into two groups. First, in a front wheel—assisted
4WD tractor, the front wheels assist the rear wheels (the front tires are smaller than the rear tires)
and the front-wheel drive can be disengaged. Second, the true 4WD tractor, which can be either
articulated or have a fixed frame. Articulated tractors are hinged in the middle and steered using
a powerful hydraulic system (Jerry, 2002). A fixed frame (non-articulated) 4WD tractor has the
ability to be steered using the front wheels only or by the wheels on both the front and rear axles.
Comparisons of 2WD and 4WD tractors have been widely done (Renius, 2020b) and have shown
the advantages that make 4WD tractors preferable. In a 4WD tractor, the entire weight of the
vehicle is utilized as a load on the driven axle. Also, because 4WD tractors have equally sized
wheels, the front wheels compact the soil which, when done under controlled traffic conditions,

reduces the total rolling resistance and results in a better transmission of power by the rear

wheels (Sohne, 1968).
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(a) (b) (c)
Figure 2.10. Types of four-wheel drive tractor (Copyright 2025 by Deere and Company).

Note. Image (a) is of a tractor with small front wheels and large rear wheels; image (b) shows a tractor
with wheels of equal size; image (c) is a tandem tractor.

Figure 2.11. Types of track tractors (Copyright 2025 by Deere and Company).

Note. Image (a) shows a tractor with two equally sized full tracks; image (b) is a tractor with four equally
sized half-tracks, and image (c) is a tractor with two pairs of differently sized half-tracks.
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2.3.3 Tractive force analysis

The tractor tires transmit the power from the tractor to the ground to generate a tractive
force. The basic model for determining the tractive force on a deformable soil is the Mohr-
Coulomb equation (Carroll et al., 2006):

Frax = A4:.Cs + W tan® (7)

Where

Fimax = maximum shearing force (N)

A, = the tire and the soil area of contact (m?)

D = angle of internal friction (°)

Cs = soil cohesion (N/m?).

The basic force components applied by the tractive device can be represented by a)
dynamic load, which is perpendicular to the direction of travel, and b) the pull or net tractive

force (S. Persson, 2009).

X1

Figure 2.12. Forces acting on a tractor at equilibrium (Brassart, 1994).
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From Figure 2.12, considering the static equilibrium for a stationary 4WD tractor,

R, =SW,

Ry =SW,

But

R, + Rf = Wiractor (8)
Hence,

XoRr — XoWiractor = 0 )
Where

R; = the rear axle reaction force by the soil (N)

R¢ = the front axle reaction force by the soil (N)

SW; = the rear axle static load (N)

SW; = the front axle static load (N)

Wiractor = total tractor weight (N) and

X, is the wheelbase of the tractor distance between the center line (m) of the front and
rear axles.

X, 1s the horizontal difference between the center line of the rear axle and the tractor’s

center of gravity (m)

XzRf

X, = —=7 10
1 XoWtractor ( )
For the force under the dynamic equation of a tractor under steady-state conditions,
WtractorX1—1DX3
Wy = ——————= 11
; . (1)
W, = Wirgctor + 1D Sin (a) Wr (12)
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Where

ID = implement draft force (kN)

o = the angle the implement draft makes with the horizontal plane ()

X5 is the perpendicular distance between the ID action line to the point of action of the
rear axle, given as

X3 = X,Cos(a) + XsSin(a) (13)

Where X, is the height of the hitch point above the level of the application of the rear soil
reaction (or above the drawbar) and X; is the horizontal distance between the hitch point and the

center line of the rear axle.

2.4 TIRE WEAR
2.4.1 Mechanisms of tire wear

As the tractor tires roll along the contacting soil surface, the shearing force between the
tires and the soil causes the rubber to wear. Therefore, tractor tire wear is the progressive loss of

the tire tread. The basic mechanisms of tire wear are friction, abrasion, and fatigue.

2.4.1.1 Friction

The friction between the soil and the tire enables the tractor to move, negotiate curves,
and stop. The traction tire has a high coefficient of internal friction and low permeability to gases
(Gent & Walter, 2006). The Coulomb friction coefficient (i) is used to characterize the frictional

resistance between two surfaces.

__ Frictional force

(14)

Normal force
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Friction is the most commonly used variable of soil property that relates to traction.
Using the Coulomb equation (Equation 9) to express the horizontal force of traction on the given
soil, the coefficient of friction of the soil is a key parameter because most agricultural soils are
neither purely cohesive nor purely frictional but exhibit both cohesion and friction

characteristics, as shown in Figure 2.13 (Brassart, 1994; Carroll et al., 2006).

cohesive so0il frictional soil average soil

H H

cA @

¥W: vertical load
H: gross traction
%thrust, or gross pull)

Figure 2.13. Soil cohesive and friction characteristics (Brassart, 1994).

2.4.1.1.1 Friction model

Significant progress has been made in modeling the friction behavior of rubbers on rough
and self-aftine surfaces (Heinrich & Kliippel, 2008; Le Gal et al., 2005; B. Persson et al., 2004).
Vieira et al. (2015) indicate that over the years, the Moore formulation model of mathematically
independent components (hysteresis and adhesion) of rubber-pavement contact interaction has
been widely used when analyzing the friction behavior of rubber-pavement contact surfaces. The
two forces at the contact surfaces that cause failure in the friction mechanism of elastomers are:
(1) adhesion forces due to the interaction of surface molecules at the interface; and
(2) deformation forces, due to a delay in the recovery of the elastomer after the indention of a

particular asperity, which results in hysteresis friction. A delay in the viscoelastic response of the
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rubber materials and the sliding interface of the contact area results in energy dissipation, which

gives rise to a substantial temperature increase at the sliding surface and with the sliding bodies.

F = Faanesion + thsteresis (15)

Dividing Equation 15 by the load (W),

U = Hadhesion T Hnysteresis (16)
Fadhesion F
Hadhesion = # = Z{VL 1 l/W (17)
_ MA;S
_ (18)
Where

M = total number of macroscopic sites

A; = mean area of contact location (m?)

S = shear strength (N/m?)

F; = resistive adhesive force (N)

But

A in hysteresis friction = %

M is the total number of asperities where each load (W) is applied.

P is the mean pressure with speed over each asperity (N/m?).

Beyond Moore’s friction model, more complex friction models have been developed for
tires on hard surfaces (Heinrich & Kliippel, 2008; Le Gal et al., 2005; B. Persson et al., 2004)
and deformable surfaces(Garciano et al., 2010; Lyasko, 2010; Upadhyaya et al., 2009). Vieira et
al. (2015) evaluated the friction mechanism of tire-pavement contact and tire-sandpaper contact
interactions. Their study modeled adhesion friction by estimating the geometric mean of the

surface energies of the contacting surfaces.
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Fadnesion 1,2 = 2f\Y172 (19)
y1 and y, are the surface energies for the contacting bodies.
f is the energy release rate for junction friction. It is a proportionality constant.
Their study agrees with Equation 19, which suggests that higher friction energy leads to
increased adhesion, thereby enhancing friction. Their friction model verified the relevance of

adhesion friction in traction.

2.4.1.2 Abrasion

Over time, as a tractor tire rotates on the ground, the soil causes the rubber particles of
the tire tread to rub off. These particles then mix with the soil. In terms of the different types of
wear, abrasive wear is considered the most common and accounts for more than 50% of wear
events (Massola et al., 2016). The amount of abrasive wear of the tractor tire depends on the type
of soil on the farm. For example, abrasive wear is relatively low when the tire runs on sandy,
sandy-loam, and clay-loam soil. However, the tire will experience rapid wear on stony soil, as
some of the stones may scratch or tear off the tread. Singh et al. (2017) note that the particle size

and texture of the soil affect the abrasive wear on tillage implements.

2.4.1.3 Fatigue

The cords and rubber of a tractor tire are susceptible to fatigue failure. The alternating
load on the tractor tires and the uneven soil surface of the field induce frequent stress and strain
on the tires (Lin, 2023). Over time, the molecular chain of the rubber starts to break down. This
leads to the continuous wearing of the rubber particles of the tire.

Incorrect tire pressure and overloading are key factors that cause fatigue in tires. These
conditions lead to excessive flexing of the tire’s sidewalls when they are operated beyond the

designed limits. Over time, this stress and heat deform the molecular structure of the rubber and
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damage the tire’s internal components. The generated heat raises the temperature of the rubber
and speeds up its oxidation. This process weakens the tire’s flexibility, resulting in cracks and
poor adhesion.
2.4.2 Tire wear prediction

One of the major focuses of research on tire wear has been the prediction of tire wear.
Many models have been developed to estimate tire wear as a function of sliding speed, friction,
and surface terrain (Cho & Jung, 2007; Lepine & Cebon, 2018; Lupker et al., 2002; Moore,
1980). The conditions under which tires operate determine the factors that influence tire wear.
Most researchers consider the factors that are most significant to their study in modeling tire
wear. Le Maitre et al. (1998) note that the ability of the model to provide a good analysis of tire-
contact surface characteristics, which determine tread wear, demonstrates the quality of the
model. Zhang et al. (2023) identify three main methods of predicting tire wear: theoretical

method, empirical method, and finite element analysis.

2.4.2.1 Theoretical method

This method uses the principles of mathematics and physics to develop and simulate a
model of how the tread of a tire wears. Li et al. (2012) established a formula to predict tire wear
for different tires running under different conditions by analyzing the dependent variables (effect
of temperature and vehicle dynamics) and independent variables (speed, tire pressure, and sprung
mass). Their study revealed that by modifying the grounding characteristics, the cornering of the
tire significantly affects the wear rate. Analyzing a two-dimensional contact patch of a tire,
Nakajima and Hidano (2021) developed a theoretical model for the progress of tire that considers
the pattern of the tire tread block. Their study used a calculated wear energy (by alternating slip

angle and slip ratio) to predict tire wear progress. By making use of a modified theoretical
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model, Wang (2017) measured physical parameters to develop a predicted wear model. Their
study analyzes the relationship between the contact features and the tire wear as a function of the

structure of the tire and tire maneuvering parameters.

2.4.2.2 Empirical method

This method uses collected study data and observations to analyze various factors and the
wear rate. Lupker et al. (2002) performed several tests, such as a material test of a tire
compound, a well-controlled carousel test with truck tires, and a test with an articulated
commercial truck on a public road. These tests obtain insight into the mechanism behind the
phenomenon of truck tire wear. The study revealed that the long-distance transport vehicle
traveling on the motorway recorded the lowest tread wear, while the vehicle used in extreme all-
terrain off-road conditions recorded severe tread wear. This confirms the observation made by
Lyasko (2010) that the tractive performance of a vehicle is influenced by the given surface
condition on which the wheels are driven. Lepine and Cebon (2018) developed an empirical tire-
wear model that is used to predict the wear for multi-axle vehicles based on route data and
vehicle models:

o (o) = Ka? (20)

Where

G = is tire wear per unit area (mm/m?)

K = wear coefficient = 132 g/m?

o = angle of slip (°), and

the total mass of rubber worn from the tire (AM) is given as

(AM) = w [ P (o< (s))ds (21)

w = width of the tire (m)
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s = tire traveling distance (km),

AM
Dmtwp

but the reduction of tread depth Ah =

(22)

Interestingly, the study showed that the rate of wear is independent of the tire’s normal
load, which simplifies their model. This agrees with the model for the rate of tire wear depth
developed by Braghin et al. (2006) to predict the wear of a tire for a given maneuver as a

function of road vehicle characteristics,

— M/LCISA (23)

2pmrw
where W, is the amount of wear rate, I is the amount of wear, L;s,4 is the total length of

the Costruzioni Italiane Serrature e Affini (CISA) road course before each wear measurement,

P is the density of the tread rubber compound, 7 is the tire normal radius, and wy is the tire width
(Braghin et al., 2006). Le Maitre et al. (1998) evaluated the performance of tire wear in off-road
vehicles in terms of severe use, medium use, and mild (highway and urban) use. They measured
the rate of tire wear (g/100 km) for a full seasonal weather cycle to reduce the seasonal effect on

the tire during their studies, as shown in Figure 2.14.
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Figure 2.14. Wear rate by usage level (Le Maitre et al., 1998).

To determine the tread life of the tires, Le Maitre et al. (1998) measured the tread depth
of the tires before and after each test, considering the following wear parameters: the routes and
style of driving, different weather conditions under which the vehicle was operated, the vehicle,
the tires, and the road surface. The tread life of the tires based on the three levels of usage is
shown in Table 2.1 (Le Maitre et al., 1998). Their study considered a wide range of parameters to
reflect the actual conditions under which tires are used.

Table 2.1. Tire tread life based on distance traveled and level of usage (Le Maitre
et al., 1998).

Distance traveled (km)

Ti
re Severe use (D10) Medium use (D50) Mild use (D90)
1 20,000 33,000 53,000
2 18,000 35,000 58,000

Note. Table shows the tread life of a car tire based on distance traveled.

33



Dorvlo et al. (2014) evaluated an on-farm rear tire using a 2WD tractor with an engine
power rate of 56 kW that was aggregated with a three-bottom disc plow. The researchers
measured the lug height before and after every operation to get the tire wear rate (mm/km),
considering only one field operation (plowing) for 29 km of tractor travel. Their study reveals
that the tractor rear tire wears at a rate of 493 + 12.4 x 10~° mm/km (Dorvlo et al., 2014).
Due to different soil surfaces and properties under which the left rear tire ran (on an unplowed
surface) and the right rear tire ran (in the plowed furrow) during the test, the left rear tire wore
6% more than the right rear tire. This supports the fact that soil parameters are key factors in

determining the rate of tire wear (Le Maitre et al., 1998; Wang, 2017).

2.4.2.3 Finite element analysis

Tamada and Shiraishi (2017) developed a wear progress simulation to evaluate the head-
and toe-wear performance at the shoulder of the tire. They used a finite element tire model
method by calculating the wear energy from the rolling simulation. Cho and Jung (2007) used an
explicit finite element model to predict the pattern wear of a tire. The equation for wear rate is a
function of slip velocity and tangential stress. They compared the tread wear to the test results of
actual driving conditions for an indoor test. Their simulation wear results show a good
correlation with the actual results of the indoor wear test. Most prediction models for tire wear
on paved roads used the combination of theoretical and finite element analysis methods (Zhang

et al., 2023).

2.5 CHAPTER SUMMARY

This section includes a discussion of agricultural tires, tire-soil interaction, and tire wear.
Agricultural tractor tires are designed for the conditions under which they will be used. The tire

manufacturer’s process and the composition of the materials determine the tire’s type and
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characteristics, the quality of the tire, and the conditions under which the tire will be most
effective.

The tire interacts with the soil to generate the tractive force needed for the tractor to pull
the attached implement(s). Extensive studies have been conducted on tire-soil interaction. These
have led to the development of both theoretical and empirical models to predict tractive
effectiveness and fuel consumption by considering variables such as wheel slip, the static and
dynamic loads of tractors, and friction. Most modern farmers prefer to use 4WD tractors for
tillage work to achieve high tractive effectiveness, reduce fuel consumption, and reduce soil
compaction.

As the tractor tire interacts with the soil, wear is inevitable. Various studies have been
conducted and models developed to predict tire wear related to slip, friction, road vehicle
characteristics, and soil surface terrain. Still, very little research has been conducted on tire wear
relating to on-farm agricultural tractor tire use. Empirical research has been conducted to
estimate the wear rate of agrarian tractor tires (Dorvlo et al., 2014). However, this research has
some limitations. For example, a 2WD tractor, which most modern farmers do not use for tillage
work, was used for the experiments. Also, the Dorvlo et al. (2014) study used only primary
tillage (plowing) to estimate the depreciating life of the tire. Therefore, the focus of this research

addresses these limitations.
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CHAPTER 3: MATERIALS AND METHODS
3.1 STUDY LOCATION AND SITE SELECTION

Akandem Farms Limited was selected as the location for the study due to farm
management’s willingness to collaborate with the research team (Figure Al). Akandem Farms
has different farming fields in Builsa North in the Upper East Region of Ghana. Three Akandem
Farm fields were selected for the study. The data collected during the 2023 farming season was
used to develop the empirical wear prediction models, while the data collected during the 2024
farming season was used to validate the prediction models. This was to ensure that the study of
the selected fields was conducted within the appropriate farming season.

Field 1 is off Wa-Sandema Road (latitude, 10°41'54.8"N; longitude, 1°16'52.8"W) and

measures 9.7 ha (24 acres), as shown in Figure 3.1.
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Figure 3.1. Location and topography of Field 1.

Note. Image (a) shows the Google map location of Field 1 (red marker); image (b) shows the topography
of Field 1 (author’s work).

Fields 2 and 3, as shown in Figure 3.2, are located at Namonsa and are 15 ha (38 acres) and 16.2 ha (40

acres), respectively. All three fields have flat topography, as shown in Figures 3.1(b) and 3.2(b).
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Figure 3.2. Location and topography of fields 2 and 3.

Note. Image (a) is the Google map location of fields 2 and 3; image (b) is the topography of fields 2 and 3
(author’s work).

3.2 EQUIPMENT AND INSTRUMENT SELECTION

The following equipment and instruments were selected for the study.

3.2.1 Tractor
A Massey Ferguson 385 4WD tractor with a 56 kW engine, 49 kW PTO, and initial

mileage of 832.2 km (Figure 3.3) was used for all field operations (plowing, harrowing, and
planting). The tractor was outfitted with four tires manufactured by Panther Tire Limited. Two
12.4-24 tires with a W10 (single-well 10-inch) rim, an overall diameter of 1,160 mm, a section
width of 315 mm, and a tire pressure of 2.3 bar were fitted on the front axle of the tractor. The
two 18.4-30 tires fitted on the rear axles of the tractor had a W16 (single-well 16-inch) rim, an
overall diameter of 1,524 mm, a section width of 467 mm, and a tire pressure of 2.9 bar.

The tractor was operated by a well-experienced operator who has been working with
Akandem Farms for the past eight years. Prior to his employment at Akandem Farms, he plowed
for individual small farm holders in the community. He completed all the field operations during

the experiment for the 2023 and 2024 farming seasons.
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Figure 3.3. Massey Ferguson 385 4WD tractor.
3.2.2 Implements

3.2.2.1 Plow

Figure 3.4 shows the Massey Ferguson four-disc pipe plow (width of 0.51 m) that was

used to plow (primary tillage) the three fields under study

Figure 3.4. The disc plow.

During plowing and harrowing, the operator starts from the middle of the field and travels from
one end to the other in a straight path. The return pass was done on the right and left sides of the
first travel, with the right tires of the tractor typically running in the furrows as a guide to ensure

parallel rows, as shown in Figure A7. The trajectory of the field plowing and harrowing
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continues like a “ripple effect”. Contrary to plowing and harrowing, planting was done starting
along one side of the field and moving towards the other side in parallel adjacent passes, making

use of planter markers to guide the tractor along those adjacent passes.

3.2.2.2 Harrow

Figure 3.5 shows the Massey Ferguson tandem disc harrow that was used to harrow
(secondary tillage) the three fields under study. It has a width of 1.79 m, with 8 discs in front and

& discs behind.

Figure 3.5. The disc harrow.
3.2.2.3 Planter

The Kuhn PPK 500 mechanical precision seed drill with a four-row planter that was used

for planting is shown in Figure 3.6.
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Figure 3.6. The Kuhn PPK 500 planter.
3.2.2.4 Digital depth micrometer gauge

A Fowler 54-225-456-0 1P54 digital depth micrometer with a measuring range of up to
150 mm (6 in) was used to measure the tread depth to determine the amount of lug wear. The
digital depth micrometer has a resolution of 0.001 mm (0.00005 in) and an accuracy of

+ 0.004 mm (0.00016 in), as shown in Figure 3.7.

Figure 3.7. A Fowler digital depth micrometer gauge (Copyright 2022 by Fowler High
Precision).

3.3 FABRICATION OF SUPPORTING EQUIPMENT
3.3.1 Micrometer base extension

The base of the micrometer was too small to sit on two adjacent tire lugs to take a correct
reading. For this reason, a new wider base was fabricated and attached to the original base.

Aluminum was used to prevent corrosion and to make the base lightweight. To further reduce the
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weight of the base, blind holes were created on the top surface. A rendering of the fabricated base

is shown in Figure 3.8. A detailed drawing of the base is shown in Appendix A (Figure A2).

Figure 3.8. Rendering of fabricated base for micrometer.
3.3.2 Cylindrical core

A hollow cylindrical core (Figure 3.9) was fabricated to collect soil samples from the
various fields. Galvanized steel was used to provide the necessary material strength, as the core
would be driven into the soil. The core had a diameter of 76.2 mm and a height of 152.4 mm.
These dimensions match the average depth at which both the plow and harrow discs cut into the

soil.

3.4 EXPERIMENTS CONDUCTED

Experiments were carried out both in the field and in the laboratory. The field
experiments took place at Akandem Farms (Section 3.1). The laboratory experiments were done
at the University of Ghana Earth Science Laboratory and the University of Ottawa Geotechnical

Laboratory.

3.4.1 Soil sample collection

Five data points were designated in each field, one in each of the four corners and one in
the middle of the field, as shown in Figure A6. Using a mallet and a piece of wood, the 76.2 mm
diameter cylindrical core is driven to a depth of 152.4 mm of the soil. Five soil samples, one

from each of the five points, were collected as shown in Figure 3.9. Each sample was then dried
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in an oven for 24 hours at 105°C. Ten grams of dried soil from each of the five samples were
then collected and combined to create a single 50 g sample. This procedure was used to collect a

50 g soil sample from each field: Sample 1 (Field 1), Sample 2 (Field 2), Sample 3 (Field 3).

3.4.2 Soil texture

ASTM International (2017) standard D7928: Standard test method for particle-size
distribution (gradation) of fine-grained soils using the sedimentation (hydrometer) analysis was
used to determine the soil texture for each field of operation. The Uniform Soil Classification
System (USCS) was used to classify the soils collected according to particle size.

Each soil sample was poured into a graduated cylindrical jar. To measure the percentage
of sand and gravel (per USCS definition) in each field, two methods were used. A sieve grain
size analysis was conducted to determine the distribution of soil particles larger than 0.075 mm,
while a hydrometer analysis was used to analyze soil particles of less than 0.075 mm to

determine the percentages of silt and clay (per USCS).
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Figure 3.9. Collecting a soil sample using the cylindrical core.
3.4.3 Soil moisture

The initial mass of the soil sample collected from each data point was measured (M,,).
The sample was then dried at a temperature of 105°C for 24 hours and weighed (My;). The

percentage of moisture in the soil was determined using the formula

M, = (Fe—ds) 24)

MW
Mgs
where M, is the soil moisture content, M, is the mass of wet soil, and M, is the mass of the

dried soil. The method was repeated to obtain the soil moisture before every field operation.

3.4.4 Soil bulk density

The bulk density of the soil was assessed to measure soil compaction, i.e., the soil’s
capacity to support the tractor and the implements during field operations. As with the collection
of soil samples to assess soil texture (Section 3.4.1), the cylindrical core method was used to
determine bulk density (Figure 3.10) in accordance with ASTM D2937. The mass of the

collected sample was then measured and the volume of soil in the cylindrical core was
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calculated. The bulk density of the sample was calculated using the formula

Mass of sample soil
Volume of sample soil

Bulk density (pp) = (25)

This method was repeated to determine soil bulk density before any field operation.

Figure 3.10. Cylindrical core being pounded into the soil for sample collection.
3.4.5 Wheel slip

The right rear tire was marked to aid in counting the number of tire revolutions during
field operation. For each field operation, the tractor was driven for five revolutions of the tire
without engaging the implement, and the distance traveled was then measured (Ry;). Then, the
implement was engaged for operation. The tractor was then driven for another five revolutions of
the tire and the distance traveled by the tractor was again measured (Ry;). The wheel slip was

calculated using the formula:

Wheel slip (i) = R‘“Rjﬂ x 100 (26)

di
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3.4.6 Draft force (field operation)

The draft force needed to pull each implement for each field operation was calculated
using the formula suggested in American Society of Agricultural and Biological Engineers
(ASABE) (2020) standard ASAE D497.7 (R2020): Agricultural machinery management data,
ie.,

D = F,[A+ B(s) + C(s?) lw;,T (27)
where D is the draft force of the implement (N); F'is a dimensionless soil texture adjustment
parameter; e is the soil coarse texture; 4, B, and C are specific parameters of the tractor and/or
implement; s is the field speed (km/h); w; is the width of the attached implement (m); and 7 is
the tillage depth (cm).

Each field operation (plowing, harrowing, planting) was classified according to the
specific implement attached to the tractor and the draft force for each implement was calculated

during its operation.

3.4.7 Tire wear measurement

Each tire was divided into four equal sections at an angle of 90°. Two lugs (the inner lug
and the outer lug) were selected from each tire section. On each lug, the wear measurement was
taken at three points, as shown in Figure 3.11(a). To ensure accuracy, the tires were thoroughly
washed with water to remove dirt and mud before the readings were taken. The tire data points
where the gauge plunger was positioned were marked with a white permanent marker to ensure
consistency in data collection, as shown in Figure 3.11b. The points were remarked periodically

because of tire wear and field operations to ensure the visibility of the data points.
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(a) Measurement locations (b) Measuring a lug

Figure 3.11. How tire wear was measured.

Note. 11 = inner lug; 10 = inner of outer lug; MI = middle of inner lug; MO = middle of outer lug; SI =
side of inner lug; SO = side of outer lug. Image (a) shows the points at which readings were taken on the
lugs of each tire. From “Tractor Rear Tyre Wear Rate and Replacement Planning in Ghana,” by

S. Dorvlo, 2014, p. 6. Image (b) shows the measuring of a lug height.

Lug measurements were taken for each field operation in each field. To obtain the tire
wear for each data point, the lug height was measured before and after each task on the field
(Figure 3.11[b]). The wear was calculated using the formula

W (mm) = Hyp — Hig (28)
Where Wi is amount of lug wear, His is the lug height before a field operation, and Hy. is the lug
height after a field operation (Figure 3.12). Three readings were taken for each data point and the
average of the three was recorded as the reading for the data point, and this average was recorded

as the wear for that lug (data point).
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Figure 3.12. Cross-section of the measurement of Hi.

3.4.7.1 Tire lug wear rate

The wear rate of each lug was determined by the formula

W, = =t (29)
Where

W,. = wear rate of the lug (mm/km)

W, = amount of lug wear (mm)

d = distance traveled by the tractor during the field operation (km)

The experiment was repeated for all three field operations in the three fields.

3.5 PREDICTIVE TIRE WEAR MODEL

Study data was used to develop a tire wear rate model as a function of wheel slip, soil
properties (bulk density, soil texture, and moisture content), and field operations (draft forces).
The tire model was developed to anticipate the wear of a given soil condition and field operation.

The predictive model was developed using a multiple regression analysis using the enter
method of version 27 of IBM SPSS Statistics (IBM Corp., 2020). The regression analysis

examined how the independent variables (soil moisture, soil texture, draft force, speed, and slip)
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can predict the rate at which the tractor tire wears during field operation (dependent variable).

The significance level of the regression model was 0.1.

3.5.1 Validation of the model

Vignola et al. (2007) recommend using a different dataset to validate a developed model,
and this approach was followed for this study: the data collected during the 2023 farming season
was used to develop the model, while the data collected during the 2024 season was used to
validate the model. The same farm implements on the same fields were used to collect both sets
of data.

Empirical models for the four tires were developed and validated. The accuracy of the
models was tested by running a linear regression on SPSS between the predicted wear (W) and
the measured wear (Ws). This was to determine the Pearson correlation (r) and the coefficient of
determination (1?) between the predicted and measured wear for the four empirical models

developed for the four tires.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 STUDY DATA

Study data was collected during the 2023 and 2024 farming seasons. The data collected
during the 2023 season was used to develop the predicted tire-wear models, and the 2024 data
was used to validate the models. This section analyzes the soil test results and tire wear
measurements from fields 1, 2, and 3.

4.1.1 Soil properties

4.1.1.1 Soil texture

Table 4.1. Proportion of soil types for the 2023 and 2024 farming seasons.

Field Sand (%) Silt (%) Clay (%) Texture classification
1 62 26 12 Sandy loam
2 52 36 12 Sandy loam
3 44 38 18 Loam

Table 4.1 shows the percentages of soil types in fields 1, 2, and 3 for the 2023 and 2024
farming seasons. Field 1 exhibits a high rate of tire wear in sandy soil compared with the other
fields. The soil type percentage indicates the texture of the soil. The soil texture classifications
are based on these percentages, as shown in Table 4.1 using the US Department of Agriculture
(USDA) soil texture classification triangle. The soil types for fields 1, 2, and 3 (with sand
percentages of 62%, 52%, and 44%, respectively) are appropriate for growing corn and soybeans
in the Upper East Region of Ghana. These results agree with Tetteh et al. (2016), who report that
the texture of the subsoil in that region of Ghana is sandy loam and is suitable for growing
cereals.
4.1.1.2 Soil bulk density (pp)

Table 4.2 shows the bulk density of the soil for fields 1, 2, and 3 during each farm

operation in the 2023 and 2024 farming seasons.
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Table 4.2. Soil bulk density by field, field operation, and year.

Field Plowing (g/cm?) Harrowing (g/cm?) Planting (g/cm?®)
2023 2024 2023 2024 2023 2024
1.53 1.55 1.63 1.65 1.62 1.64
1.62 1.63 1.63 1.72 1.64 1.64
1.63 1.65 1.67 1.72 1.73 1.64

The lowest soil bulk density (1.53 g/cm®) was recorded during plowing on Field 1 (2023
farming season), and the highest was recorded during planting on Field 3 (2023 farming season).
The soil density increases in each field as the field operations progress from plowing to planting.
Research has shown that the bulk density of untilled soil is higher than that of tilled soil
(Amer et al., 2021; Lyasko, 2010; Sharma & Warren, 2024). Therefore, one may expect that the
measurement of bulk density taken during plowing should be higher than the other field
operations since the soil sample for plowing (primary tillage) would be taken before the soil had
been tilled. However, it was observed that because the topsoil had already been tilled (before
harrowing and planting), driving the cylindrical core into the topsoil faced less resistance and
moved deeper, beyond the tilled surface to the untilled subsoil. This increased the soil bulk
density observed during harrowing and planting. This observation agrees with Mari et al. (2011)
and Sharma & Warren (2024), whose experiments concluded that bulk density is a dynamic
property of soil, varies within small distances, and increases with depth. During harrowing
(secondary tillage), the clumps of soil are broken down into fine and even layers of soil. This
allows the cylindrical core to penetrate deeper into the soil when collecting samples prior to
planting. Hence, the bulk density for planting becomes higher than for harrowing, as shown in
Table 4.3.

4.1.1.3 Soil moisture

Table 4.3 shows the soil moisture of the three fields during each farming operation. The

50



soil moisture content of Field 1 during the 2023 growing season for plowing (10%) was higher
than for the other field operations, and the lowest was recorded on Field 3 during planting of the
same farming year (4.33%).

Table 4.3. Percentage of soil moisture in each field during each field operation.

Field Plowing (%) Harrowing (%) Planting (%)
2023 2024 2023 2024 2023 2024
10.02 10.65 7.29 7.01 5.48 5.60
4.83 5.31 4.36 4.03 8.13 7.92
3 4.80 4.71 4.33 4.42 7.90 7.75

None of the soil moisture content results for the 2023 and 2024 farming seasons fell
within the optimum moisture content range for tillage work (18% to 20%) suggested by P. Cardei
et al. (2020).

Northern Ghana is considered a dry farming area (rain-distress location) due to the
severity of the drought (Kpenekuu et al., 2024). Farmonaut (n.d.) reports that in 2024, Northern
Ghana experienced one of its worst droughts in history, which led to the U.S. government
providing a $1.7 million lifeline for the 9,800 Ghanaian farmers affected by the severe drought in
that region. In conventional farming, most farmers in northern Ghana depend on a rain-fed
farming system. The farmers wait for the “first rain” (as the locals call it) before they commence
any soil-working operation. This first rain provides the soil moisture necessary for effective
plowing.

Plowing is the first field operation that turns the firm soil. Effective plowing can take
place within a range of soil moisture levels; however, the drawing resistance of the plow can
increase significantly when the soil moisture content falls outside the most appropriate range.

The optimum moisture ranges for plowing as suggested by P. Cardei et al. (2020), Amer

et al. (2021), and Mari et al. (2011)are 18% to 20%, 9% to 12%, and 13% to 20%, respectively.
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However, Table 4.3 shows that the soil moisture percentages measured for this study are outside
these ranges. In other words, the moisture content results are too low for effective tillage. Lower
moisture increases soil cohesion, resulting in very high plowing resistance. According P. Cardei
et al. (2020), a plow will experience specific resistance of between 61,000 Pa and 75,000 Pa in
sandy loam and loam soil (Table 4.1) that has an optimum moisture range of 18% to 20%.
However, because none of the moisture content results for the three fields fall within this range,
the specific resistance of the plow will increase to between 30% and 50% of the minimum
plowing resistance (P. Cardei, 2019). Again, since the soil is untilled, the plowing resistance
increases by 30%, and the resistance for tilled soil increases by 10%. This agrees with the results

in Table 4.3, indicating that the draft force for plowing is greater than that for harrowing.

4.1.2 Data from the 2023 farming season
4.1.2.1 Draft force, slip, and speed of the tractor

The data from Table Bl is plotted in Figure 4.1, making it easy to compare the
relationship between draft force (D), slip (1), and tractor speed (S) during the use of the different
farm implements (plow, harrow, planter) on each field.

Taking all of the parameters for the soils for each field and for the tractor and
implements, the ASABE (2020) standard model for draft force (Equation 27) was used to
calculate the draft force of the implements. Figure 4.1 indicates that plowing exhibits a higher
draft force in each field (Field 1 = 12.82 kN, Field 2 = 13.47 kN, and Field 3 = 13.24 kN) than
other field operations. Because plowing is the first tillage work on the soil, the power unit
(tractor) requires a high force at the hitch to pull the plow through the soil. The results in
Table 4.4 overestimate the specific draft force for fields 1, 2, and 3 for the 2023 growing season
by 19.9%, 26.0%, and 24.0%, respectively, compared with the specific draft force for plowing

(3.79 N/cm?) modeled by Ahmadi (2016). However, to develop his model, Ahmadi (2016) used a
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three-blade disc plow to work on silty clay loam soil with a bulk density of 1.5 g/cm?, while in
this study, a four-disc plow was used to plow fields 1, 2, and 3, which had a level of soil moisture
below the recommended range. This may have increased the draft force, as Walters (2024)
suggested. It should be noted that the ASABE (2020) standard model for a moldboard plow was
used to determine the draft force, even though a four-disc plow was used in this study. As
discussed above, it was appropriate to use the draft force results from Table 4.4. The Hendrick
(1988) model for the specific draft force for a disc plow working on Davidson loam soil at the
forward speed of the plow is given by:
Ds=2.4+0.045 & (30)
where D is the specific draft force (N/cm?) and Sis the forward speed of the plow
(km/h). Therefore, the formula for the draft force for the disc plow is given by:
D=DsxwpXxTxN (31)
Where D is the draft force (kN) for the disc plow, w, is the width (m) of the plow, T is the
depth of tillage (cm), and N is the number of discs. Table 4.4 presents the results obtained by
inputting the plow’s parameters for 2023 into equations (30) and (31).

Table 4.4. Specific draft force and draft force for disc plow using Hendrick’s formula.

Plowing operation (2023 farming season)

Field

Specific draft force (N/cm?) Draft force (kN)
4.73 14.71
5.14 15.97
4.99 15.54

Comparing the draft force for the four-disc plow presented in Figure 4.1 versus Table 4.4,
it is observed that the draft force for plowing (2023 farming season) shown in Table 4.4 for
fields 1, 2, and 3 is 14.74%, 18.55%, and 17.38% higher, respectively, than the draft force shown

in Figure 4.1, respectively (based on the Table B1 data of 12.82, 13.47, and 13.24 kN,
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respectively). Also, for the 2024 farming season, the draft force for fields 1, 2, and 3 in Table 4.4
is only 11.88%, 15.29%, and 14.46% higher, respectively, than the draft force shown in

Figure 4.14 (based on the Table B1 data of 12.61, 13.35, and 13.13 kN, respectively). This
justifies the appropriateness of using the ASABE (2020) draft force model for the moldboard
plow to determine the study’s draft force, even though a disc plow was used.

It is well established (theoretically and experimentally) that the variation of the
implement’s draft force is a function of the working speed (Naderloo et al., 2009; Okoko, 2018;
Walters, 2024). For instance, the equations of the models developed by Ahmadi (2016) and the
ASABE (2020) are order 2 polynomials with respect to the speed of the plow. However, from
Figure 4.1, the draft force is inversely proportional to the speed of the tractor. This is because, in
addition to speed as a function of the draft force, the parameters for the conditions of the soil and
the implements are key variables in determining the draft force. Walters (2024) indicates that
when a moldboard plow is run at a speed of 8.04 km/h, the draft force in medium-textured soil is
higher than in coarse-textured soil. The results of the relationship between the draft force and the
speed of the tractor as depicted in Figure 4.1 agree with the data provided on soil resistance by

Siemens & Bowers (1999) and recorded in Walters (2024).
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Figure 4.1. Draft force, wheel slip, and tractor speed by field and field operation (2023 data
values).

Note. F1 =Field 1; F2 = Field 2; F3 = Field 3. Implement widths were as follows: plow = 0.51 m, harrow
= 1.79 m, and planter = 4 rows.

4.1.2.2 Wear rate (W,.)
4.1.2.2.1 Wear rate on Field 1

Figure 4.2 shows the wear rate of each tire lug during plowing, harrowing, and planting
on Field 1. The total distance, including headland turns, that the tractor traveled during the
plowing, harrowing, and planting operations on Field 1 is 75.1, 59.1, and 46 km, respectively. On
average, the wear rate of the inner lugs of the tires is slightly higher than the outer lugs. The
inner lug of the rear right tire shows the highest wear rate. It is expected that the tire lugs will
experience an even wear rate. However, during the tractor’s operation, the tractor’s wheels could
misalign, causing a toe-out. A toe-out occurs when the front ends of the tractor’s wheels point
outward, away from the tractor’s central axis, causing wear on the inner edges of the tires.
Markel (2016) notes that the wear of the inner edge of a tire is considered the most common
problem that most tire technicians see. Therefore, the results in Figure 4.2 reveal a tire wear

problem that most tire users are familiar with.
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Figure 4.2. Wear rate of tire lugs on Field 1 by lug location and field operation.
Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

The wear rate of each tire is calculated as the average of the inner and outer lugs of the
respective tire. Figure 4.3 shows the wear rate of each tire during each operation on Field 1. On
average, the rear right tire shows the highest tire wear rate, and the front left tire shows the
lowest. The rear left tire experiences a wear rate that is between 14.9% and 16.3% higher than
the wear rate for the front left tire, and the rear right tire shows a wear rate that is between
14.91% and 15.01% higher than the wear rate for the front right tire. Because the diameter of the
front tires is smaller than the rear tires, the lugs on the front tires come into contact with the soil
more often than the lugs on the rear tires. One might expect this would cause the front tires to
wear faster than the rear tires. However, because the tractor pulls the implements (additional

load) at the rear, the rear tires have to work harder to maintain grip (traction) during field

operations, thus increasing wear.
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In the case of 4WD-assisted tractor configurations, it is important to note that the
distribution of weight (static and dynamic) between the two axles and the need to accommodate
wider steering angles are the key reasons why the front tires are smaller than the rear tires
(smaller tires can pivot more than larger ones without hitting the side of the tractor frame).
However, according to Bouma (n.d.), the need for sufficient traction to pull the required loads is
one of the reasons why a tractor’s rear tires are made larger than their front tires. A close look at
the wear rate data shows that, for the rear tires, the rear right tire experienced a 5.14% higher
wear rate than the rear left tire while, for the front tires, the front right tire recorded a 5.46%
higher wear rate than the front left tire. This variation could be a result of the right tires being run
in the plowed furrows more than the left tires due to the method that the tractor operator used
during field operations. During a field operation, especially plowing, it was observed that
because the soil in the furrow was loosened, the right tires experienced more slippage than the
left tires, which run on firmer ground. It is commonly observed that the slippage of the right tires
causes the front wheels to turn left, requiring the operator to force the wheels back onto the right

track.
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Figure 4.3. Average rate of tire wear on Field 1 by tire location and field operation.
Note. FL = front left; FR =front right; RL = rear left; RR = rear right.

To determine the variation in the tire wear rate on Field 1 for each field operation, the
two-way analysis of variance (ANOVA) factor was tested using the wear rate data in Figure 4.3.

The ANOVA test results for Field 1 (Table 4.5) show a significant difference in the
average tire wear rate due to the tire’s position. In other words, the tire’s location on the tractor
affects the rate at which the tire wears, which means that all tires experience different wear rates.
Also, at a 95% CI, there is a significant difference in the average wear rate of the tires depending
on the specific field operation the tractor performs.

Table 4.5. ANOVA results for the variation of means of tire wear rates and field operations
on Field 1.

Variation SS df MS F P-value 1?
Tires 1.42 x 107 3 4.74 x 108 7.96 0.02 4.76
Field operations 2.35x10° 2 1.17 x 10 197.15 3.41 x 10 5.14
Within 3.57 x 108 6 5.95 %107 — — —

Note. ANOVA = analysis of variance; df = degree of freedom; I)? = effect size; F = F statistic; MS =
mean square; SS = sum of squares.
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In the study, the draft force of the various implements was used to categorize the field
operations. Therefore, the effect of field operations on the tire wear rate means that draft force
plays a significant role in tire wear. This finding is supported by the relationship between the

draft force of the implements pulled by the tractor and tire wear rate, as shown in Figure 4.8.
4.1.2.2.2 Wear rate on Field 2

Figure 4.4 shows the rate of wear of the tractor lugs on Field 2. The total distances,

including the headland turns the tractor covered during plowing, harrowing, and planting on

Field 2, were 91.1 km, 71.5 km, and 54.7 km, respectively.
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Figure 4.4. Wear rate of tire lugs on Field 2 by lug location and field operation.

Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

The outer lug of the rear right tire shows the highest wear rate, while the outer lug of the
front left tire shows the lowest wear rate. On average, the outer lugs of the tires experience a
higher wear rate than the inner lugs of the tire. A careful observation of the toe-in alignment of

the front and rear wheels of the tractor during field operation in Field 2 gives insight into the
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possible reason for the tires’ inner lugs wearing more than the outer lugs. The vigorous work of
the tractor during operations may cause wheel misalignment. Toe-in is a wheel misalignment
where the edges of the wheels point inward toward the central axis of the tractor. The wear of the
inner lugs more than the outer lugs may also be caused by a negative camber angle of the wheels.
In his study of truck tire assessment, Lupker et al. (2002) notes that the tire’s outer shoulder
wears significantly more than the inner shoulder due to a positive camber angle of 0.6 to 0.7
degrees of front tires.

Figure 4.5 shows the wear rate of each tire as the tractor carried out all three operational
practices of Field 2. The rear right tire shows the highest wear rate among all field operations,

while the front left tire experiences the lowest wear rate.
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Figure 4.5. Average rate of tire wear on Field 2 by tire location and field operation.
Note. FL = front left; FR = front right; RL = rear left; RR = rear right.

Figure 4.3 shows that plowing generated the highest values of tire wear rate on Field 1,

while planting generated the highest wear rate on Field 2 (Figure 4.5).
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This may be explained by the presence of small pockets of gravel that were observed on
Field 2 during field operations (Figure A3), even though the soil is sandy loam. Since the paths
of travel between field operations will naturally differ, it is possible that the path taken during
planting caused the tires to have more contact with these small pockets of gravel, thus increasing
wear rate, compared with the path taken during plowing. This concurs with the findings of this
study, which show the wear rate increases as the percentage of coarse particles in the soil
increases (Figure 4.13).

A two-way ANOVA test was run using the data from Figure 4.5 to analyze the
variation of the mean wear rate between the positions of the tires and the field operations,
as shown in Table 4.6.

Table 4.6. ANOVA results of the variation of means of tire wear rates and field operations
on Field 2.

Variation SS df MS F P-value n?
Tires 5.66 x 108 3 1.89 x 108 11.77 0.01 4.76
Field operations 1.16 x 108 2 5.78 x 10 3.60 0.09 5.14
Within 9.63 x 10° 6 1.60 x 107 — — —

Note. ANOVA = analysis of variance; df = degree of freedom; I)? = effect size; F = F statistic; MS = mean
square; SS = sum of squares.

The effect of the specific field operation on the wear rate of the tires on Field 2 is
significant (p < 0.1); the wear rate for harrowing is 1.7% higher than for plowing, and the wear
rate for planting is 13.3% higher than for harrowing. During harrowing, the tractor runs on
furrowed soil that is looser than the firm soil experienced during plowing. Therefore, the wheels
of the tractor will not have much grip on the soil, causing an increase in wheel slippage. Tire
wear increases as wheel slip increases, a fact supported by the results shown in Figure 4.9.
Again, harrowing further loosens the soil; therefore, during planting, the tractor runs on soil that

is more loose, which may increase slippage. In addition, the weight of the seeds and the fertilizer
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adds more load, increasing the ground pressure of the contact area of the soil and the tractor
wheel. Macmillan (2002) argues that the rolling resistance of wheels on soft soil depends directly
on (but is not necessarily proportional to) the weight on the wheels and is also proportional to the
ground pressure. Thus, the wear rate increases as the wheels’ rolling resistance (force) increases,
as shown in Figure 4.8.

From Table 4.6, the positions of the tires of the tractor influence the wear rate of the tires
significantly on Field 2. The table also shows a significant difference between the mean wear of
the tires’ positions, since the p-value is less than 0.1 (p < 0.006). The wear rate of the right tires
(rear right and front right) is higher than that of their corresponding left tires (rear left and front
left). The mean wear rate for the rear right tire is 16.12% higher than that of the rear left tire, and
the mean wear rate for the front right tire is 18.67% higher than that of the front left tire. This
observation is similar to the wear rate of the tires observed on Field 1 (Figure 4.3), except that
the wear rates in Field 2 are higher than in Field 1. During field operations on Field 2, it was
observed that even though the soil is sandy loam, there is some gravel in some pockets of the
field (Figure A3), and the tractor had to work through this gravel. This could influence the wear

of the tires in Field 2.

4.1.2.2.3 Wear rate on Field 3

The wear rate for each lug of the tire on Field 3 is shown in Figure 4.6. The tractor
traveled 196.6, 78.0, and 58.5 km for plowing, harrowing, and planting, respectively. During
planting, the outer lugs of the rear right tires show the highest wear rate, and the outer lugs of the
front left tire show the lowest wear rate. Similar to the rate of lug wear on Field 2, the outer
shoulder wears more than the inner shoulder of the tires on Field 3. It was observed that the

tractor had the same toe-in misalignment on Field 3 as on Field 2.
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Figure 4.6. Wear rate of tire lugs on Field 3 by lug location and field operation.
Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

Figure 4.7 shows the wear rate of each tire on Field 3, with the highest wear rates
occurring during planting. It was observed that all the tires showed almost the same wear rate on
Field 3. The average wear rate of the front right tire was only 0.8% higher than that of the front
left tire, and the wear of the rear right tire was only 0.34% higher than the rear left tire. The
tractor experiences the lowest slippage on Field 3 compared with the other fields (Table B1), and
high slippage usually occurs on the tires on the right side of the tractor on all three fields.
Therefore, less slippage of the tractor will cause less wear on the tires on the right side of the

tractor; hence, there will not be much difference in wear between the tires on ecither side of the

tractor.
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Figure 4.7. Average rate of tire wear on Field 3 by tire location and field operation.
Note. FL = front left; FR =front right; RL = rear left; RR = rear right.

Table 4.7 shows the ANOVA test for the wear rates of the tires and the field operations on
Field 3. The table shows that at a 95% CI, there is a significant difference between the wear rates
of the tires (i.e., the tire’s position affects the amount of wear it experiences). Therefore, the tires
do not wear uniformly under the tractor but experience different levels of wear. Also, at a 95%
CI, there is a significant difference in wear rates for the different field operations.

Table 4.7. ANOVA result for the variation of means of tire wear rates and field operations
on Field 3.

Variation SS df MS F P-value 1)?
Tires 5.45 %107 3 1.82 x 107 4.21 0.06 4.75
Field operations 1.09 x 108 2 5.43 x 107 12.59 0.01 5.14
Within 2.59 x 10° 6 431 x 10710 — — —

Note. ANOVA = analysis of variance; df = degree of freedom; I)* = effect size; F = F statistic; MS =
mean square; SS = sum of squares.
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The results from the field tests clearly show that the wear rates of the tires on the right
side of the tractor are higher than those of their corresponding tires on the left side of the tractor.
This could be attributed to the operational method used by the operator during the operation. The
operator adopted the one-way method of plowing because a one-way disc plow was used. With
this method (unidirectional plowing), the tires on the right side of the tractor always run in the
furrows (soft soil), and the tires on the left side of the tractor run on unplowed (firm) soil for
every field pass. Moreover, to ensure uniform harrowing, the operator usually ran the right tires
of the tractor on the already harrowed furrow as a guide. This again makes the right tires run on a
softer soil than the left ones. It was observed that because the right tires always run on soft soil,
they experienced excessive slip, forcing the tractor’s front wheel to move to the left and causing
the operator to forcibly turn the steering wheel to the right. The results confirm why the right
tires wear faster than the left tires of the tractor, which might also be the cause of the
asymmetrical wear of the lugs. Therefore, it can be claimed that the method of plowing
significantly influences the rate of tire wear.

The results in figures 4.5, 4.6, and 4.7 show that the tire wear rate on Field 1 is higher
than on Field 2, and higher on Field 2 than on Field 3. This may be attributed to the fact that the
percentage of sand in Field 1 (62%) is more than that of Field 2 (52%), and the percentage of
sand in Field 2 is higher than in Field 3 (44%). The higher the percentage of sand, the higher the
wear rate of the tire.
4.1.2.2.4 Effects of individual variables on wear rate

Figure 4.8 shows the tire’s lug wear rate in comparison to the tractor’s draft force for all
three fields of operation. The results generally reveal that the draft force does not appear to affect

the tire wear rate when the draft force is 7.5 to 12 kN; this is followed by an increase in wear rate
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when the draft force is between 12 and 13 kN, and then by a rapid decrease in wear rate when the
draft force is more than 13 kN. Draft force is the resistance that the tractor experiences when
pulling the implements through the soil. In addition to the soil type, speed and depth of
operation, implement type, and soil conditions are key factors that influence the draft force.
Assuming all of these factors are held constant, except for the implement type and conditions as
variables then, as the draft of the implement increases, the tractor will require more power to pull
the implement. Again, as the weight on the wheels increases, the wheels sink deeper into the soft
soil, thereby increasing the ground pressure, which in turn leads to a higher rolling resistance of
the wheels. Macmillan (2002) argues that as the coefficient of rolling resistance of the tractor
wheels on soft soil increases, the ground pressure also increases; however, this is contrary to the
length of the contact area. Therefore, significant traction is required to pull the implement,

resulting in a high rate of wear, especially on soft soil, as shown in Figure 4.8.
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Figure 4.8. Wear rate of tire lug versus draft force.
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The wear rate of the tire lug in comparison to the tractor’s wheel slip for all three fields is
demonstrated in Figure 4.9. Close observation of the results reveals that, on average, the wear
rate of the tire lugs increases with increasing slip in the range of 5% to 14% and then decreases
rapidly as the wheel slip continues to increase. The wheel slip is the amount of soil the tractor
wheel deforms horizontally. At 0% wheel slip, there is no soil deformation and power
consumption, whereas, at 100% slip, zero forward thrust occurs, and all of the tractor power is
consumed in soil deformation and displacement. Walters (2024) suggests that to maximize

traction, wheel slip must range between 8% to 15%, depending on the type of tractor and soil

condition.
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Figure 4.9. Wear rate of tire lug versus tractor wheel slip.

From Figure 4.9, most of the implements experienced slippage within the suggested slip
range percentage. However, the slippage for harrowing and planting on fields 2 and 3 falls below
the slip range. This may be attributed to the bulk density of the soil during operation (Table 4.2).

Figure 4.10 compares the tire lug’s wear rate and the tractor’s operating speed on fields 1,

2, and 3. The wear rate of the lugs is inversely proportional to the speed. The tire wear rate
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decreases with increasing speed. The results in Figure 4.10 contradict the study of the impact
factor of tire wear conducted by Liet al. (2012). Their study reveals that tire wear increases with
speed, although it was conducted on a tarred road. Generally, higher speed generates more
friction between the tire and the (paved) surface, leading to increased temperatures. This makes
the tire rubber softer, causing excessive tire tread wear at higher speeds. However, in agricultural
soil-tire interactions, the slow movement of the tire increases contact time with the deformable
soil and the tire’s ground contact area, which increases soil resistance and friction, thereby
accelerating tire wear. Thus, due to the deformable nature of the soil, slippage may occur, leading
to a reduction in the tractor’s forward movement. As part of this process, wheel slip increases,
generating higher temperatures between the tire and the deformable soil, which accelerates tire
wear. Consequently, tire wear on agricultural soil increases as tire speed decreases (Figure 4.10),
and the slow traffic on the soil increases soil compaction in the vertical and longitudinal direction

while expanding the soil in the lateral direction (Shahgholi & Abuali, 2015).
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Figure 4.10. Wear rate of tire lug versus tractor operating speed.
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Figure 4.11 demonstrates inverse proportionality between lug wear rate and soil bulk
density across the three fields (i.e., the wear rate of the lugs decreases as soil bulk density
increases). The tractor tire-soil interaction is a soft wheel on a soft surface interaction, where
both surfaces deform during interaction. Accordingly, the high bulk density of the soil reduces
the amount by which the soil deforms under the wheels. As the soil is compacted at a higher bulk
density, it may reduce the amount of soil displaced under the wheels of the tractor. This results in
a reduced area of the two contacting surfaces and the contacting time (Shahgholi & Abuali,
2015), thus decreasing both rolling resistance and wheel slippage. As the bulk density of the soil
decreases, the normal load of the tractor and the implement causes the wheel to sink into the soil,
resulting in motion resistance. The torque on the wheel generates shearing as the tire-soil
interacts to develop draft force and slippage; therefore, an increase in soil bulk density reduces
tractor tire wear. Studying the effect of tire wear particles (TWPs) on soil-water retention of
different soil textures, Verdi and Naseri (2024) conclude that TWPs increase as the bulk density
of the soil decreases. Their conclusion agrees with the results of this study on the relationship

between the wear rate of the tractor tires and soil bulk density (Figure 4.11).
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Figure 4.11. Wear rate of tire lug versus bulk density of the soil.

Figure 4.12 illustrates the lug wear rate versus soil moisture for the fields under study.

The result reveals that the tire lug wear rate is proportional to the soil moisture. Agricultural soil
(a combination of sand, silt, and clay) derives its strength from internal friction and cohesion.
Therefore, the soil moisture content may influence the strength of the soil. For the tractor to
experience effective traction, the soil moisture must fall within a recommended range as
suggested by Amer et al. (2021), P. Cardei et al. (2020), and Mari et al. (2011). Al Nuaimi and
Al Rijabo (2020) note that as soil moisture increases, the draft force needed to pull the
implement increases. They argue that increasing moisture content increases the adhesion of the
soil, which increases clods and soil resistance to the movement of the implement in the soil.
Therefore, a high draft force is needed to pull the tillage tool through the soil as the moisture of
the soil increases. The results of the relationship between the draft force and the wear rate of the
tractor tire in this study (Figure 4.34) reveal that as the draft force increases, the wear rate of the

tractor tires increases. Also, increasing soil moisture may increase tire slippage, as indicated by
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Al Nuaimi and Al Rijabo (2020). Hence, the soil moisture may influence the wear rate of the tire,

as shown in the results of this study.
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Figure 4.12. Wear rate of tire lug versus moisture of the soil.

Figure 4.13 shows the rate of tire lug wear versus soil texture. A tractor lug operating on
sandy loamy soil exhibits a higher wear rate compared to loamy soil. The results reveal that the
wear rate of the lugs of the tires reduces as the percentage of sand in the field reduces and the
percentage of silt increases. Field 1 has a higher ratio of sand and contains a high percentage of
coarse particles. This causes high wear on the tire lug. The high percentage of sand in Field 1
makes the soil looser than in Field 3. This increases wheel slippage and reduces traction. Excessive

wheel spinning on coarse particles generates friction, accelerating the wear of the tire trea
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Figure 4.13. Wear rate of tire lug versus type of soil and soil texture.
4.1.3 Data from the 2024 farming season
4.1.3.1 Draft force, slip, and speed
Figure 4.14 shows the draft force, slip, and operational speed of the tractor during the
2024 farming season.
18
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F1 =Field 1; F2 = Field 2; F3 = Field 3.

Figure 4.14. Draft force, slip, and tractor speed by field operation on each field.

Note. Data on draft, slip, and speed for the 2024 farming season.

The tractor experienced a reduction in draft force for plowing of 10.3%, 0.89%, and
0.83% on fields 1, 2, and 3, respectively, compared to the 2023 farming season. Additionally, the

draft force for harrowing during the 2024 growing season on fields 1, 2, and 3 is reduced by
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10.03%, 11.9%, and 12.8%, respectively, compared to the 2023 season. It was observed that
during the 2024 farming season, the tractor operated at a reduced speed for all field operations
(Table B1) compared to the 2023 season. Speed is a key variable in determining the draft force of
the tractor, as noted in the ASABE (2020) standard and the Hendrick (1988) model for draft
force. Therefore, the variation in the tractor’s speed strongly influences the draft of the tractor, as
shown in Figure 4.14. The results also reveal that on most occasions during the 2024 operations,
the tractor experienced a higher percentage of slips compared with 2023. This might cause the

reduction of the speed of the tractor, as shown by the results in Figure 4.14.

4.1.3.2 Wear rate

This section presents the results of the wear rate of the tire lugs for all three fields.

4.1.3.2.1 Wear rate for Field 1

Figure 4.15 exhibits the results of the wear rate for each tire lug during the field
operations on Field 1. Including the headland turns, the tractor travels 75.0, 59.0, and 46 km for
plowing, harrowing, and planting, respectively. All of the tire lugs experienced a higher wear rate
during plowing than during the other field operations, with the inner lug of the rear right tire
showing the highest wear rate. The tractor experienced a higher draft for the primary tillage to
turn the soil effectively. The higher draft force needed for the primary tillage accounts for the

higher wear rate that the tire lugs experienced during plowing.

73



0.0025
0.0020

0.0015

0.0010
- ‘I ‘l ‘ || || ‘
0.0000
FLO FRO RLO RRO FLI FRI RLI RRI

Tire lug

Wear rate (mm/km)

H Plowing mHarrowing ™ Planting B Average

Figure 4.15. Rate of tire lug wear on Field 1.

Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

Figure 4.16 shows the wear rate of the tractor tires on Field 1. The wear rate of the right
tires of the tractor is higher than that of the left tires. This pattern is similar to the one observed
during 2023 field operations. The wear rates of the front right and rear left tires during the
2023 farming season (Figure 4.3) are 2.0% and 1.6%, respectively, higher than the corresponding
tire wear rates during the 2024 season (Figure 4.16), and the wear rates of the front left and rear
right for the 2024 season are 3.3% and 5.2%, respectively, higher than the corresponding tire
wear rates during the 2023 season. On average (Figure 4.16), the wear rate of the front right tire
1s 0.4% higher than the front left tire of the tractor, and the rear right tire is 12.7% higher than the
rear left tire. The reason for this variation is discussed in section 4.1.3.2. However, one may
conclude there is no significant difference in the wear rate between the front left and front right

tires, or between the rear left and rear right tires.
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Figure 4.16. Average rate of tire wear by field operation on Field 1.
Note. FL = front left; FR = front right; RL = rear left; RR = rear right.

4.1.3.2.2 Wear rate for Field 2

Figure 4.17 shows the wear rate of the lugs of the tractor on Field 2. The tractor traveled
a total distance of 91.0 km for plowing, 71.5 km for harrowing, and 54.6 km for planting. The
outer lug of the rear left tire experienced the highest wear rate. The highest wear rate was

experienced during plowing; however, all of the lugs exhibit almost the same average wear rate.
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Figure 4.17. Wear rate of tire lugs by location and field operation on Field 2.
Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

The rate at which the tires wear on Field 2 is shown in Figure 4.18. On average, the tires

on the right side of the tractor wear faster than those on the left side of the tractor. The wear rate

of the front right tire is 3.1% higher than the front left tire, and the wear rate of the rear right tire

is 3.0% higher than the rear left tire.
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Figure 4.18. Average tire wear rate on Field 2 by tire location and type of field operation.
Note. FL = front left; FR = front right; RL = rear left; RR = rear right.

4.1.3.2.3 Wear rate for Field 3

Figure 4.19 shows the wear rate of the tire lugs on Field 3. The outer and inner lugs of the
rear right tire show a high wear rate during plowing compared with the other lugs. Compared

with fields 1 and 2, the outer and the inner lugs of the rear right tire experienced a high wear rate

on Field 3 during plowing.
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Figure 4.19. Wear rate of tire lugs on Field 3 by lug location and field operation.

Note. FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI =
rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer

Figure 4.20 shows the wear rate of the tires on Field 3. The rear right tire shows a very
high wear rate during plowing. On average, the rear left tire experiences the lowest wear rate.
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Figure 4.20. Average wear rate of tires on Field 3 by tire location and field operation.
Note. FL = front left; FR = front right; RL = rear left; RR = rear right.
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4.1.3.2.4 Effect of independent variables on wear rate

The relationship between the wear rate of the tire lugs and the draft force of the tractor
for all the fields of operation is shown in Figure 4.21. The tire lug wear rate increases marginally
with increasing draft in the range 7 to 12 kN; this is followed by an increase between 12 to 13 kN

and then a rapid decrease beyond 13 kN. This observation is similar to the 2023 farming season.
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Figure 4.21. Rate of lug wear versus draft force.

Figure 4.22 shows the rate of wear of the tire lugs in comparison to the tractor’s wheel
slip. The wear rate of the tire lugs increases with increasing slip in the range of 5% to 15% and
then decreases. These results confirm the observation of the relationship between the tractor

wheel slip and the wear rate of the tire lugs for the 2023 farming season.
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Figure 4.22. Rate of lug wear versus tractor wheel slip

Figure 4.23 demonstrates the comparison between the wear rate of the tire lug and the
speed of the tractor. The results reveal that the wear rate of the tire lugs decrease with increasing
speed. This observation is similar to the 2023 farming season. However, there was a reduction in

tractor speed for all field operations except for harrowing on Field 2.
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Figure 4.23. Rate of lug wear versus tractor operating speed.

Figure 4.24 compares the wear rate of each tire lug and the soil bulk density. The tire lugs
wear rate decreases with increasing bulk density in the 1.55 to 1.65 g/cm?; this is followed by
1.70 g/cm? and then by a rapid decrease. Generally, soil bulk density is inversely proportional to
the wear rate of the tire lug. The soil bulk density for plowing and planting in the 2024 farming
season is 1.2% and 2.3%, respectively, higher than in the 2023 farming season. The relationship
between the soil bulk density and the wear rate of the tire lug is the same for both farming

s€asons.
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Figure 4.24. Rate of lug wear versus the soil bulk density.

Figure 4.25 shows the relationship between the wear rate of the tire lugs and the soil

moisture content for all three fields. It is generally observed that the wear rate of the lugs

increases with increasing soil moisture. This is similar to the 2023 farming season.

82



0.003

°
0.002 g
b °
;é (]
= ® ®FLO
€ 0.002 °
E @ FRO
3 °
& s ®RLO
5 0 .
g 0.001 ® o0 ° ® RRO
°
= s g ¢ OFLI
> [ J
i ® ,
° ) ° o FRI
0.001 o ’ ° ®RLI
8o i O RRI
°
0.000 °
0.00 2.00 4.00 6.00 8.00 10.00 12.00

Soil moisture (%)

FLI = front leftinner; FLO = front left outer; FRI = front right inner; FRO = front rear outer; RLI = rear left inner;
RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.

Figure 4.25. Tire lug wear rate versus soil moisture.

Figure 4.26 compares the wear rate of the tire lug with the texture of the soil. It is observed
that the wear rate of the tire lugs decreases as the percentage of sand in the soil increases. However,
the wear rate of the lug during the plowing in Field 3 shows an unusual increase, which did not
occur during the 2023 farming season. This may be attributed to the tire lugs coming into contact

with a foreign material in the soil, which caused excessive wear to the lugs.
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Figure 4.26. Rate of tire lug wear by soil type, field, and field operation.

4.2 DEVELOPMENT OF PREDICTION MODELS

The prediction models for all four tractor tires were developed using data collected
during the 2023 farming season. The models were developed for all the tires because each tire
operates under different conditions. For all three field operations, the rear tires travel over rolling
surfaces that have been affected by the front tires, while the front tires operate on untraveled
surfaces. There is an additional lateral difference for the plowing operation as the right tires
travel at the bottom of the last furrow from the previous field pass while it is not the case for the

left tires.

4.2.1 Model for front left tire

Table 4.8 presents the results of the overall multiple regression, which identifies the
independent variables that are significant and insignificant in determining the tire wear rate for

the front left tire under study. The regression is statistically significant (R? = 0.76, F (5,65) =
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17.50). The p-value for draft force (p = 0.01), wheel slip (p = 0.11), tractor speed (p = 0.01), and
the bulk density of the soil (p <0.01) are less than or approximately equal to the alpha value of
0.10. However, the moisture of the soil is not significant to the wear rate of the tire, since the p-

value (p = 0.53) is greater than 0.1.

Table 4.8. Coefficients and significant levels of the individual variables for the front left tire

Model Estimate Standard 95% ?OIffidence intef“vz}l P-value t stat
error Lower limit  Lower limit
Constant 2.00 x 102 4.45 %103 0.11 2.90 x 102 <0.01 4.39
Draft force -2.19 x 10* 8.12 x 107 -3.82x10%  -5.70 x 107 0.01 -2.70
Wheel slip -4.63 x 103 2.87 x 10 -1.04 x 10 1.10x 10°® 0.11 -1.61
Speed -6.60 x 10* 2.50 x 10* -1.16 102 -1.66 x 10 0.01 -2.66
Bulk density -6.8 x 1073 1.45 %103 -9.7 x 1073 -3.90 x 103 <0.01 -4.69
Soil moisture 2.96 x 10 4.66 x 103 -6.35 % 10°° 1.23 x 10* 0.53 0.64

To improve the developed model, a regression test was conducted on each independent
variable significant to the tire’s wear rate. The results of the test used to determine the model for

the predicted wear rate of the front left tire are shown in Table B2. The regression model is given

as

Wy (ry = (2.90 X 107°)D + (3.50 x 1073)i + (—1.80 x 10™*)s +
(—6.70 x 1073)p, + 1.26 x 1072 (32)
Where:

W, (r1)= the predicted tire wear rate for the front left tire
D = the draft force (kN)

i = the wheel slip of the tractor (%)

s = the tractor’s speed (km/h) and

pp = the soil bulk density (g/cm?).
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4.2.2 Model for front right tire

Table 4.9 shows the significance level of the independent variables that are significant in
determining the wear rate of the front right tire. The results indicate that the draft force
(p = 0.03), the speed of the tractor (p = 0.05), and soil bulk density (p < 0.01) significantly
influence the wear rate of the tire. However, the wheel slip of the tractor and the soil moisture are
not significant because their p-values are greater than 0.1

Table 4.9. Coefficients and significant levels of the individual variables for the front right
tire.

Model Estimate Standard 95% confidence interval P-value t stat
error Lower limit  Upper limit
Constant 1.91 x 102 6.04 x 104 7.07 x 1073 3.12 x 1072 <0.01 3.30
Draft force -2.10 x 10 1.03 x 10 -4.10 x 10™ 1.09 x 106 0.03 -2.17
Slip -3.22 %107 3.64 x 107 -1.05 x 10* 433 %103 0.38 -0.88
Speed -5.90 x 104 3.21 x 10 -1.23 x 1073 5.54 x 107 0.05 -1.99
Bulk density -7.00 x 1073 2.06 x73 -1.11 x2 -2.88 x 1073 <0.01 -3.20
Soil moisture 5.76 x 107 6.04 x 107 -6.30 x 107 1.78 x 10 0.52 0.64

A regression test was conducted on each of the three independent variables that are
significant to the tire’s wear rate. The results in Table B3 were used to determine the predicted
model of the tire’s wear rate. The equation of the regression model for the front right tire is given as

W, (rr) = (2.40x107°)D + (—=2.10x10"*)s + (—8.3 x 1073)p, + 1.60x1072  (33)

Where

W, (rr)= the predicted tire wear rate for the front right tire (mm/km)

D = the draft force (kN)

s = the tractor’s speed (km/h)

pp = the soil bulk density (g/cm?)

4.2.3 Model for rear left tire

The p-values of the independent variables that are significant and insignificant in
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determining the wear rate of the rear left tire are shown in Table 4.10. This reveals that the
effects of draft force (p = 0.01), wheel slip (p = 0.11), tractor speed (p = 0.01), and soil bulk
density (p < 0.01) significantly influence the wear rate of the rear left tire.

Table 4.10. Coefficients and significant levels of the individual variables for the rear
left tire.

Model Estimate Standard 95%.c0‘nﬁdence interval- : P-value t stat
error Lower limit Upper limit
Constant 23x102 533 x1073 1.27 x 1072 3.41 %102 <0.01 4.39
Draft force 2.58 x10*  9.56 x 107 -4.49 x 10 -6.71 x 1073 0.01 -2.70
Wheel slip -543x10° 337 x10° 1.22 x 10 1.31 x 10 0.11 -1.61
Speed 7.80 x 10*  2.94 x 10* -1.37 %73 -1.94 x 10* 0.01 -2.69
Bulk density  -8.00 x 10-3  1.70 x 10 -1.14 x 102 -4.59 x 1073 <0.01 -4.68
Soil moisture ~ 3.51 x 10 5.49 x 10’3 -7.45 %107 1.44 x 10* 0.53 0.64

The model was developed using the regression analysis on each of the independent
variables that significantly influence the tire wear, as shown in Table B4. The equation of the
model is given as

W,ry = (340 x107°)D + (4.10x107%)i + (—2.10 x10™*)s +
(-=7.90x1073)p, 1.50 x1072 (34)
Where

Wi (r1)y= the predicted tire wear rate for the rear left tire (mm/km)

D = the draft force (kN)

i = the wheel slip of the tractor (%)

s = the tractor’s speed (km/h) and

pp = the soil bulk density (g/cm?

4.2.4 Model for rear right tire
Table 4.11 shows the p-values of the independent variables that significantly affect the

wear rate of the right tires. The results indicate that three of the independent variables, draft
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force (p = 0.04), tractor’s speed (p = 0.05), and soil bulk density (p <0.01), significantly
influence the wear rate of the rear right tire.

Table 4.11. Coefficients and significant levels of individual variables for the rear right tire.

Model Estimate Standard 95% confidence interval P-value t stat
error Lower limit  Upper limit
Constant 2.45 x 10 7.01 x 107 1.05 x 107 3.85 x 102 <0.01 3.50
Draft force -2.49 x 104 1.19 x 10 -4.90 x 104 -1.05 x 107 0.04 -2.09
Slip -4.65 x 107 4.24 x 103 -1.31 x 10 1.30 x 107 0.277 -1.10
Speed -7.4 %104 3.72 x 10 -1.48 x 1073 3.69 x 107 0.05 -2.00
Bulk density -8.99 x 1073 2.36 x 107 -1.37 x 1072 -4.28 x 1073 <0.01 -3.81
Soil moisture 4.66 x 1073 7.09 x 107 -9.52 x 107 1.88 x 10 0.51 0.66

The results of the regression analysis used to determine the predicted model for the tire
wear rate are shown in Table B5. The regression model equation to predict the wear rate of the
rear right tire is given as

Wyrr) = (4.00 x1075)D + (—=2.50 x10™*)s + (—9.9 x1073)p;, + 1.9 x1072 (35)
Where

W, (rr)= the predicted tire wear rate for the rear right tire (mm/km)
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LoamF1 Loam LoamF1 LoamF2 LoamF2 Loam F2 Plow Harrow Plant
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F1 =Field 1; F2 = Field 2; F3 = Field 3; FLI = front left inner; FLO = front left outer; FRI = front right inner; FRO =
front rear outer; RLI = rear left inner; RLO = rear left outer; RRI = rear right inner; RRO = rear right outer.
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D = the draft force (kN)

i = the wheel slip of the tractor (%) and s = the tractor’s speed (km/h).
Table 4.12 provides a summary of the developed models for the four tires. The coefficients of the
draft force, speed, and soil bulk density of the front left tire are higher than those of the front
right tire by 20.8%, 14.3%, and 19.3%, respectively. However, the constant value of the right tire
1s 26.9% higher than that of the front left tire; hence, the front right tire has a higher wear rate
than the front left tire. Additional discussion on this can be found in section 4.1.2.2.1.

Table 4.12. Summary of the developed models.

Tire Developed model

Frontleft — Wi(m) = (2.90x1075)D + (3.50 x 1075)i + (—1.80 x10™*)s + (=6.70 x 107)p,
+1.26 x1072

Front right W, (rry = (240x107°)D + (=2.10x107*)s + (8.3 x 1073)p, + 1.60 x10~2
Rearleft Wy = (340 x1075)D + (4.10 x1075)i + (—2.10 x10~*)s + (=7.9 0 x10~3)p, + 1.50 x 1072

Rear right W,(rry = (4.00x107°)D + (=2.50 x10™")s + (—9.9x107*)p;, + 1.9x1072

The coefficients for tractor speed and soil bulk density for the rear left tire are 16.0% and
20.2% higher than the speed and soil bulk density for the rear right tire, respectively. However,
the coefficient for the draft force and the constant for the rear right tire are 17.7% and 26.7%
higher than for the rear left tire, respectively. Hence, the rear right tire wears faster than the left

tire. Additional discussion on can be found in section 4.1.2.2.1.

89



4.3 VALIDATION OF THE MODELS

The data collected during the 2024 farming season (Table 4.13) for the five independent
variables was used to validate the developed models. The predicted wear for the rear right, rear
left, front right, and front left tires was calculated using equations 32, 33, 34, and 35 respectively.

Table 4.13. Values for independent variables for model validation.

Field Operation Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)
1 Plow 12.61 14.95 7.00 1.55 10.65
Harrow 6.81 8.52 9.32 1.65 7.01
Plant 11.81 9.21 7.75 1.64 5.60
2 Plow 13.35 15.90 7.70 1.63 5.31
Harrow 6.88 5.32 9.60 1.72 4.03
Plant 11.81 6.61 8.15 1.64 7.92
3 Plow 13.13 14.00 7.51 1.65 4.71
Harrow 6.93 5.90 9.50 1.72 4.42
Plant 11.81 7.30 7.65 1.64 7.75

4.3.1 Comparison of the predicted versus measured wear values

To validate the developed model, the correlations between the predicted wear rate and the
measured wear rate for all four tires were tested. The scatter plot in Figure 4.27 shows a

comparison between the predicted and measured wear values for the tractor’s front left tire.
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Figure 4.27. Predicted wear versus measured wear of the tractor’s front left tire.

The Pearson correlation (r) of the predicted and the measured wear was 0.84 and
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statistically significant (p < 0.001). The model has a determination coefficient (r?) of 0.73, as
shown in Figure A8. Figure 4.27 reveals a good agreement between the measured wear and the

predicted wear of the tractor’s front left tire.
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Figure 4.28. Predicted wear versus measured wear of the tractor’s front right tire.

The Pearson’s correlation analysis reveals a good agreement between the measured wear
value and the predicted wear value, with an r value of 0.83 for the front right tire of the tractor.
The correlation is statistically significant (p < 0.001). Figure 4.28 shows that the coefficient of
determination between the predicted wear rate and the measured wear for the front right tire
1s 0.77.

Figure 4.29 shows the positive linear relationship between the measured wear and the

predicted wear of the rear left tire of the tractor under study.
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Figure 4.29. Predicted wear versus measured wear of the tractor’s rear left tire.
Note. Pearson correlation (r) of 0.71 and determination coefficient (r?) of 0.51.
Figure 4.29 shows a good relationship between the measured and predicted wear values
of the rear left tire with a correlation of 0.71 and a significant level of p < 0.001. It has an
? value of 0.51.
Figure 4.30 shows a good correlation between the measured wear and predicted wear

values of the rear right tire.
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Figure 4.30. Predicted wear versus measured wear of the tractor’s rear right tire.

The Pearson correlation of the measured and predicted wear of the rear right tire shows a
good correlation of 0.75 and a significant level of p < 0.001. The relationship between the
predicted and measured wear has an r* value of 0.56. The accuracy of correlations was tested by
using an error histogram.

4.3.2 The error histogram

Using the developed models, the estimated wear rate was calculated for each data point
(P,)) and was compared to the corresponding measured wear rate (M,,). The error (£) was then
calculated as

Error (¢§)=PR, — M,, (36)

The error histogram was conducted for the four tire models. The models are deemed

accurate when the estimated wear rate shows a minimal error and the symmetric distribution of

the errors centers around zero.
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Figure 4.31. Error histogram for front left tire correlation.

Figure 4.31 illustrates a symmetrical distribution of the error for the front left tire model,
indicating that the model neither overpredicts nor underpredicts the wear rate. The highest
number of estimates is recorded between -0.1 x 107 and 0.1 x 10~ mm/km error. 66.2% of the
estimates fall within the interval of -0.20 x 1073 to 0.20 x 10> mm/km error bar for the front left

tire.
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Figure 4.32. Error histogram for front right tire correlation.

The error histogram for the front right tire (Figure 4.32) shows a symmetrical distribution

of the error, with the highest number of estimates recorded between -0.1 x 10~ and 2.0 x 10-
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> mm/km. The model shows no overprediction or underprediction of the wear rate. The analysis
shows that 58.6% of the number estimates of the front right tire are within the range of -0.20

x 107 to 0.20 x 10~ mm/km of the error.
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Figure 4.33. Error histogram for rear left tire correlation.

Figure 4.33 shows that the error for the rear left tire is symmetrically distributed at the
center zero, with the highest number of estimates within the range of -0.2 x 10 and 0.0 x 10°
3 mm/km of the error. 46.5% of what the rear left tire model predicts is between the error interval

of -0.20 x 107 to 0.20 x 10~ mm/km.
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Figure 4.34. Error histogram for rear right tire correlation.

The error histogram for the rear right tire clearly shows a symmetrical distribution. The
highest number of estimates falls between -0.2 x 10~ and 0.1x 10~ mm/km of the error. The model
indicates no overprediction or underprediction of the wear rate. The results show that 43.7% of the

predictions have an error ranging from -0.200 x 107 to 0.200 x 10~ mm/km.

4.4 SENSITIVITY ANALYSIS

Using Microsoft Excel, a sensitivity analysis was performed on four independent
variables to assess the relative contributions of each to the predicted tire wear rate. These
independent input variables, which are significant to the model, were varied systematically to
assess their impact on the tire wear rate. Each independent variable was adjusted by plus or

minus 10%, 20%, and 30% from its base value while keeping other parameters constant.
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4.4.1 Effect of draft force

Changes in draft force (D) have a sensitive effect on each of the four tire models. The regression
parameter for D (in mm/km per incremental kN of draft force) for the front left, front right, rear
left, and rear right tire is 2.90 x 10, 2.40 x 107, 3.40 x 107, and 4.00 x 10 mm/km per
incremental kN, respectively. The relative difference between the predicted values of unit wear
rate due to draft force is 66.7% (ranging from 2.40 x 107 to 4.00 x 10”> mm/km per incremental
kN). The predicted unit wear rate of the tires mounted on the front axle ranges from 2.40 x 107
to 2.90 x 10 mm/km per incremental kN, and the rate for those mounted on the rear axle ranges
from 3.40 x 10 to 4.00 x 10 mm/km per incremental kN.

The right tires wear more and faster than the left tires. For example, when the base value
of the draft force is increased by 10%, the wear rate of the front right and front left tire increases
by 2.1% and 1.9%, respectively, while the wear rate for the rear right tire and the rear left tire
increases by 2.9% and 2.8%, respectively. Using the preceding percentage increases in tire wear
rates, the analysis indicates that the rear tires wear out faster than the front tires. This is further

discussed in section 4.1.2.2.1.
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Figure 4.35. Sensitivity analysis of wear rate versus draft force by tire location.
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4.4.2 Effect of wheel slip

The regression parameter for i (in mm/km per incremental percentage of wheel slip) for
the front left and rear left tire is 3.50 x 10 and 4.10 x 10 mm/km per incremental percentage
of slip, respectively. The relative difference between the predicted values of unit wear rate due to
wheel slip in mm/km per incremental percentage is 17.1% (ranging from 3.50 x 10 to 4.10 x
10> mm/km per incremental percentage).

The sensitive analysis of wheel slip reveals that the rear tires wear out faster than the
front tires. The wear rate of the rear and front tires is increased by 2.5% and 2.2%, respectively,
when the base value of the wheel slip is increased by 10%. However, because wheel slip is not
significant in determining the wear rate for either the front right or rear right tires, its sensitivity

is constant. Further discussion on this can be found in sections 4.1.2.2.1 and 4.1.2.2 4.
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Figure 4.36. Sensitivity analysis of wear rate versus wheel slip.
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4.4.3 Effect of tractor speed

Figure 4.37 illustrates the impact of tractor speed on all tire models. The regression
parameters for S (in mm/km per incremental km/h of speed) for the front left, front right, rear
left, and rear right tires are -1.80 x 104, -2.10 x10#, -2.10 x 10, and -2.50 x 10** mm/km per
incremental km/h, respectively. The relative difference between the predicted unit wear rate due
to speed (mm/km per incremental km/h of speed), which ranges from -2.50 x 10 to -1.80 x 104,
is 28.0%. The predicted unit wear rate of the tires mounted on the front and rear axles ranges
from -2.10 x 10 to -1.80 x 10" and -2.50 x 10 to 2.10 x 10"* mm/km per incremental km/h of
speed, respectively.

At a reduced speed, the right tires wear more and faster than the left tires. For example,
the wear rate of the front right tire and the front left tire increased by 12.5% and 9.9%, and the
wear rate on the rear right and the rear left tires increased by 12.1% and 11.4%, respectively,
when the base speed of the tractor is reduced by 10%. From the analysis, the rear tires wear
faster than the front tires. Further discussion on this can be found in sections 4.1.2.2.1 and

4.1.2.2.4.
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Figure 4.37. Sensitivity analysis of wear rate versus tractor operating speed.



4.4.4 Effect of soil bulk density

The regression parameter for p, (in mm/km per incremental g/cm? of soil bulk density)
for the front left, front right, rear left, and rear right tires is -6.70 x 1073, -8.30 x 1073, -7.90 x 107,
and -9.90 x 10> mm/km per incremental g/cm?® of soil bulk density, respectively. The relative
difference between the predicted unit wear rate due to soil bulk density (mm/km per incremental
g/cm?), ranges from -9.90 x 1073 to -6.70 x 10* mm/km per incremental g/cm? is 32.32%. The
predicted unit wear rate of the tires mounted on the front and rear axles ranges from -8.30 x 107
to -6.70 x 10> mm/km per incremental g/cm® and -9.90 x 10 and 7.90 x 10> mm/km per
incremental g/cm?, respectively.

The sensitivity effect of the soil bulk density on the predicted models is very high
compared to the other independent variables. The right tires wear faster than the left tires at a
lower soil bulk density; when the soil bulk density was reduced by 10%, the wear rates for the
front right and left tires increased by 98.8% and 73.9%, respectively, while the wear rates for the
rear right and left tires increased by 95.6% and 85.4%, respectively. This is further discussed in
sections 4.1.2.2.4 and 4.4.5. The negative values for the tire wear rates when the bulk density is
greater than 1.76 g/cm? (Figure 4.38) mean that the tire wear prediction models are not valid

when the soil bulk density is higher than 1.76 g/cm?.
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Figure 4.38. Sensitivity analysis of wear rate versus the bulk density of the soil.

4.4.5 Relative contribution of the four independent variables to predicted tire wear

From the example in section 4.5.1, the front left tire wears at a rate of 0.00015 mm/km
using a draft force of 11.81 kN, a wheel slip of 7.90%, a speed of 8.20 km/h, and a soil bulk
density of 1.73 g/cm? during planting. In that example, three values—draft force (0.00034),
wheel slip (0.00028), and the constant value (0.0126)—contributed positively to the wear rate of
the tire, while the speed (-0.00148) and soil bulk density (-0.01159) contributed negatively. The
main contributor to the predicted wear rate for the front left tire is the constant value. The two
positive contributors (draft and wheel slip) are two orders of magnitude smaller than the constant
value. The predicted wear rate is reduced when the tractor is operated at a higher speed or on
firmer soils (i.e., soils with higher bulk density values). The tractor tires are in constant
interaction with the soil during every field operation, providing the necessary support for
effective tillage. The soil bulk density is key in influencing the soil condition (the stiffness or
abrasiveness of the soil) to provide efficient traction when the tractor operates under varying
loads (plowing, harrowing, and planting). USDA (2008) notes that soil bulk density for plant

growth in sandy soil should be between 1.6 and 1.8 g/cm?>. A very low soil bulk density will
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increase the pressure of the tire on the soil contact area. The average pressure exerted by tires on
deformable surfaces is approximately equal to the tire inflation pressure (Wulfsohn, 2009). The
tire-soil contact area is inversely proportional to the density of the soil, i.e., the contact area is
larger when the tire is on low-density soils and smaller when it is on high-density soils. A very
low soil bulk density will retard the speed of the tractor and increase slippage and wear.
Conversely, a higher soil bulk density will result in increased draft requirements, in addition to
increasing wheel slip. Given that these two independent variables (draft force and wheel slip)
contribute positively to tire wear rate in the prediction models, the predicted tire wear rate values
will be higher for field operations that are completed on firmer soils. Therefore, the soil bulk
density is fundamental to determining the wear of the tire.

The model shows a high baseline value (constant) when all the independent variables are
simultaneously zero. However, during a field operation, the independent variables (speed and
soil bulk density) cannot simultaneously be zero. If the tractor is not pulling any implement, then
the draft force will be zero (the tires will only need to provide a tractive force equal to the value
of the rolling resistance), and wheel slip will be close to zero. Nau (2020)notes that the presence
of a constant is key in multiple regression models, regardless of its statistical significance. A high
constant provides the best fit to data because it absorbs the in-sample errors to reduce bias (the
model will not over-predict or under-predict the wear rate). A constant value may indicate the
correction of a significant variable or variables that might be omitted in developing the model.
This may include the pressure of the tire or gravel or other debris on the soil (as discussed in
section 4.1.2.2.2). Li et al. (2012) note that the air pressure of a tire influences its wear. Even
though the tires were inflated to the required pressure before each operation, there could have

been variations in air pressure during the field operations.
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4.5 USE OF THE MODELS

The lifespan of a tractor tire is the total distance the tire can travel until its amount of wear
reaches the maximum recommended by the manufacturer. To use the model to predict the
maximum surface area that a tractor tire can cover before needing replacement, the following
parameters must be determined:

1. Total lug height (Hr): This is the initial lug height of a new tire. The lug heights of the
front and rear tires (the tires for the 2023 farming season were almost new) used in this
study were approximately 48 mm and 60 mm, respectively.

2. Replacement lug height (H;): This is the lug height at which the tire should be replaced.
Generally, manufacturers recommend that a tire be replaced when the lug height is 60%
of that of a new tire (Tractor Tyre Expert, 2021b). Therefore, the wearable lug heights
(the amount of wear available) for the front and rear tires used in this study is

e = 0.40 x 48 and 0.40 x 60
= 19.2 mm and 24 mm
and the replacement lug heights for the front and rear tires used in this study are
28.8 mm and 36 mm, respectively (i.e., 48.0 — 19.2 = 28.8; 60 — 24.0 = 36).

3. The final parameter is the predicted wear rate (W), which is calculated for each tire
using the developed models. The cross-section of the tire lug is not the same from top
to bottom (it increases as the tire lug wears down). Because the predicted wear rate
models do not account for this, they should be considered conservative (i.e., they may

over-predict tire wear as the lugs wear down).

4.5.1 Allowable tire wear

The independent variables in Table 4.14 are used together with equations 32, 33, 34, and
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35 to determine the average wear rate for the corresponding field operation of the four tires on
the tractor. For example, Equation 32 is used to calculate the predicted average wear rate for the
front left tire during planting (W, ) as follows:
W,, =(2.9 x 107°)D + (3.50 x 107®)i+ (—1.80 X 107")s+ (—=6.7 x 1073)p,
+ 0.0126
using data from Table 4.15, where D = 11.81 kN, i = 7.90%, s = 8.20 km/h, and p,, = 1.73 g/cm’.
Therefore

W, =0.00015 mm/km.

Since the tractor covers a surface area during operation, it is appropriate to determine the
distance traveled by the tractor in terms of the area it covers during each operation. Therefore,

the wear rate value in ha is given as

W () = W (o) X G o) (37)

km w; (m)

The time required for the tire to travel before needing replacement is given by

Time (h) = (Total distance travelled (km))/(Speed (km/h)) (38)
Table 4.14 shows the data for the independent variables used to determine the lifespan of the
tires.

Table 4.14. Data for determining the lifespan of a tractor tire.

Field Draft force Slip Speed Soil bulk density Soil moisture
operation (kN) (%) (km/h) (g/cm?) (%)
Plowing 12.61 9.30 7.50 1.68 4.71
Harrowing 7.81 8.50 8.60 1.70 4.42
Planting 11.81 7.90 8.20 1.73 5.64

4.5.2. Area covered by the tires

Table 4.15 presents the key predicted results before the replacement of each tire. The

detailed calculations are presented in Appendix D. The maximum surface area that can be
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covered by the front left, front right, rear left, and rear right tires before needing replacement is
3,221, 2,719, 3,101, and 1,717 ha, respectively. The lower limits of the replacement intervals (in
hours) for the front and rear tires (Table 4.16) fall within the average lifespan of 1,700 to 3,000
hours for front tires and 2,000 to 3,000 hours for rear tires, as recommended by Firestone
(Tractor Tyre Expert, 2021b). However, the upper limits for the front left, front right, rear left,
and rear right are higher by 29%, 14%, 13%, and 0.3%, respectively, than the upper limits of the
recommended average lifespan.

Table 4.15. Key predicted wear rate (Wp) results for each tire by field operation.

Field Front tires Rear tires
Parameter .
operation Left Right Left Right
Plowing 0.69 x 107 0.78 x 1073 0.86 x 107 0.1 x 102
W;, mm/km Harrowing 0.12 x 10 0.19 x 1073 0.19x 103  0.23 x 103
Planting 0.15 x 107 0.20 x 1073 023 x103%  0.20x 103
Plowing 7.67 x 1073 8.67 x 107 9.56 x 10 11.11 x 103
W,, mm/ha Harrowing 6.28 x 10 1.06 x 1073 1.06 x 103 1.28 x 1073
Planting 6.44 x 10 8.58 x 10 9.87 x10*  8.58 x 107
Total W;, mm/ha 8.94 x 1073 10.59 x 1073 11.61 x 103 20.97 x 1073
Maximum surface area (ha) 3,221 2,719 3,100 1,716
Replacement interval (h) 2,970 to0 4,285 2,437t0 3,516 2,784 to 2,492 to
4,017 3,596

4.5.6 Determining when to swap tires

To ensure the two front and rear tires wear uniformly, it is vital to determine when to
swap the tires. The front tires are to be used to cover X ha before they are swapped. If both tires
are used for an area (X ha) before they are swapped and then used for another area (X ha), then

left tire total wear = y X (10.59 x 1073) + y X (8.94 x 1073) = 19.53 x 1073y

right tire total wear = y X (8.94 x 1073) + y x (10.59 x 1073) = 19.53 x 1073y
since the total replacement lug height of 28.8 mm, then

19.53 x 1073y =28.8
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_ 288 ~
> x =288/ 0c3  10-3 ~ 147465 ha

To ensure that the front tires wear uniformly, the tires are to be interchanged after they
have covered approximately 1,474.65 ha. For the rear tires:

Left rear tire total wear

=y %x (2097 x1073) + y x (11.61 x1073) = (32.58 x 1073)y

Right rear tire total wear

= ¥ x (11.61 x1073) + y x(20.97 x1073) = (32.58 x 1073)y

Since the height at which the tires should be replaced is 36 mm, then

(32.58 x 1073)y = 31
_ 36 _
> x=3%/(3358 x 10-3) = 1,104.97 ha

therefore, the left tire and the right tire at the rear of the tractor should be swapped after
every 1,104.97 ha of travel to enable the tires to wear uniformly.

It is essential to note that these estimates were calculated within the context of this study,
where the tractor (and the tires mounted on it) are exclusively used to complete plowing,
harrowing, and planting on the three fields each year. Any other use of the tractor (either off-field

or on-field operation) will result in a different predicted tire lifespan value for each year.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

Effective management of a tractor’s tires enhances the tractor’s performance, improves
traction, and supports crop growth by reducing the potential (unintentional) harm a tractor can do
to the soil (e.g., due to excessive compaction). To manage tires efficiently, it is important to
predict the rate at which a tire wears. Several tire-wear models have been developed and applied
by researchers and industry professionals in the tire sector. Most of these models are for on-road
tires, ranging from small vehicles to trucks; very few studies have been conducted on wear rates
for off-road tires. However, no model has been developed to predict the wear rate of a tire on
agricultural soil. The purpose of this study was to create a model to predict the wear rate of
agricultural tractor tires and identify which field operations contribute to a high wear rate. This
study was also conducted to provide tire users with a good understanding of the wear rates of
their tires, enabling them to develop an effective tire management plan, maximize efficient field
operation, and reduce preventable delays during the farming season. The following observations
were made during the study.

e Although the moisture content of the soil did not significantly affect the wear rates of the
tires in developing the models, the drought in the Northern Region of Ghana during the
two farming seasons (2023 and 2024) required the tractor to engage a high draft force to
pull the implements through the soil.

e The differences in soil texture reveal variations in the rate at which the tires wear. Tires
working in sandy loam soil wear more than those working in loam soil. The higher the
tire wear rate, the higher the percentage of sand in the soil. The tire wear rate increases

with a decrease in soil bulk density.
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The type of field operation significantly influenced the rate at which a tractor tire wore.
The tires experienced a high rate of wear during plowing and planting. For all three
fields, the four tires experienced different wear rates for plowing and planting,
respectively:

e the front left tire had wear rates of 35.7% and 35.3%

o the front right tire had 37.4% and 32.5%

e the rear left tire had 34.5% and 34.7% and

e the rear right tire had 39.1% and 31.9%.
The tires on the right side of the tractor wore faster than those on the left.
The model for the front left tire is significantly affected by the draft force, wheel slip,
speed of the tractor, and bulk density. The model has a good correlation (r) of 0.84, and
66.2% of the estimated errors fall within a margin of error of -0.20 x 107 to
0.22 x 107 mm/km.
The model for the front right tire is significantly influenced by the draft force, the wheel slip
of the tractor, and soil bulk density. The model shows a good correlation of 0.83, and 58.6%
of the estimated errors fall within a margin of error of -0.200 x 10 to 0.22 x 10~ mm/km.
The model for the rear left tire is significantly affected by the draft force, wheel slip, speed
of the tractor, and bulk density. It has a good correlation of 0.71, with 46.5% of the
estimated errors falling within a margin of error of -0.200 x 10 to 0.22 x 10~ mm/km.
The model for the rear right tire is significantly affected by the draft force, wheel slip, and
soil bulk density. It exhibits a correlation of 0.61, and 43.7% of the estimated number of

errors fall within a margin of error of -0.200 x 1073 to 0.22 x 10~ mm/km.
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The maximum surface areas that the front left tire, the front right tire, the rear left tire,
and the rear right tire can cover before needing replacement are between 2,719 and 3,221,
and 1,716 and 3,100 ha, respectively.

The tires experienced physical damage due to the nature of the field during operation.
Because the tractor operated on large fields for extended period, the tires were exposed to
stones, wood debris, stumps, and crop residue such as stover on the fields. All of these

objects can tear and prick the tires.

5.2 RECOMMENDATIONS

1.

Since the method used to conduct a field operation affects the pattern of tire wear, it is
important to engage an experienced operator.

To ensure a uniform wear rate, the front tires should be interchanged after covering an
area of 1,475 ha, while the rear tires should be swapped after covering an area of

1,105 ha.

Within the context of this study, the front tires should be replaced after covering 2,720 to
3,211 ha and the rear tires should be replaced after covering 1,717 to 3,101 ha to

maximize safety and minimize operational cost.

5.3 AREAS FOR FUTURE STUDY

This study analyzed data and developed a model to predict the rate at which tractor tires

will wear during field operations. Separate models were developed for the four tires of the

tractor. However, after observing the wear pattern of the tires and making deductions from the

analysis of the results, there are potential areas for future research work:
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1.

Need for a model for soil with a sufficient level of moisture: The data for this thesis was
collected in real time over two seasons during which a drought occurred and the soil
moisture level fell below the recommended range. Such low percentages of soil moisture
may be the reason why soil moisture content was not significant in developing the
prediction models for this study. Therefore, there is a need to develop a wear-rate model
for a tractor operating on soil with a level of moisture that falls within the recommended
range, given that most farmers aim to carry out tillage and planting work on soil that has
an appropriate level of soil moisture to improve the efficiency of field operations and
increase crop yield.

Need for condition-specific prediction models: It will likely be impossible to develop a
universal, “one-size-fits-all” tire-wear prediction model. The farming landscape is being
redefined because most farmers are adopting the use of modern tractors and implements
to increase yield, reduce costs, and manage the soil more effectively. Therefore, the
development of condition-specific prediction models that use modern farm machinery
would serve an important purpose.

Need to understand economic implications related to tire wear: In addition to new models
developed using modern farm machinery, future studies could be conducted on the
economic impacts of tire wear on farmers. The studies could focus on how wear rate
influences fuel consumption and how to plan and budget effectively for the management
and replacement of tractor tires.

The methodological and analytical frameworks of this study could be applied to other
situations. With more situation-specific tire wear data available, it will eventually be

possible to develop and validate general tire wear prediction models, similar to other
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standardized prediction models (e.g. ASABE standard ASAE D497.7 MAR2011

(R2020)).

. Future studies may also consider the use of machine learning techniques in data

collection and the prediction of the model for tire wear.
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APPENDICES

APPENDIX A: FIGURES RELATED TO THE FIELD OF RESEARCH

Research Work to be conducted by a Ph.D. candidate from the University of Ottawa, Canada at
Akandem Farms Limited (Ghana)

Memorandum of Understanding between:
Akandem Farms Limited P.O. Box 5 GH, Ghana
And

Ph.D. Candidate (Joseph Jerry Quaye) and Supervisor (Claude Lague) of the University of
Ottawa, Faculty of Engineering, SITE Hall, 800 King Edward Avenue, room 5082, Ottawa, ON,
Canada, KIN 6NS hereafter called “Research Team”

1. Field and Equipment

* The Research Team is to conduct research at Akandem Farms Limited for the 2023
farming seasons any further extension will be considered in principle.

* Akandem Farms Limited will allow the Research Team to conduct research on their farm
(different fields) located at Sandema in the Upper East of Ghana.

* The Research Team will have access to Massey Ferguson 4WD tractor before and after
every field operation to measure tire wear and the Research Team will not distract the
work of Akandem Farms Limited in any way.

* Akandem Farms Limited will make farm implements such as plow, harrow, and planter
available to the Research Team during their research period.

* Due to the land size, the land operation will take between 3 to 4 weeks to complete the
preparation of the land and planting.

* Akandem Farms Limited will make the tractor and land available to the Research Team
for their data collection and analysis after every activity.

2. Compensation and Remuneration.

* The Research Team will compensate Akandem Farms Limited with an amount of One
thousand Canadian Dollars (CAS 1,000) at the end of their research.

= Apart from operating the tractor and the farm implements, the Research Team will be
responsible (remuneration) for anyone they engage to assist them with their research
work.

3. Liability Waiver

= Akandem Farms Limited will not be liable for any injury or loss of revenue of the
Research Team during their research work
= That the Research Team will be responsible for their insurance during their research work.

Mr. Maxwell Akandem Joseph Jerry Quaye Prof. Claude Lague
Managing Director PhD Candidate Research Supervisor
(Akandem Farms Limited) (University of Ottawa) (University of Ottawa)

Figure A1. Memorandum of understanding between Akandem Farms Limited
and the University of Ottawa.
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Figure A2. Detailed drawing of the fabricated base.

(2) Field 2 (b) Field 3
Figure A3. Areas of gravel on fields 2 and 3.
Note. Sections of (a) Field 2 and (b) Field 3 containing gravel.
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Figure A4. Sections of the farm at various stages of operation.

Note. (a) Appearance of the field before any operation was started, (b) tractor plowing the field, (c) tractor
harrowing the field, (d) image of field after planting had been done.
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Figure AS. Location of the research site in Ghana.

Note. The red dotted area on the map shows the location of the research site in Ghana (Source: Google
Maps).
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®

Sampling location

Field 1 Field 2 Field 3

Figure A6. The five sampling locations in each field.

Note. All fields have a flat topography. Size and location: Field 1 is 9.7 ha (latitude,
10°41'54.8"N; longitude, 1°16'52.8"W), Field 2 is 15 ha (latitude, 10°47'17.5"N; longitude,
1°11'11.1"W), and Field 3 is 16.2 ha (latitude, 10°47'10.7"N; longitude, 1°11'11.1"W). The
circled black dot on the edge of each figure shows where the reading of the border of each field
started and ended.

Figure A7. The trajectory of how the operator plowed the land
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APPENDIX B: DATA FROM THE 2023 AND 2024 FARMING SEASONS AND ANALYSES

Table B1. Draft force, slip, and tractor operating speed for each field operation on each field.

Draft force (kN) Slip (%) Operation speed (km/h) Implement width
Type of operation (m or rows)
2023 2024 2023 2024 2023 2024 2023 2024
Field 1
Plowing 12.82 12.61 14.20 14.95 7.20 7.00 051m 0.51m
Harrowing 7.59 6.81 8.54 8.52 9.20 9.32 1.79m 1.79m
Planting 11.81 11.81 9.20 9.21 7.90 7.75 4 rows 4 rows
Field 2
Plowing 13.47 13.35 14.83 15.90 7.80 7.70 0.51 0.51
Harrowing 7.81 6.88 5.32 5.32 10.10 9.60 1.79 1.79
Planting 11.81 11.81 6.61 6.61 8.20 8.15 4rows 4 rows
Field 3
Plowing 13.24 13.13 14.49 14.00 7.60 7.51 0.51 0.51
Harrowing 7.74 6.86 4.95 5.90 9.80 9.50 1.79 1.79
Planting 11.81 11.81 5.90 6.22 8.00 7.65 4rows 4 rows

Table B2. SPSS analysis results for the front left tire.

Parameter Coefficients St::liird t stat P-value 1‘905V:/e0r I;I;I‘:Zr ;450 :)Vf/: ;Jsp (I;f/z

Intercept 0.000278 0.000329 0.843786 0.401705 -0.00038 0.000934 -0.00038 0.000934
Draft 2.88E-05 2.94E-05 0.980198 0.330413 -3E-05 8.75E-05 -3E-05 8.75E-05
Intercept 0.000268 0.00017  1.580783 0.118501  -7E-05  0.000607 -7E-05  0.000607
Slip 3.5E-05 1.68E-05 2.083526 0.04091 1.49E-06 6.85E-05 1.49E-06 6.85E-05
Intercept 0.002084 0.000571 3.648192 0.000509 0.000944 0.003224 0.000944 0.003224
Speed -0.00018 6.75E-05 -2.62661 0.010616 -0.00031 -4.3E-05 -0.00031 -4.3E-05
Intercept 0.011546 0.001781 6.484358 1.13E-08 0.007994 0.015098 0.007994 0.015098
Bulk density -0.0067 0.001089 -6.15402 4.37E-08 -0.00888 -0.00453 -0.00888 -0.00453

Note. These results were used to determine the model for predicting the tire wear rate of the front left tire.
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Table B3. SPSS analysis results for the front right tire.

95% confidence intervals

. Standard

Parameter Coefficients error t stat P-value Ii?r:lviir I{ﬁgﬁr Ii?r:lviir [fil:ll:iir

Intercept 0.000234 0.000379 0.617278 0.539144 -0.00052  0.00099 -0.00052  0.00099
Draft 3.75E-05 341E-05 1.100498 0.275054 -3.1E-05 0.000105 -3.1E-05 0.000105
Intercept 0.002404 0.000671 3.582727 0.000639 0.001065 0.003744 0.001065 0.003744
Speed -0.00021 7.9E-05 -2.64531 0.010159 -0.00037 -5.1E-05 -0.00037 -5.1E-05
Intercept 0.014107 0.002423 5.822326 1.8E-07  0.009271 0.018944 0.009271 0.018944
Bulk density -0.00826 0.001485 -5.55994 5.07E-07 -0.01122  -0.00529 -0.01122 -0.00529

Note. These results were used to determine the model for predicting the wear rate of the front right tire.

Table B4. SPSS analysis results for the rear left tire.

Standard

95% confidence intervals

Parameter Coefficients error t stat P-value Ii;)lrlvietr [iil:ll:ietr Ii;)lrlvietr [iipnl:iir
Intercept 0.000327 0.000387 0.845461 0.400776 -0.00045 0.0011 -0.00045 0.0011
Draft 3.39E-05 3.46E-05 0978441 0.331275 -3.5E-05 0.000103 -3.5E-05 0.000103
Intercept 0.000316 0.0002 1.580925 0.118469 -8.3E-05 0.000714 -8.3E-05 0.000714
Slip 4.12E-05 1.98E-05 2.083354 0.040926 1.75E-06 8.06E-05 1.75E-06 8.06E-05
Intercept 0.002451 0.000672 3.646687 0.000511  0.00111  0.003792 0.00111  0.003792
Speed -0.00021 7.94E-05 -2.62515 0.010658 -0.00037 -5E-05  -0.00037 -5E-05
Intercept 0.013583 0.002095 6.484065 1.13E-08 0.009404 0.017762 0.009404 0.017762
Bulk density -0.00789 0.001281 -6.15373 4.37E-08 -0.01044 -0.00533 -0.01044  -0.00533

Note. These results were used to determine the model for predicting the wear rate of the rear left tire.

Table BS. SPSS analysis results for the rear right tire.

Standard

95% confidence intervals

Parameter Coefficients error t stat P-value Ii;)l:lviir [iil:f:iir Ii;)l:lviir [lIipnI:iir

Intercept 0.000275 0.000446 0.617278 0.539144 -0.00061 0.001164 -0.00061 0.001164
Draft 4.41E-05 4.01E-05 1.100498 0.275054 -3.6E-05 0.000124 -3.6E-05 0.000124
Intercept 0.002829 0.000789 3.582727 0.000639 0.001253 0.004404 0.001253 0.004404
Speed -0.00025 9.29E-05 -2.64531 0.010159 -0.00043 -6E-05 -0.00043 -6E-05

Intercept 0.016942 0.00271 6.252482 3.21E-08 0.011534  0.02235 0.011534  0.02235
Bulk density -0.00993 0.001662 -5.97663 9.74E-08 -0.01325 -0.00662 -0.01325 -0.00662

Note. These results were used to determine the model to predict the wear rate for the rear right tire.
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Table B6. Summary output of ANOVA text for measured and predicted wear of the front
left tire model.

SUMMARY OUTPUT

Regression statistics

Multiple R 0.856315
R square 0.733276
Adjusted R square 0.729411
Standard error 0.000263
Observations 71
ANOVA
df SS MS F Significance F
Regression | 1.31E-05 1.31E-05 189.6945 1.76E-21
Residual 69 4.78E-06 6.92E-08
Total 70 1.79E-05
Standard Lower Upper Lower Upper
Coefficients error t stat P-value 95% 95% 95.0% 95.0%
Intercept 0.000222 5.2E-05 4.270443 6.11E-05 0.000118 0.000326 0.000118 0.000326

Predicted wear  0.732414 0.053178 13.77296 1.76E-21  0.626327  0.8385  0.626327  0.8385

Note. ANOVA analysis used to determine Pearson’s correlation and the coefficient of determination
between the measured value and the predicted value of the wear rate of the front left tire model.

ANOVA = analysis of variance; df = degrees of freedom; F = F statistic; MS = mean sum of squares;
SS = sum of squares. Significance F is the p-value for the F statistic.

Table B7. Summary output of ANOVA text for measured and predicted wear of the front
right tire model.

SUMMARY OUTPUT

Regression statistics

Multiple R 0.877452
R square 0.769921
Adjusted R square 0.766487
Standard error 0.000249
Observations 69
ANOVA
df SS MS F Significance F
Regression 1 1.4E-05 1.4E-05 224.2047 4.62E-23
Residual 67 4.17E-06 6.22E-08
Total 68 1.81E-05
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Standard Lower Upper Lower Upper
Coefficients error t stat P-value 95% 95% 95.0% 95.0%

Intercept 9.74E-05 5.74E-05  1.69659 0.094416 -1.7E-05 0.000212 -1.7E-05 0.000212
Predicted wear  0.834048 0.055702  14.97347 4.62E-23  0.722867  0.945229 0.722867 0.945229

Note. ANOVA analysis used to determine Pearson’s correlation and the coefficient of determination
between the measured value and the predicted value of the wear rate of the front right tire model.

ANOVA = analysis of variance; df = degrees of freedom; F = F statistic; MS = mean sum of squares;
SS = sum of squares. Significance F is the p-value for the F statistic.

Table B8. Summary output of ANOVA for measured and predicted wear of the rear left
tire model.

SUMMARY OUTPUT

Regression statistics

Multiple R 0.721861
R square 0.521083
Adjusted R square 0.514142
Standard error 0.000398
Observations 71
ANOVA
df SS MS F Significance F
Regression 1 1.19E-05 1.19E-05 75.07505 1.22E-12
Residual 69 1.09E-05 1.58E-07
Total 70 2.28E-05
Standard Lower Upper Lower Upper

Coefficients  error t stat P-value 95% 95% 95.0% 95.0%

Intercept 0.000251  8.29E-05 3.028338 0.003457 8.57E-05 0.000417 8.57E-05 0.000417

Predicted wear  0.593674  0.068517  8.664586  1.22E-12  0.456986 0.730362 0.456986 0.730362

Note. ANOVA analysis used to determine Pearson’s correlation and the coefficient of determination
between the measured value and the predicted value of the wear rate of the rear left tire model.

ANOVA = analysis of variance; df = degrees of freedom; F = F statistic; MS = mean sum of squares;
SS = sum of squares. Significance F is the p-value for the F statistic.
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Table B9. Summary output of ANOVA for measured and predicted wear of the rear right
tire model.

SUMMARY OUTPUT

Regression statistics

Multiple R 0.748574
R square 0.560363
Adjusted R square 0.553801
Standard error 0.00046
Observations 69
ANOVA
df SS MS F Significance F
Regression | 1.81E-05 1.81E-05 85.39846 1.42E-13
Residual 67 1.42E-05 2.12E-07
Total 68 3.22E-05
Standard Lower Upper Lower Upper

Coefficients  error t stat P-value 95% 95% 95.0% 95.0%

Intercept 0.000197  0.00011  1.793058 0.077477 -2.2E-05 0.000417 -2.2E-05 0.000417

Predicted wear  0.769117  0.083228  9.241129  1.42E-13  0.602994  0.93524  0.602994  0.93524

Note. ANOVA analysis used to determine Pearson’s correlation and the coefficient of determination
between the measured value and the predicted value of the wear rate of the rear right tire model.

ANOVA = analysis of variance; df = degrees of freedom; F = F statistic; MS = mean sum of squares;
SS = sum of squares. Significance F is the p-value for the F statistic.

Table B10. Data collected for the front left tire.

Field Lug Tire Wear Draft  Slip Speed Bulk density Moisture
operation position section (mm/km) (kN) (%)  (km/h) (g/cm?) (%)
FIELD 1
1 0.0016163  12.82 14.2 7.2 1.528 10.02
Outer 2 0.000897 12.82 142 7.2 1.528 10.02
3 0.0017186  12.82 14.2 7.2 1.528 10.02
Plowing 4 0.000919 12.82 14.2 7.2 1.528 10.02
1 0.0031542 12.82 14.2 7.2 1.528 10.02
Inner 2 0.002327 12.82 142 7.2 1.528 10.02
3 0.0017065 12.82 14.2 7.2 1.528 10.02
4 0.008416  12.82 14.2 7.2 1.528 10.02
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Field Lug Tire Wear Draft  Slip Speed Bulk density Moisture

operation  position section (mm/km) (kN) (%)  (km/h) (g/em’®) (%)
1 0.000927 759 854 92 1.631 7.29
Outer 2 00005104 759 854 92 1.631 7.29
300001841 759 854 92 1.631 7.29
Harrowing 4 00005546 759 854 92 1.631 7.29
1 00010185 759 854 92 1.631 7.29
Inner 2 00018779 759 854 92 1.631 7.29
3 0.0008208 7.59 854 92 1.631 7.29
1 00009575 11.81 9.2 7.9 1.623 5.48
Outer 2 0.0006607 11.81 9.2 7.9 1.623 5.48
3 00008268 11.81 92 7.9 1.623 5.48
Planting 4 00009548 11.81 9.2 7.9 1.623 5.48
I 00002473 11.81 92 7.9 1.623 5.48
- 2 00001326 11.81 92 7.9 1.623 5.48
3 00013588 11.81 92 7.9 1.623 5.48
4 00008254 11.81 92 7.9 1.623 5.48
FIELD 2
1 00004632 1347 1483 78 1.623 483
Outer 2 0.0004709 1347 1483 7.8 1.623 483
3 0.0000853 1347 1483 7.8 1.623 483
Plowing 4 00002664 1347 1483 7.8 1.623 483
1 00002585 1347 1483 78 1.623 483
- 2 0.0000334 1347 1483 7.8 1.623 483
3 00003547 1347 1483 7.8 1.623 483
4 00005416 1347 1483 78 1.623 483
1 00009131 7.81 532  10.1 1.631 436
2 00002035 7.81 532 10.1 1.631 436
Outer 3 00001572 7.81 532 10.1 1.631 436
Harrowing 4 00004212 781 532 101 1.631 436
1 00005234 7.81 532  10.1 1.631 436
ner 2 00003405 7.81 532  10.1 1.631 436
3 00003545 7.81 532 10.1 1.631 436
4 00002093 7.81 532 101 1.631 436
1 00005133 1181 611 82 1.638 8.13
o 2 00004766 1181 6.11 82 1.638 8.13
uter 3 0.0004983 1181 611 82 1.638 8.13
Planting 4 00002906 11.81 611 82 1.638 8.13
1 00009008 11.81 611 82 1.638 8.13
rer 2 00012411 1181 611 82 1.638 8.13
300002535 1181 611 82 1.638 8.13
4 00002095 1181 611 82 1.638 8.13
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Field Lug Tire Wear Draft  Slip Speed Bulk density Moisture
operation  position section (mm/km) (kN) (%)  (km/h) (g/cm®) (%)
FIELD 3
1 0.0002336 13.24 14.49 7.6 1.63 4.8
Outer 2 0.0002427 13.24 14.49 7.6 1.63 4.8
3 0.0002342 13.24 14.49 7.6 1.63 4.8
Plowing 4 0.0002036  13.24 14.49 7.6 1.63 4.8
1 0.0001601 13.24 14.49 7.6 1.63 4.8
Inner 2 0.0001706  13.24  14.49 7.6 1.63 4.8
3 0.0001573  13.24  14.49 7.6 1.63 4.8
4 0.0002027 13.24 14.49 7.6 1.63 4.8
1 0.0002283  7.74 4.95 9.8 1.667 4.33
Outer 2 0.0002173  7.74 4.95 9.8 1.667 4.33
3 0.0002159  7.74 4.95 9.8 1.667 4.33
Harrowing 4 0.0002249  7.74 4.95 9.8 1.667 4.33
1 0.0004201  7.74 4.95 9.8 1.667 4.33
Inner 2 0.000156 7.74 4.95 9.8 1.667 4.33
3 0.0003001  7.74 4.95 9.8 1.667 4.33
4 0.0001551  7.74 4.95 9.8 1.667 4.33
1 0.0001137  11.81 5.9 8 1.734 7.9
2 0.0001232  11.81 5.9 8 1.734 7.9
Outer
3 0.0005625  11.81 5.9 8 1.734 7.9
Planting 4 0.0001889  11.81 5.9 8 1.734 7.9
1 0.0004457  11.81 5.9 8 1.734 7.9
Inner 2 0.0004306  11.81 5.9 8 1.734 7.9
3 0.0000685  11.81 5.9 8 1.734 7.9
4 0.0004663  11.81 5.9 8 1.734 7.9
Table B11. Data collected for the front right tire.
Field Lug Tire Wear Draft Slip Speed Bulk density Moisture
operation position section (mm/km) (kN) (%)  (km/h) (g/cm?) (%)
FIELD 1
1 0.0014351 12.82 14.2 7.2 1.528 10.02
2 0.0019197  12.82 14.2 7.2 1.528 10.02
Outer 3 0007086 1282 142 72 1528 10.02
, 4 0.0025854  12.82 14.2 7.2 1.528 10.02
Plowing
1 0.0005057  12.82 14.2 7.2 1.528 10.02
2 0.0021975  12.82 14.2 7.2 1.528 10.02
fmmer 5 0024121 1282 142 72 1.58 10.02
4 0.002778 12.82 14.2 7.2 1.528 10.02
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Field Lug Tire Wear Draft Slip Speed Bulk density Moisture
operation position section (mm/km) (kN) (%)  (km/h) (g/cm’) (%)
1 0.0002326 7.59 8.54 9.2 1.631 7.29
Out 2 0.000822 7.59 8.54 9.2 1.631 7.29
uter
3 0.0010369 7.59 8.54 9.2 1.631 7.29
i 4 0.0016439 7.59 8.54 9.2 1.631 7.29
Harrowing
1 0.0024356 7.59 8.54 9.2 1.631 7.29
[ 2 0.0000907 7.59 8.54 9.2 1.631 7.29
nner
3 0.0005202 7.59 8.54 9.2 1.631 7.29
4 0.0000773 7.59 8.54 9.2 1.631 7.29
1 0.0004068  11.81 9.2 7.9 1.623 5.48
2 0.000811 11.81 9.2 7.9 1.623 5.48
Outer
3 0.0007955  11.81 9.2 7.9 1.623 5.48
) 4 0.0009755  11.81 9.2 7.9 1.623 5.48
Planting
1 0.0004355  11.81 9.2 7.9 1.623 5.48
I 2 0.0008358  11.81 9.2 7.9 1.623 5.48
nner
3 0.0011303 11.81 9.2 7.9 1.623 5.48
4 0.0017585  11.81 9.2 7.9 1.623 5.48
FIELD 2
1 0.0004733 1347 14.83 7.8 1.623 4.83
Out 2 0.0002348 1347 14.83 7.8 1.623 4.83
er
Y 3 0.0000659 1347 14.83 7.8 1.623 4.83
_ 4 0.0000473 1347  14.83 7.8 1.623 4.83
Plowing
1 0.0003931 13.47 14.83 7.8 1.623 4.83
I 2 0.0002438 1347  14.83 7.8 1.623 4.83
T3 00004525 1347 1483 78 1.623 4.83
4 0.0005405  13.47 14.83 7.8 1.623 4.83
1 0.0005776 7.81 5.32 10.1 1.631 4.36
Out 2 0.0000212 7.81 5.32 10.1 1.631 4.36
uter
3 0.0000986 7.81 5.32 10.1 1.631 4.36
) 4 0.0001587 7.81 5.32 10.1 1.631 4.36
Harrowing
1 0.0014434 7.81 5.32 10.1 1.631 4.36
I 2 0.0002208 7.81 5.32 10.1 1.631 4.36
nner
3 0.0000915 7.81 5.32 10.1 1.631 4.36
4 0.000328 7.81 5.32 10.1 1.631 4.36

136



Field Lug Tire Wear Draft Slip Speed Bulk density Moisture
operation position section (mm/km) (kN) (%)  (km/h) (g/cm’) (%)
1 0.0001046  11.81 6.11 8.2 1.64 8.13
2 0.0003901 11.81 6.11 8.2 1.64 8.13
Outer
3 0.0006654  11.81 6.11 8.2 1.64 8.13
i 4 0.0012782  11.81 6.11 8.2 1.64 8.13
Planting
1 0.0004274  11.81 6.11 8.2 1.64 8.13
[ 2 0.0006846  11.81 6.11 8.2 1.64 8.13
nner
3 0.0000743 11.81 6.11 8.2 1.64 8.13
4 0.0007563 11.81 6.11 8.2 1.64 8.13
FIELD 3
1 0.0001955 1324 1449 7.6 1.63 4.8
Out 2 0.0003334 1324 1449 7.6 1.63 4.8
er
Y 3 0.0003334 1324 1449 7.6 1.63 4.8
, 4 0.0001319 1324 1449 7.6 1.63 4.8
Plowing
1 0.0002193  13.24 1449 7.6 1.63 4.8
I 2 0.0002583  13.24 1449 7.6 1.63 4.8
nner
3 0.0002229 1324 1449 7.6 1.63 4.8
4 0.0001461 13.24  14.49 7.6 1.63 4.8
1 0.0001013 7.74 4.95 9.8 1.667 4.33
Out 2 0.0003559 7.74 4.95 9.8 1.667 4.33
er
Y 3 0.0004538 7.74 4.95 9.8 1.667 4.33
i 4 0.0001768 7.74 4.95 9.8 1.667 4.33
Harrowing
1 0.0002374 7.74 4.95 9.8 1.667 4.33
I 2 0.0000733 7.74 4.95 9.8 1.667 4.33
3 00001973 774 495 98 1.667 4.33
4 0.0003945 7.74 4.95 9.8 1.667 4.33
1 0.0005353 11.81 5.9 8 1.734 7.9
Outer 2 0.0005349  11.81 5.9 8 1.734 7.9
Planting 3 0.0000685 11.81 5.9 8 1.734 7.9
1 0.0001751 11.81 5.9 8 1.734 7.9
Inner
2 0.000142 11.81 5.9 8 1.734 7.9
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Table B12. Data collected for the rear left tire.

Field Lug Tire Wear Draft Slip Speed  Bulk density Moisture
operation position section (mm/km) (kN) (%) (km/h) (g/cm?) (%)
FIELD 1
1 0.002008 12.82 14.2 7.2 1.53 10.02
2 0.001081 12.82 14.2 7.2 1.53 10.02
Outer
3 0.002022  12.82 14.2 7.2 1.53 10.02
) 4 0.001902 12.82 14.2 7.2 1.53 10.02
Plowing
1 0.003711 12.82 14.2 7.2 1.53 10.02
2 0.002738  12.82 14.2 7.2 1.53 10.02
Inner
3 0.001055 12.82 14.2 7.2 1.53 10.02
4 0.000990 12.82 14.2 7.2 1.53 10.02
1 0.000971 7.59 8.54 9.2 1.63 7.29
2 0.001198 7.59 8.54 9.2 1.63 7.29
Outer
3 0.001091 7.59 8.54 9.2 1.63 7.29
Harrowing 4 0.000652 7.59 8.54 9.2 1.63 7.29
1 0.000217 7.59 8.54 9.2 1.63 7.29
Inner 2 0.002209 7.59 8.54 9.2 1.63 7.29
3 0.000600 7.59 8.54 9.2 1.63 7.29
1 0.001126 11.81 9.2 7.9 1.62 5.48
2 0.000291 11.81 9.2 7.9 1.62 5.48
Outer
3 0.000973 11.81 9.2 7.9 1.62 5.48
) 4 0.001123 11.81 9.2 7.9 1.62 5.48
Planting
1 0.000966  11.81 9.2 7.9 1.62 5.48
2 0.000777 11.81 9.2 7.9 1.62 5.48
Inner
3 0.001599 11.81 9.2 7.9 1.62 5.48
4 0.001560 11.81 9.2 7.9 1.62 5.48
FIELD 2
1 0.000545 13.47 14.83 7.8 1.62 4.83
2 0.000637 13.47 14.83 7.8 1.62 4.83
Outer
3 0.000313  13.47 14.83 7.8 1.62 4.83
) 4 0.000039 13.47 14.83 7.8 1.62 4.83
Plowing
1 0.000304 1347 14.83 7.8 1.62 4.83
2 0.000554 13.47 14.83 7.8 1.62 4.83
Inner
3 0.000417 13.47 14.83 7.8 1.62 4.83
4 0.000100 13.47 14.83 7.8 1.62 4.83
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Field Lug Tire Wear Draft Slip Speed  Bulk density Moisture

operation position section (mm/km) (kN) (%) (km/h) (g/em’) (%)
1 0.000246  7.81 5.32 10.1 1.63 4.36
2 0.000239  7.81 5.32 10.1 1.63 4.36
Outer
3 0.001074  7.81 5.32 10.1 1.63 4.36
) 4 0.000496  7.81 5.32 10.1 1.63 4.36
Harrowing
1 0.000185 7.81 5.32 10.1 1.63 4.36
2 0.000401 7.81 5.32 10.1 1.63 4.36
Inner
3 0.000417  7.81 5.32 10.1 1.63 4.36
4 0.000616  7.81 5.32 10.1 1.63 4.36
1 0.000604  11.81 6.11 8.2 1.64 8.13
2 0.000246  11.81 6.11 8.2 1.64 8.13
Outer
3 0.000586  11.81 6.11 8.2 1.64 8.13
) 4 0.000561  11.81 6.11 8.2 1.64 8.13
Planting
1 0.001060  11.81 6.11 8.2 1.64 8.13
2 0.001460  11.81 6.11 8.2 1.64 8.13
Inner
3 0.000298  11.81 6.11 8.2 1.64 8.13
4 0.000342  11.81 6.11 8.2 1.64 8.13
FIELD 3
1 0.000275 13.24 1449 7.6 1.63 4.8
2 0.000238 13.24 1449 7.6 1.63 4.8
Outer
3 0.000276  13.24 1449 7.6 1.63 4.8
) 4 0.000286 13.24 1449 7.6 1.63 4.8
Plowing
1 0.000201 13.24 1449 7.6 1.63 4.8
2 0.000239 1324 1449 7.6 1.63 4.8
Inner
3 0.000185 13.24 1449 7.6 1.63 4.8
4 0.000188 13.24 1449 7.6 1.63 4.8
1 0.000269  7.74 4.95 9.8 1.67 4.33
2 0.000183 7.74 4.95 9.8 1.67 4.33
Outer
3 0.000254  7.74 4.95 9.8 1.67 4.33
) 4 0.000353 7.74 4.95 9.8 1.67 4.33
Harrowing
1 0.000494  7.74 4.95 9.8 1.67 4.33
2 0.000184  7.74 4.95 9.8 1.67 4.33
Inner
3 0.000256  7.74 4.95 9.8 1.67 4.33
4 0.000265 7.74 4.95 9.8 1.67 4.33
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Field Lug Tire Wear Draft Slip Speed  Bulk density Moisture

operation position section (mm/km) (kN) (%) (km/h) (g/em’) (%)
1 0.000222  11.81 5.9 8 1.73 7.9
2 0.000549  11.81 59 8 1.73 7.9
Outer
3 0.000662  11.81 5.9 8 1.73 7.9
. 4 0.000145  11.81 59 8 1.73 7.9
Planting
1 0.000524  11.81 5.9 8 1.73 7.9
2 0.000134  11.81 59 8 1.73 7.9
Inner
3 0.000081  11.81 5.9 8 1.73 7.9
4 0.000507  11.81 59 8 1.73 7.9

Table B13. Data collected for the rear right tire.

Field Lug Tire Wear  Draft Slip Speed Bulk density Moisture
operation position section (mm/km) (kN) (%) (km/h) (g/cm?) (%)
FIELD 1
1 0.002258 12.82 14.2 7.2 1.528 10.02
2 0.001688 12.82 14.2 7.2 1.528 10.02
Outer
3 0.000834 12.82 142 7.2 1.528 10.02
. 4 0.003042 12.82 14.2 7.2 1.528 10.02
Plowing
1 0.000595 12.82 142 7.2 1.528 10.02
I 2 0.002838 12.82 14.2 7.2 1.528 10.02
nner
3 0.002585 12.82 14.2 7.2 1.528 10.02
4 0.003268 12.82 14.2 7.2 1.528 10.02
1 0.000274 7.59  8.54 9.2 1.631 7.29
2 0.001934 7.59  8.54 9.2 1.631 7.29
Outer
3 0.001220 7.59  8.54 9.2 1.631 7.29
) 4 0.000967 7.59  8.54 9.2 1.631 7.29
Harrowing
1 0.002865 7.59  8.54 9.2 1.631 7.29
2 0.000612 7.59  8.54 9.2 1.631 7.29
Inner
3 0.000107 7.59  8.54 9.2 1.631 7.29
4 0.000091 7.59  8.54 9.2 1.631 7.29
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Field Lug Tire Wear  Draft Slip Speed Bulk density Moisture

operation position section (mm/km) (kN) (%) (km/h) (g/cm’) (%)
1 0.001148 11.81 9.2 7.9 1.623 5.48
2 0.000936 11.81 9.2 7.9 1.623 5.48
Outer
3 0.000954 11.81 9.2 7.9 1.623 5.48
. 4 0.000479 11.81 9.2 7.9 1.623 5.48
Planting
1 0.000512 11.81 9.2 7.9 1.623 5.48
2 0.001330 11.81 9.2 7.9 1.623 5.48
Inner
3 0.002069 11.81 9.2 7.9 1.623 5.48
4 0.000983 11.81 9.2 7.9 1.623 5.48
FIELD 2
1 0.000557 13.47 14.83 7.8 1.623 4.83
2 0.000532 13.47 14.83 7.8 1.623 4.83
Outer
3 0.000078 13.47 14.83 7.8 1.623 4.83
) 4 0.000636 13.47 14.83 7.8 1.623 4.83
Plowing
1 0.000463 13.47 14.83 7.8 1.623 4.83
I 2 0.000556 13.47 14.83 7.8 1.623 4.83
nner
3 0.000287 13.47 14.83 7.8 1.623 4.83
4 0.000276 13.47 14.83 7.8 1.623 4.83
1 0.000260 7.81 5.32 10.1 1.631 4.36
2 0.000680 7.81 5.32 10.1 1.631 4.36
Outer
3 0.001698 7.81 5.32 10.1 1.631 4.36
) 4 0.000187 7.81 5.32 10.1 1.631 4.36
Harrowing
1 0.000249 7.81 5.32 10.1 1.631 4.36
2 0.000386 7.81 5.32 10.1 1.631 4.36
Inner
3 0.000108 7.81 5.32 10.1 1.631 4.36
4 0.000116  7.81 5.32 10.1 1.631 4.36
1 0.000123 11.81 6.11 8.2 1.638 8.13
2 0.000459 11.81 6.11 8.2 1.638 8.13
Outer
3 0.000890 11.81 6.11 8.2 1.638 8.13
) 4 0.000087 11.81 6.11 8.2 1.638 8.13
Planting
1 0.000783 11.81 6.11 8.2 1.638 8.13
2 0.000805 11.81 6.11 8.2 1.638 8.13
Inner
3 0.000503 11.81 6.11 8.2 1.638 8.13
4 0.001504 11.81 6.11 8.2 1.638 8.13
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Field Lug Tire Wear  Draft Slip Speed Bulk density Moisture

operation position section (mm/km) (kN) (%) (km/h) (g/cm’) (%)
FIELD 3
1 0.000230 13.24 14.49 7.6 1.63 4.8
2 0.000172 13.24 14.49 7.6 1.63 4.8
Outer
3 0.000392 13.24 14.49 7.6 1.63 4.8
. 4 0.000392 13.24 14.49 7.6 1.63 4.8
Plowing
1 0.000258 13.24 14.49 7.6 1.63 4.8
2 0.000155 13.24 14.49 7.6 1.63 4.8
Inner
3 0.000304 13.24 14.49 7.6 1.63 4.8
4 0.000262 13.24 14.49 7.6 1.63 4.8
1 0.000232 7.74  4.95 9.8 1.667 4.33
2 0.000208 7.74  4.95 9.8 1.667 4.33
Outer
3 0.000534 7.74  4.95 9.8 1.667 4.33
. 4 0.000119 7.74 495 9.8 1.667 4.33
Harrowing
1 0.000419 7.74 495 9.8 1.667 4.33
2 0.000086 7.74  4.95 9.8 1.667 4.33
Inner
3 0.000279 7.74 495 9.8 1.667 4.33
4 0.000464 7.74  4.95 9.8 1.667 4.33
1 0.000167 11.81 5.9 8 1.734 7.9
Outer 2 0.000629 11.81 59 8 1.734 7.9
Planting 3 0.000630 11.81 5.9 8 1.734 7.9
1 0.000206 11.81 5.9 8 1.734 7.9
Inner
2 0.000081 11.81 5.9 8 1.734 7.9

142



APPENDIX C: DATA FROM THE 2024 FARMING SEASON

Table C1. Data collected for the front left tire.

Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.001308 12.61 14.95 7 1.55 10.02
0.001311 12.61 14.95 7 1.55 10.02
0.002022 12.61 14.95 7 1.55 10.02
0.001902 12.61 14.95 7 1.55 10.02
0.00099 12.61 14.95 7 1.55 10.02
0.002038 12.61 14.95 7 1.55 10.02
0.001055 12.61 14.95 7 1.55 10.02
0.001081 12.61 14.95 7 1.55 10.02
0.000971 6.81 8.52 9.32 1.65 7.01
0.001198 6.81 8.52 9.32 1.65 7.01
0.001091 6.81 8.52 9.32 1.65 7.01
0.000652 6.81 8.52 9.32 1.65 7.01
0.000617 6.81 8.52 9.32 1.65 7.01
0.001209 6.81 8.52 9.32 1.65 7.01
0.0006 6.81 8.52 9.32 1.65 7.01
0.001126 11.81 9.2 7.75 1.64 5.6

0.000591 11.81 9.2 7.75 1.64 5.6

0.000973 11.81 9.2 7.75 1.64 5.6

0.001123 11.81 9.2 7.75 1.64 5.6

0.000966 11.81 9.2 7.75 1.64 5.6

0.000777 11.81 9.2 7.75 1.64 5.6

0.000999 11.81 9.2 7.75 1.64 5.6

0.00096 11.81 9.2 7.75 1.64 5.6

0.000545 13.35 15.9 7.7 1.63 5.31
0.000337 13.35 15.9 7.7 1.63 5.31
0.000313 13.35 15.9 7.7 1.63 5.31
3.93E-05 13.35 15.9 7.7 1.63 5.31
0.000304 13.35 15.9 7.7 1.63 5.31
0.000354 13.35 15.9 7.7 1.63 5.31
0.000417 13.35 15.9 7.7 1.63 5.31
0.0001 13.35 15.9 7.7 1.63 5.31

0.000246 6.88 5.3 9.6 1.72 4.03
0.000239 6.88 53 9.6 1.72 4.03
0.000374 6.88 53 9.6 1.72 4.03
0.000496 6.88 53 9.6 1.72 4.03
0.000185 6.88 53 9.6 1.72 4.03
0.000401 6.88 53 9.6 1.72 4.03
0.000417 6.88 53 9.6 1.72 4.03
0.000416 6.88 53 9.6 1.72 4.03
0.000604 11.81 6.61 8.15 1.64 7.92

143



Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.000546 11.81 6.61 8.15 1.64 7.92
0.000586 11.81 6.61 8.15 1.64 7.92
0.000561 11.81 6.61 8.15 1.64 7.92
0.00086 11.81 6.61 8.15 1.64 7.92
0.00086 11.81 6.61 8.15 1.64 7.92
0.000698 11.81 6.61 8.15 1.64 7.92
0.000442 11.81 6.61 8.15 1.64 7.92
0.000275 13.13 14 7.51 1.65 4.71
0.000238 13.13 14 7.51 1.65 4.71
0.000276 13.13 14 7.51 1.65 4.71
0.000286 13.13 14 7.51 1.65 4.71
0.000201 13.13 14 7.51 1.65 4.71
0.000299 13.13 14 7.51 1.65 4.71
0.000285 13.13 14 7.51 1.65 4.71
0.000188 13.13 14 7.51 1.65 4.71
0.000269 6.93 59 9.5 1.72 4.42
0.000283 6.93 59 9.5 1.72 4.42
0.000254 6.93 5.9 9.5 1.72 4.42
0.000353 6.93 5.9 9.5 1.72 4.42
0.000394 6.93 5.9 9.5 1.72 4.42
0.000284 6.93 5.9 9.5 1.72 4.42
0.000256 6.93 5.9 9.5 1.72 4.42
0.000265 6.93 5.9 9.5 1.72 4.42
0.000222 11.81 6.22 7.65 1.76 7.75
0.000349 11.81 6.22 7.65 1.76 7.75
0.000462 11.81 6.22 7.65 1.76 7.75
0.000145 11.81 6.22 7.65 1.76 7.75
0.000224 11.81 6.22 7.65 1.76 7.75
0.000134 11.81 6.22 7.65 1.76 7.75
0.000181 11.81 6.22 7.65 1.76 7.75
0.000507 11.81 6.22 7.65 1.76 7.75

Table C2. Data collected for the front right tire.

Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00163 12.61 14.95 7.00 1.55 10.65
0.00122 12.61 14.95 7.00 1.55 10.65
0.00196 12.61 14.95 7.00 1.55 10.65
0.00219 12.61 14.95 7.00 1.55 10.65
0.00154 12.61 14.95 7.00 1.55 10.65
0.00220 12.61 14.95 7.00 1.55 10.65
0.00218 12.61 14.95 7.00 1.55 10.65
0.00192 12.61 14.95 7.00 1.55 10.65
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Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00064 6.81 8.52 9.32 1.65 7.01
0.00122 6.81 8.52 9.32 1.65 7.01
0.00098 6.81 8.52 9.32 1.65 7.01
0.00063 6.81 8.52 9.32 1.65 7.01
0.00053 6.81 8.52 9.32 1.65 7.01
0.00052 6.81 8.52 9.32 1.65 7.01
0.00086 6.81 8.52 9.32 1.65 7.01
0.00054 6.81 8.52 9.32 1.65 7.01
0.00098 11.81 9.21 7.75 1.64 5.60
0.00081 11.81 9.21 7.75 1.64 5.60
0.00106 11.81 9.21 7.75 1.64 5.60
0.00080 11.81 9.21 7.75 1.64 5.60
0.00074 11.81 9.21 7.75 1.64 5.60
0.00084 11.81 9.21 7.75 1.64 5.60
0.00099 11.81 9.21 7.75 1.64 5.60
0.00066 11.81 9.21 7.75 1.64 5.60
0.00129 13.35 15.90 7.70 1.63 5.31
0.00045 13.35 15.90 7.70 1.63 5.31
0.00097 13.35 15.90 7.70 1.63 5.31
0.00118 13.35 15.90 7.70 1.63 5.31
0.00057 13.35 15.90 7.70 1.63 5.31
0.00104 13.35 15.90 7.70 1.63 5.31
0.00115 13.35 15.90 7.70 1.63 5.31
0.00119 13.35 15.90 7.70 1.63 5.31
0.00016 6.88 5.32 9.60 1.72 4.03
0.00021 6.88 5.32 9.60 1.72 4.03
0.00080 6.88 5.32 9.60 1.72 4.03
0.00033 6.88 5.32 9.60 1.72 4.03
0.00019 6.88 5.32 9.60 1.72 4.03
0.00022 6.88 5.32 9.60 1.72 4.03
0.00028 6.88 5.32 9.60 1.72 4.03
0.00064 6.88 5.32 9.60 1.72 4.03
0.00076 11.81 6.61 8.15 1.64 7.92
0.00068 11.81 6.61 8.15 1.64 7.92
0.00067 11.81 6.61 8.15 1.64 7.92
0.00090 11.81 6.61 8.15 1.64 7.92
0.00043 11.81 6.61 8.15 1.64 7.92
0.00078 11.81 6.61 8.15 1.64 7.92
0.00067 11.81 6.61 8.15 1.64 7.92
0.00079 11.81 6.61 8.15 1.64 7.92
0.00096 13.13 14.00 7.51 1.65 4.71
0.00103 13.13 14.00 7.51 1.65 4.71
0.00133 13.13 14.00 7.51 1.65 4.71
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Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00125 13.13 14.00 7.51 1.65 4.71
0.00118 13.13 14.00 7.51 1.65 4.71
0.00072 13.13 14.00 7.51 1.65 4.71
0.00130 13.13 14.00 7.51 1.65 4.71
0.00135 13.13 14.00 7.51 1.65 4.71
0.00040 6.93 5.90 9.50 1.72 4.42
0.00046 6.93 5.90 9.50 1.72 4.42
0.00009 6.93 5.90 9.50 1.72 4.42
0.00024 6.93 5.90 9.50 1.72 4.42
0.00060 6.93 5.90 9.50 1.72 4.42
0.00018 6.93 5.90 9.50 1.72 4.42
0.00030 6.93 5.90 9.50 1.72 4.42
0.00045 6.93 5.90 9.50 1.72 4.42
0.00014 11.81 7.30 7.65 1.76 7.75
0.00050 11.81 7.30 7.65 1.76 7.75
0.00007 11.81 7.30 7.65 1.76 7.75
0.00018 11.81 7.30 7.65 1.76 7.75
0.00061 11.81 7.30 7.65 1.76 7.75

Table C3. Data collected for the rear left tire.

Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00190 12.61 14.95 7.00 1.55 10.65
0.00178 12.61 14.95 7.00 1.55 10.65
0.00204 12.61 14.95 7.00 1.55 10.65
0.00156 12.61 14.95 7.00 1.55 10.65
0.00171 12.61 14.95 7.00 1.55 10.65
0.00240 12.61 14.95 7.00 1.55 10.65
0.00270 12.61 14.95 7.00 1.55 10.65
0.00140 12.61 14.95 7.00 1.55 10.65
0.00070 6.81 8.52 9.32 1.65 7.01
0.00073 6.81 8.52 9.32 1.65 7.01
0.00097 6.81 8.52 9.32 1.65 7.01
0.00085 6.81 8.52 9.32 1.65 7.01
0.00061 6.81 8.52 9.32 1.65 7.01
0.00081 6.81 8.52 9.32 1.65 7.01
0.00121 6.81 8.52 9.32 1.65 7.01
0.00156 11.81 9.21 7.75 1.64 5.60
0.00079 11.81 9.21 7.75 1.64 5.60
0.00094 11.81 9.21 7.75 1.64 5.60
0.00132 11.81 9.21 7.75 1.64 5.60
0.00130 11.81 9.21 7.75 1.64 5.60
0.00079 11.81 9.21 7.75 1.64 5.60
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Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00143 11.81 9.21 7.75 1.64 5.60
0.00100 11.81 9.21 7.75 1.64 5.60
0.00110 13.35 15.90 7.70 1.62 5.31
0.00084 13.47 15.90 7.70 1.62 5.31
0.00045 13.47 15.90 7.70 1.62 5.31
0.00015 13.47 15.90 7.70 1.62 5.31
0.00010 13.47 15.90 7.70 1.62 5.31
0.00014 13.47 15.90 7.70 1.62 5.31
0.00042 13.47 15.90 7.70 1.62 5.31
0.00137 13.47 15.90 7.70 1.62 5.31
0.00042 6.88 5.32 9.60 1.72 4.03
0.00044 6.88 5.32 9.60 1.72 4.03
0.00080 6.88 5.32 9.60 1.72 4.03
0.00051 6.88 5.32 9.60 1.72 4.03
0.00035 6.88 5.32 9.60 1.72 4.03
0.00040 6.88 5.32 9.60 1.72 4.03
0.00117 6.88 5.32 9.60 1.72 4.03
0.00062 6.88 5.32 9.60 1.72 4.03
0.00109 11.81 6.61 8.15 1.64 7.92
0.00105 11.81 6.61 8.15 1.64 7.92
0.00074 11.81 6.61 8.15 1.64 7.92
0.00066 11.81 6.61 8.15 1.64 7.92
0.00060 11.81 6.61 8.15 1.64 7.92
0.00090 11.81 6.61 8.15 1.64 7.92
0.00080 11.81 6.61 8.15 1.64 7.92
0.00071 11.81 6.61 8.15 1.64 7.92
0.00059 13.13 14.00 7.51 1.65 4.71
0.00044 13.13 14.00 7.51 1.65 4.71
0.00044 13.13 14.00 7.51 1.65 4.71
0.00157 13.13 14.00 7.51 1.65 4.71
0.00150 13.13 14.00 7.51 1.65 4.71
0.00094 13.13 14.00 7.51 1.65 4.71
0.00104 13.13 14.00 7.51 1.65 4.71
0.00168 13.13 14.00 7.51 1.65 4.71
0.00030 6.93 5.90 9.50 1.72 4.42
0.00067 6.93 5.90 9.50 1.72 4.42
0.00050 6.93 5.90 9.50 1.72 4.42
0.00035 6.93 5.90 9.50 1.72 4.42
0.00010 6.93 5.90 9.50 1.72 4.42
0.00014 6.93 5.90 9.50 1.72 4.42
0.00027 6.93 5.90 9.50 1.72 4.42
0.00027 6.93 5.90 9.50 1.72 4.42
0.00058 11.81 7.30 7.65 1.76 7.75
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Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00050 11.81 7.30 7.65 1.76 7.75
0.00015 11.81 7.30 7.65 1.76 7.75
0.00012 11.81 7.30 7.65 1.76 7.75
0.00052 11.81 7.30 7.65 1.76 7.75
0.00016 11.81 7.30 7.65 1.76 7.75
0.00044 11.81 7.30 7.65 1.76 7.75
0.00016 11.81 7.30 7.65 1.76 7.75

Table C4. Data collected for the rear right tire.

Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00164 12.61 14.95 7.00 1.55 10.65
0.00189 12.61 14.95 7.00 1.55 10.65
0.00203 12.61 14.95 7.00 1.55 10.65
0.00193 12.61 14.95 7.00 1.55 10.65
0.00197 12.61 14.95 7.00 1.55 10.65
0.00204 12.61 14.95 7.00 1.55 10.65
0.00259 12.61 14.95 7.00 1.55 10.65
0.00267 12.61 14.95 7.00 1.55 10.65
0.00097 6.81 8.52 9.32 1.65 7.01
0.00079 6.81 8.52 9.32 1.65 7.01
0.00122 6.81 8.52 9.32 1.65 7.01
0.00133 6.81 8.52 9.32 1.65 7.01
0.00157 6.81 8.52 9.32 1.65 7.01
0.00091 6.81 8.52 9.32 1.65 7.01
0.00097 6.81 8.52 9.32 1.65 7.01
0.00091 6.81 8.52 9.32 1.65 7.01
0.00158 11.81 9.21 7.75 1.64 5.60
0.00104 11.81 9.21 7.75 1.64 5.60
0.00128 11.81 9.21 7.75 1.64 5.60
0.00118 11.81 9.21 7.75 1.64 5.60
0.00195 11.81 9.21 7.75 1.64 5.60
0.00145 11.81 9.21 7.75 1.64 5.60
0.00129 11.81 9.21 7.75 1.64 5.60
0.00123 11.81 9.21 7.75 1.64 5.60
0.00029 13.35 15.90 7.70 1.63 5.31
0.00073 13.35 15.90 7.70 1.63 5.31
0.00065 13.35 15.90 7.70 1.63 5.31
0.00068 13.35 15.90 7.70 1.63 5.31
0.00067 13.35 15.90 7.70 1.63 5.31
0.00038 13.35 15.90 7.70 1.63 5.31
0.00156 13.35 15.90 7.70 1.63 5.31
0.00089 13.35 15.90 7.70 1.63 5.31
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Measured wear (mm/km)  Draft (kN) Slip (%) Speed (km/h) Bulk density (g/cm®) Moisture (%)

0.00039 6.88 5.32 9.60 1.72 4.03
0.00068 6.88 5.32 9.60 1.72 4.03
0.00071 6.88 5.32 9.60 1.72 4.03
0.00026 6.88 5.32 9.60 1.72 4.03
0.00052 6.88 5.32 9.60 1.72 4.03
0.00025 6.88 5.32 9.60 1.72 4.03
0.00061 6.88 5.32 9.60 1.72 4.03
0.00069 6.88 5.32 9.60 1.72 4.03
0.00091 11.81 6.61 8.15 1.64 7.92
0.00078 11.81 6.61 8.15 1.64 7.92
0.00079 11.81 6.61 8.15 1.64 7.92
0.00042 11.81 6.61 8.15 1.64 7.92
0.00039 11.81 6.61 8.15 1.64 7.92
0.00081 11.81 6.61 8.15 1.64 7.92
0.00100 11.81 6.61 8.15 1.64 7.92
0.00126 11.81 6.61 8.15 1.64 7.92
0.00141 13.13 14.00 7.51 1.65 4.71
0.00194 13.13 14.00 7.51 1.65 4.71
0.00226 13.13 14.00 7.51 1.65 4.71
0.00223 13.13 14.00 7.51 1.65 4.71
0.00238 13.13 14.00 7.51 1.65 4.71
0.00143 13.13 14.00 7.51 1.65 4.71
0.00240 13.13 14.00 7.51 1.65 4.71
0.00239 13.13 14.00 7.51 1.65 4.71
0.00046 6.93 5.90 9.50 1.72 4.42
0.00042 6.93 5.90 9.50 1.72 4.42
0.00053 6.93 5.90 9.50 1.72 4.42
0.00032 6.93 5.90 9.50 1.72 4.42
0.00058 6.93 5.90 9.50 1.72 4.42
0.00039 6.93 5.90 9.50 1.72 4.42
0.00073 6.93 5.90 9.50 1.72 4.42
0.00030 6.93 5.90 9.50 1.72 4.42
0.00021 11.81 7.30 7.65 1.76 7.75
0.00033 11.81 7.30 7.65 1.76 7.75
0.00030 11.81 7.30 7.65 1.76 7.75
0.00020 11.81 7.30 7.65 1.76 7.75
0.00033 11.81 7.30 7.65 1.76 7.75
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APPENDIX D: DETAILED CALCULATIONS TO PREDICT THE MAXIMUM AREA THAT
CAN BE COVERED BY EACH TIRE

Area covered by the front left tire

Equation 32 was used to predict the wear rate of the front left tire during plowing
(W), harrowing (Wm), and planting (Wy). This resulted in wear rates (in mm/km) of 0.00069,
0.00012, and 0.00015 mm/km, respectively. Therefore, given that 1 ha is equivalent to
0.01 km?, the wear rate values in mm/ha for plowing, harrowing, and planting are 7.67 x 1073,
6.28 x 10*, and 6.44 x 10™* mm/ha, respectively.

The total possible wear rate for all of three field operations is 9.6 x 10 mm/km (8.94
x 10* mm/ha). Therefore, the total possible distance for plowing (xp), assuming a
replacement lug height of 28.8 mm (the height that determines when the tire should be

replaced), is determined by

288
*r = 0.00069
— 41,739.13 km.

Because the tractor covers a specific amount of surface area during each operation, it is
appropriate to determine the size of the total area to be covered by the tractor for each field
operation.

Plowing: If the width of the plow is 0.9 m, the area plowed by the tractor is

0.9
= . X (———
Area covered = 41,739.13 (1’000)

= 37.57 km?

= 3,756.52 ha
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Harrowing: The total possible distance for harrowing (xj), assuming a replacement lug

height of 28.8 m, is

o = 288/0 00012
= 240,000 km
The width of the harrow is 0.00179 km. The area harrowed by the tractor is
Area covered = 240,000 x 0.00179
= 429.60 km?
= 42,960 ha

Planting: The distance for planting (x;) for the replacement lug height of 28.8 mm is

@ = 288/5 00015
= 192,000 km
The width of the planter is 0.00233 km. The area planted is
Area covered = 192,000 x 0.00233
= 447.36 km?
= 44,736 ha
The total possible distance traveled by the tractor’s front left tire during plowing, harrowing, and
planting is
xe = 298/5 6 w1074
= 30,000 km
The total possible area to be covered is

= 28.8/8.94 x 1073

= 3,221.48 ha
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Therefore, the front left tire will cover a total possible area of 3,221.48 ha for plowing,
harrowing, and planting before needing replacement, as recommended by Firestone
(BridgestoneTractor Tyre Expert, 2021Db).

Using Equation 38 and the data in Table 4.14, the replacement interval for the front left
tire is

_ 30,000 /7.00 to 30,000 /10.10
= 4,285.71t0 2,970.29 hours
Hence, the front left tire will potentially travel for 2,970.29 to 4,285.71 hours before

needing replacement.

Area covered by the front right tire

Using Equation 33, the wear rates of the front right tire for plowing (W), harrowing
(Wm), and planting (Wy) are 0.00078, 0.00019, and 0.00020 mm/km, respectively. Therefore,
the wear rate values for plowing, harrowing, and planting (in mm/ha) are 8.67 x 1073,
1.06 x 107, and 8.58 x 10** mm/ha, respectively. The total possible wear rate for the front right
tire is 1.17 x 10> mm/km (10.59 x 10~ mm/ha). The total possible travel distance for the left

front tire for plowing (x,), assuming a replacement lug height of 28.8 mm, is

288
*r = 0.00078
— 36,923.08 km

The total possible area that has to be covered by the front right tire for plowing is

0.9
Area covered = 36,923.08 (1,000)

= 33.23 km?

= 3,323.08 ha
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The total distance for harrowing (x) for the wearable height of the front right tire is

288
*h = 0.00019

= 15,1578.95 km
The total possible area to be covered by the tire during harrowing is
Area covered = 151,578.95 x 0.00179
= 271.34 km?
=27,132.63 ha
Therefore, the front right tire will cover 27,132.63 ha during harrowing before needing
replacement.

The total distance for planting (x;) for the wearable lug height of the front right tire is

_ 288
~0.00020

X1
= 144,000 km
The area to be covered by the tire during planting for the wearable lug height is
Area covered = 144,000 x 0.00233
= 335.52 km?
= 33,552 ha
Therefore, the front right tire will plant an area of 33,552 ha before needing replacement.

The total distance that the front right tire for the wearable lug height will travel during all

the field operations is

_ 288
Xe = /117 x 10-3

= 24,615.38 km
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The projected total area to be covered by the front right tire for all the field operations is

_28.8
B /10.59 x 1073

= 2,719.54 ha
Therefore, using Equation 38 and the data from Table 14.14, the number of hours that the

front right tire will travel before needing replacement is

_ 24,615.38 24,615.38
= /1010t /7.00

= 2,437.17 to 3,516.48 to hours

Hence, the projected range of hours that the front tire will travel before needing
replacement is 2,437.17 to 3,516.48 hours.
Area covered by the rear left tire

Using Equation 34 to predict the wear rates of the rear left tire for plowing (W),
harrowing (W), and planting (Wx), the results are 0.00086 mm/km (9.56 x 10 mm/ha),
0.00019 mm/km (1.06 x 10> mm/ha), and 0.00023 mm/km (9.87 x 10 mm/ha), respectively.
The wear rate for the rear left tire for all operations is 1.28 x 10 mm/km (11.61 x 10 mm/ha).
The total possible distance for plowing (x,,) before the rear left tire reaches the replacement lug

height of 36 mm is

_ 36
Xp = /0.00086

= 41,860.47 km

The area for plowing is

1,000

Area covered = 41,860.47 X ( )

= 37.67 km?

= 3,767.44 ha
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Therefore, the wearable lug height of the tire will plow 3,767.44 ha before replacement.

The distance that the wearable lug height will travel during harrowing is

(n) = %/0.00019
= 189,473.68 km
The harrowing area for the wearable lug height is
Area covered = 189,473.68 x 0.00179
= 339.15 km?
= 33,915.79 ha
Hence, the wearable lug height of the rear left tire will harrow 33,915.79 ha. The possible

distance for planting for the wearable lug height of the rear left tire is

_ 36
X = >%/0.00023

= 156,521.73 km
The area covered for planting is
= 156,521.73 X 0.00233
= 364.70 km?
= 36,469.56 ha

The total distance traveled for planting is

_ 36
xe = °°/1 28 x 10-3
= 28,125 km

The estimated total area that the rear left tire will travel before replacement is

— 36
- /11.61 x 1073

= 3,100.78 ha
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The wearable lug height of the rear left tire is expected to cover a possible total area of

3,100.78 ha before replacement.

Using Equation 38 and the data from Table 14.14, the estimated number of hours needed

for the rear left tire to run before replacement is

_ 28125 28,125
= /7,00 1 /10.10

=4,017.85 to 2,784.65 hours
Hence, the projected interval during which the front tire will travel before replacement is
2,784.65 to 4,017.85 hours

Area covered by the rear right tire

Equation 35 was used to predict the wear rate of the rear right tire during plowing,
harrowing, and planting, which are estimated as 0.00100, 0.00023, and 0.00020 mm/km
(11.11 x 1073, 1.28 x 1073, and 8.58 x 10~ mm/ha), respectively. The total wear rate of the tire for
all field operations is 1.43 x 10 mm/km (20.97 x 10> mm/ha). The possible distance that the

wearable lug height of the tractor will travel is

_ 36
Xp = /0.00100

= 36,000 km

The possible area to be covered during plowing is
Area covered 36,000 X (0'9/1 000)

= 32.40 km?

= 3,240 ha
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The wearable lug height of the rear right tire is expected to plow 3,510 ha before needing

replacement. The possible distance for harrowing is

(n) = 3%/0.00023
=156,521.73 km
The area covered is
Area covered = 156,521.73 x 0.00179
= 280.17 km?
=28,017.39 ha
The estimated area that the rear right tire will cover during harrowing before needing

replacement is 28,017.39 ha. The distance the tire will travel for planting is

_ 36
X = >%/0.00030

= 120,000 km
The possible area to be covered is
Area covered = 120,000 x 0.00233
= 279.60 km?
= 27,960 ha
Therefore, the rear tire is estimated to plant an area of 27,960 ha before it might be
replaced. With the total wear rate of 1.43 x 10 mm/km for all the field operations, the rear right

tire is expected to travel an estimated distance of

36
/1.43 x 1073

= 25,174.82 km

157



The total area estimated to be covered by the rear right tire before replacement is

— 36
N /20.97 x 1073

=1,716.74 ha
The wearable lug height of the rear right tire is expected to cover a total area of
1,716.74 ha before replacement.
Using Equation 38 and the data from Table 14.14, the estimated number of hours needed

for the front right tire to run before needing replacement is

_ 25,174.82 25,174.82
= /1010 t© /7.00

= 2,492.56 to 3,596.40 hours
Hence, the projected interval during which the front tire will travel before needing

replacement is 2,492.56 to 3,596.40 hours.
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